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INTRODUCTION

Atmospheric particulate matter (PM) con-
sists of complex mixtures of solid and liquid 
particles suspended in the air. These particles 
may be emitted directly into the atmosphere 
as primary aerosols or formed through gas-
to -particle conversion processes, resulting in 
secondary aerosols (Joutsensaari et al., 2018; 
Zhang et al., 2015; Zhang et al., 2012; Seinfeld 
and Pandis, 2016). The size distribution of air-
borne particles is highly heterogeneous, ranging 
from few nanometers to approximately 100 μm 

in arerodynamic diameter, depending on their 
sources and on the physical and chemical pro-
cesses occurring in the atmosphere, such as con-
densation, coagulation, and chemical reactions 
(Thorpe and Harrison, 2008). Different PM frac-
tions exhibit distinct physicochemical character-
istics, atmospheric behavior, and health impacts, 
making particle size one of the most important 
parameters in air quality studies.

Among the different particulate matter frac-
tions, fine particulate matter (PM2.5), defined as 
airborne particles with an aerodynamic diam-
eter smaller than 2.5 μm (Pan et al., 2022), is 
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recognized as one of the most important air pol-
lutants affecting human health. Due to their small 
size, these particles can penetrate deeply into the 
respiratory system and reach the alveolar region 
of the lungs (Li et al., 2019). Numerous epidemi-
ological studies have demonstrated significant as-
sociations between long-term PM2.5 exposure and 
increased risks of cardiovascular and respiratory 
diseases, as well as premature mortality (Pope 
and Docker, 2006; Analitis et al., 2006; Zanobetti 
et al., 2009; Winterbottom et al., 2018).

PM2.5 originates from a wide range of natu-
ral and antropogenic sources. Primary PM2.5 is 
directly emitted into the atmosphere from source 
such as road traffic, industrial activities, biomass 
burning, fossil fuel combustion, sea spray, and 
resuspended soil dust (Streets et al., 2000). In 
addition, a substantial fraction of PM2.5 may be 
formed secondarly through atmospheric chemical 
reactions (Kulmala, 2003; Griffith et al., 2013) 
involving gaseous precursors, including sulfur 
dioxide (SO2) (Green et al, 2019), nitrogen ox-
ides (NOx) (Finlayson-Pitts et al., 2002; Zhang 
et al., 2015; Longfellow et al., 2000; Hu et al., 
2023; Brown et al., 2006; Brown et al., 2016), 
ammonia (NH3) (Zhang et al., 2015), and vola-
tile organic compounds (VOCs) (Hallquist et al., 
2009), leading to the formation of sulfate, nitrate 
and secondary organic aerosols. In urban environ-
ments, traffic emissions are often considered one 
of the major contributors to PM2.5 concentrations 
through both exhaust and non-exhaust processes, 
including brake wear, tyre wear and road dust re-
suspension (Thorpe and Harrison, 2008; Grigo-
ratos, and Martini, 2015). Natural sources such 
as mineral dust and marine aerosols may also 
significantly influence particulate matter com-
position, particularly in Mediterranean regions 
where long-range transport of Saharan dust and 
sea-salt particles frequently occures (Moreno et 
al., 2006; Pey et al., 2013). The relative impor-
tance of these sources varies according to local 
emission patterns, meteological conditions, and 
regional atmospheric transport processes. In addi-
tion to direct emissions, PM2.5 composition is dy-
namically influenced by atmospheric transforma-
tion, regeneration and transport processes, which 
continuously modify the physical and chemical 
properties of aerosols during their atmospheric 
lifetime. Consequently, the chemical signatures 
measured at a reseptor site reflect not only local 
emission sources but also the cumulative effects 
of atmospheric processing and regional transport. 

Considering these processes is therefore essential 
for a more reliable interpretation of PM2.5 chemi-
cal composition and source-related characteris-
tics (Caushaj et al., 2026).

The chemical composition of PM2.5 provides 
valuable information for understanding the origin 
and characteristics of airbone particles. In partic-
ular, elemental analysis has been widely used as 
an effective tool for source identification because 
specific elements can serve as tracers of different 
emission sources. Crustal materials are typically 
characterized by elevated concentrations of alu-
minum (Al), silicon (Si), calcium (Ca), zinc (Zn), 
and iron (Fe), which originate from brake wear, 
tyre wear, and road dust resuspension. Industrial 
and combustion-related sources may be identi-
fied through tracers including vanadiu (V), chro-
mium (Cr), manganese (Mn), and arsenic (As), 
while sodium (Na), chloride (Cl) and magnesium 
(Mg) are commonly associated with marine aero-
sols and sea-salt particles (Moreno et al., 2006; 
Gietl et al., 2010; Grigortos and Martini, 2015; 
Amato et al., 2016). Consequently, the determi-
nation of the elemental composition represents 
an important approach for assessing the relative 
influence of natural and anthropogenic sources 
on PM2.5 and for improving the understanding of 
urban air pollution dynamics.

The Mediterranean region is considered one 
of the most complex atmospheric environments 
in Europe due to the simultaneous influence of 
natural and anthropogenic emission sources. Air 
quality in this region is affected not only by local 
urban and industrial emissions but also by long-
range transport processes, including the frequent 
intrusion of Saharan dust and the contribution of 
marine aerosols from Mediterranean Sea (Pey et 
al., 2013; Rodríguez et al., 2001; Escudero et al., 
2007). Mineral dust transported from North Africa 
can substntially increase particulate matter con-
centrations and modify its chemical composition 
through the enrichment of crustal elements such 
as Al, Si, Ca, and Fe (Moreno et al., 2006). At the 
same time, sea-salt aerosols contribute character-
istic marine tracers, including Na, Cl and Mg par-
ticulary in coastal and near-coastel areas (Putaud 
et al., 2004; Viena et al., 2008). In addition, rapid 
urbanization increasing traffic density and indu-
astrial activities in many Mediterranean cities 
further enhance the complexity of PM2.5 sources 
and atmospheric processes (Amato.et.al,2009). 
Consequently, understanding the chemical com-
position and source contributions of PM2.5 in 
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Mediterranean urban environements remains es-
sential for effective air quality manigment and the 
development of mitigation strategies. 

Although air quality has become an increas-
ing environmental concern in Albania, informa-
tion regarding the chemical composition and 
source characteristics of PM2.5 remains relatively 
limited. Recent research has highlighted the im-
portance of aerosol pollution and its interaction 
with environmental and meteorological pro-
cesses in the region, chemical characterization 
of PM2.5 (Mandija et al., 2025; a.Caushaj et al., 
2026; b.Caushaj et al., 2026). In addition, PM2.5 
has been recognized as an important carrier of 
chemical species with potential impacts on sur-
rounding ecosystems (Premti et al., 2026). Recent 
GIS and remote-sensing studies have also docu-
mented ongoing land-use and land-cover changes 
in Albania and have highlighted the combined 
influence of land cover, vegetation, meteorologi-
cal conditions, and anthropogenic factors on en-
vironmental conditions in the Tirana region (Çela 
et al., 2026; Papathimiu et al., 2026). Recent geo-
spatial assessments of urban environmental con-
ditions have likewise emphasized the importance 
of spatial variability and the interaction between 
urban structure, meteorological conditions, and 
anthropogenic pressures when evaluating envi-
ronmental stress in densely populated cities (Ejaz 
et al., 2026). Evidence from other rapidly urban-
ized megacities has further shown that changes 
in anthropogenic activity can be reflected in ur-
ban environmental and air-quality conditions, as 
demonstrated during the COVID-19 lockdown 
in Karachi (Ali et al., 2024). As the largest urban 
center in the country, Tirana, While the analyti-
cal technique employed in this study, including 
XRF, water-soluble NPOC/TN analysis, Pearson 
correlation analysis, HYSPLIT backward trajec-
tory modelling, MODIS Aerosol Optical Depth 
(AOD), and MERRA-2 aerosol reanalysis prod-
ucts, are individually well-established methods, 
their integrated application for PM2.5 characteriza-
tion and source interpretation has not previously 
been comprehensively reported for the urban en-
vironment of Tirana. To the best of our knowl-
edge, studies in Albania addressing PM2.5 chemi-
cal composition and source characteristics remain 
limited, particularly regarding the combined in-
terpretation of chemical composition, statisti-
cal relationships among PM2.5 constituents, and 
complementary atmospheric datasets. Therefore, 
the novelty of the present study lies not in the 

individual analytical techniques themselves, but 
in their integration within a single qualitative in-
terpretation framework. Pearson correlation anal-
ysis was used to identify statistically associated 
PM2.5 constituents, while HYSPLIT backward tra-
jectories, MODIS AOD and MERRA-2 datasets 
were subsequently employed as complementary 
evidence to assess whether these statistical rela-
tionships were consistent with plausible atmo-
spheric transport pathways and potential emis-
sion sources. Rather than replacing quantitative 
receptor models such as Positive Matrix Factor-
ization (PMF), the integrated approach applied in 
this study is intended to provide a complementary 
framework for preliminary source characteriza-
tion, particularly in regions where comprehensive 
long-term chemical characterization datasets and 
advanced source apportionment studies remain 
limited. Furthermore, this study contributes to an 
ongoing research effort aimed at progressively 
improving the understanding of PM2.5 composi-
tion, atmospheric transformation processes, and 
source characteristics in Tirana through the inte-
gration of complementary chemical, statistical, 
and atmospheric analyses.

In this context the present study aimed to char-
acterize the chemical composition of PM2.5 col-
lected at an urban site in Tirana, Albania, and to 
compare its temporal variability between two pi-
lot monitoring campaigns conducted in 2024 and 
2025. Particular emphasis was placed on identi-
fying the potential contribution of crustal, traffic-
related, industrial and marine sources based on el-
emental tracers determined by energy-dispersive 
X-ray fluorescence (ED-XRF). In addition, water-
soluble non-purgeable organic carbon (NPOC) 
and total nitrogen (TN) were determined to further 
characterize the water-soluble organic and nitro-
gen fraction of PM2.5. The findings provide pre-
liminary qualitative evidence on PM2.5 chemical 
composition and potential source characterization, 
statistical relationships and complementary atmo-
spheric datasets to support preliminary source in-
terpretation in an urban environment.

MATERIALS AND METHODS 

PM2.5 sampling and gravimetric analysis

PM2.5 samples were collected at an urban site 
in Tirana, Albania, in the vicinity of the Faculty 
of Natural Sciences, University of Tirana. Two 
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monitoring campaigns were conducted during 
March–April 2024 and April–May 2025 using 
a low-volume sampler (LVS6-RV) operated at 
a nominal flow rate of 2.3 m³ h⁻¹, in accordance 
with standard air-quality monitoring procedures 
(CEN, EN 12341:2014; Çaushaj et al., 2024). A to-
tal of nine PM2.5 samples (S1–S9) were analyzed 
for the 2024 campaign and seven samples (S1–
S7) for the 2025 campaign. Sampling was gener-
ally conducted over 24 h, and the actual sampled 
air volume was recorded for each sample. The 
LVS6-RV uses a temperature- and pressure-com-
pensated flow-control system. According to the 
manufacturer specifications, the sampler provides 
controlled flow rates of 1.0, 2.3 and 3.0 m³ h⁻¹, 
with a deviation from the set point below 2%. The 
sampler had undergone calibration prior to use; 
however, a detailed calibration certificate and the 
associated calibration uncertainty were not avail-
able for the present study. Therefore, the docu-
mentation of flow performance was based on the 
manufacturer specifications and on the sample-
specific air volumes recorded by the instrument 
during each sampling period. During sampling, 
the instrument records both the sampled air vol-
ume under ambient conditions and the normal-
ized air volume (Nm³), referenced to 273 K and 
1013 mbar. Detailed information on sample iden-
tification, sampling dates, sampling duration, 
flow rate, sampled air volume and normalized air 
volume are provided in Tables 1 and 2.

PM2.5 mass concentrations were determined 
gravimetrically from the difference between pre- 
and post-sampling filter masses. Filters were 
weighed under controlled laboratory conditions 
following equilibration prior to weighing. The 
balance readability was 0.1 mg; a formal mea-
surement uncertainty was not independently 
established. Therefore, the gravimetric PM2.5 

concentrations should be interpreted with caution, 
particularly for samples with small filter mass 
differences approaching the practical resolution 
of the balance. In the present study, gravimetric 
PM2.5 values are used primarily to describe con-
centration levels and temporal variability rather 
than as high-precision measurements. This limi-
tation was taken into account when interpreting 
the relationships between PM2.5 mass concentra-
tions and the measured chemical constituents.

PM2.5 samples were collected on polytetra-
fluoroethylene (PTFE) membrane filters (46.2 
mm diameter, 2 µm pore size). Before and after 
sampling, the filters were conditioned under con-
trolled laboratory conditions and weighed using an 
analytical balance After sampling, the filters were 
stored individually in sealed Petri dishes. The po-
tential uncertainty associated with the gravimetric 
determination of PM2.5 mass concentrations is ad-
dressed in the Study Limitations section.

The filters collected during March–April 2024 
were stored for approximately 14–15 months 
prior to elemental and chemical analyses, which 
were carried out in June 2025 at the Institute of 
Atmospheric Science and Climate (ISAC-CNR), 
Lecce, Italy. Based on previous studies, this stor-
age period is not expected to have substantially af-
fected the elemental composition of the samples, 
as several of the investigated elements, including 
Al, Si, Fe, Ti, Cr, and Mn, are non-volatile and are 
generally considered stable on PTFE filters dur-
ing long-term storage (U.S. EPA, 1999). Further-
more, previous studies on archived PM2.5 filters 
have shown that particle-bound elements remain 
largely stable even after extended storage periods, 
with only minor variations observed (Hyslop et 
al., 2012). Therefore, although minor uncertainty 
associated with particle losses cannot be com-
pletely excluded, the elemental concentration 

Table 1. Sampling information for PM2.5 samples collected during the March–April 2024 monitoring campaign

Sample ID Sampling date Duration Flow rate (m³/h) Sampled volume (m³) Normalized volume (Nm³)

S1 27.03.2024 24h 2.3 55.2 54.49

S2 08.04.2024 24h 2.3 55.2 51.49

S3 12.04.2024 24h 2.3 55 51.65

S4 16.04.2024 24h 2.3 55.19 50.07

S5 19.04.2024 24h 2.3 55.2 51.5

S6 23.04.2024 24h 2.3 55.2 51.03

S7 25.04.2024 24h 2.3 54.76 50.08

S8 26.04.2024 24h 2.3 55.2 51.43

S9 30.04.2024 24h 2.3 55.2 50.53
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patterns presented in this study are considered 
suitable for qualitative interpretation.

Elemental analysis by ED-XRF 

Elemental concentrations were determined 
using a SPECTRO XEPOS05 energy-dispersive 
X-ray fluorescence (ED-XRF) spectrometer. Each 
filter was analyzed for 30 min, obtaining the con-
centrations of different elements after blank sub-
traction. The instrument was calibrated using 23 
medium-concentration thin-film elemental stan-
dards (mass range between 6 and 50 μg/cm²; Mi-
cromatter Technologies Inc.). Measurements were 
performed according to the analytical procedure 
described by Unga et al. (2025). ED-XRF is a non-
destructive technique that enables the direct deter-
mination of elemental surface loadings deposited 
on aerosol filters without chemical pretreatment.

The concentration of a specific element was 
quantified by subtracting the average value of the 
blank filters (Mᵦ) from the ED-XRF measured 
value (M). In cases where the blank contribution 
was not measurable (< LOD), the corresponding 
analytical offset was added to M, whereas when 
M < Mᵦ, one-half of the threshold value, defined 
as Mᵦ plus its standard deviation (σᵦ), was consid-
ered. All obtained data were subsequently divided 
by the PTFE calibration factor specific to each 
element. The resulting corrected surface loadings 
were subsequently converted to atmospheric el-
emental concentrations by accounting for the ef-
fective sampled filter area and the corresponding 
sample air volume. Final elemental concentrations 
were expressed in ng m⁻³ and represent the values 
used in the graphical and statistical analyses.

Quality assurance and quality control (QA/QC) 
procedures were implemented to assess the preci-
sion, reproducibility, and instrumental stability of 
the ED-XRF measurements. Replicate analyses 

were performed on selected samples and blanks, 
and the standard deviation of replicate measure-
ments ranged from 0.21 to 5.34 ng cm⁻², depend-
ing on the element and its concentration level. The 
relatively low variability observed for most repli-
cate measurements indicates satisfactory analyti-
cal repeatability. In addition, instrumental perfor-
mance was evaluated through repeated measure-
ments of elemental standards over the preceding 
24 months. The relative standard deviation (RSD) 
values obtained for Fe, Ca, and S standards were 
1.62%, 3.05%, and 1.48%, respectively, support-
ing satisfactory long-term instrumental stability 
and reproducibility of the ED-XRF measurements.

Element-specific method detection limits 
(MDLs) and uncertainty parameters were provided 
as part of the QA/QC information associated with 
the ED-XRF analytical procedure. For quantified 
elemental concentrations, analytical uncertainty 
was evaluated considering blank-filter variability 
(σB) and an element-specific proportional uncer-
tainty parameter (h). Concentrations below the 
MDL or not distinguishable from blank variabil-
ity were associated with an uncertainty of 100%. 
The element-specific MDLs and uncertainty pa-
rameters are reported in Table S1 (supplementary 
material). The same uncertainty framework and 
corresponding analytical parameters have also 
been reported in previous studies performed by 
the analytical research group using the same ED-
XRF methodology (Potì et al., 2026).

The concentration of a specific species and 
sample was quantified if it was larger than the 
standard deviation σB of the blank filters; other-
wise, a threshold value equal to σB/2 was con-
sidered. In cases in which the concentration was 
below the MDL, or not detectable above the av-
erage variability of the field blanks, a concentra-
tion value equal to the maximum between the 
MDL/2 and σB/2 was assumed. The uncertainty 

Table 2. Sampling information for PM2.5 samples collected during the April–May 2025 monitoring campaign

Sample ID Sampling date Duration Flow rate (m³/h) Sampled volume 
(m³)

Normalized volume 
(Nm³)

S1 17.04.2025 24h 2.3 55.19 51.31

S2 19.04.2025 24h 2.3 55.2 51.06

S3 21.04.2025 24h 2.3 55.18 50.75

S4 25.04.2025 24h 2.3 55.17 51.16

S5 27.04.2025 14h 45 min 2.3 33.9 31.16

S6 29.04.2025 24h 2.3 55.2 50.59

S7 01.05.2025 24h 2.3 55.19 50.46
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for concentrations < MDL or not distinguishable 
from blanks were assumed to be 100%, whereas 
the uncertainty for quantified concentration, Cij, 
of the sample i relative to the species j, was calcu-
lated as in (Potì et al., 2026) using the equation:

	 𝛥𝛥𝐶𝐶𝑖𝑖,𝑗𝑗 =
𝜎𝜎𝐵𝐵,𝑗𝑗
2 + ℎ𝑗𝑗𝐶𝐶𝑖𝑖,𝑗𝑗 	 (1)

Extraction of the water-soluble fraction

The water-soluble fraction on PM2.5 was ob-
tained by placing each filter in 12 ml of ultrapure 
deionized water. Samples were subjected to ultra-
sonic extraction for 30 min at temperatures below 
30 °C. The resulting extracts were filtered through 
0.45 μm PTFE syringe filters prior to chemical 
analysis (Poti et al., 2026)

Determination of water-soluble NPOC	  
and TN 

Water-soluble non-purgeable organic carbon 
(NPOC) and total nitrogen (TN) were determined 
using a Shimadzu TOC-L analyzer following the 
analytical approach described by Pennetta et al. 
(2026). For NPOC determination, aliquots of the 
aqueous extracts were analyzed in NPOC mode 
following acidification with H₃PO₄ and sparg-
ing with purified air to remove inorganic carbon 
as CO₂ prior to analysis. An injection volume of 
100 µL was used, with an acid addition of 1.4%, 
a sparge-gas flow of 101 mL min⁻¹ and a sparging 
time of 44 s. Carbon-containing compounds were 
quantified following high-temperature catalytic 
oxidation at 720 °C and non-dispersive infrared 
(NDIR) detection of the generated CO₂. Total 
nitrogen was determined using the instrument’s 
chemiluminescence detection system.

Instrument calibration was performed us-
ing certified standards, and the NPOC calibra-
tion covered the concentration range 0–10 mg 
L⁻¹, showing excellent linearity (R² = 0.9999). 
Sample extracts were analyzed using replicate in-
jections according to the same instrumental pro-
cedure applied during calibration, and measure-
ment variability was expressed as the standard 
deviation of the replicate measurements. Blank 
filters were analyzed to account for background 
contributions, and the mean blank concentrations 
were subtracted from the measured sample con-
centrations. Method detection limits (MDLs) of 
30 ngC m⁻³ for NPOC and 50 ngN m⁻³ for TN 

were adopted based on the analytical methodolo-
gy reported by Potì et al. (2026), where the corre-
sponding values are reported for soluble organic 
carbon [(OC)s] and water-soluble total nitrogen 
(WSTN), respectively. The corresponding σB/2 
values were 15 ngC m⁻³ for NPOC and 25 ngN 
m⁻³ for TN, with a proportional uncertainty pa-
rameter (h) of 0.05 for both measurements. For 
quantified concentrations, analytical uncertainty 
was evaluated as ΔCi,j = σB,j/2 + hjCi,j, where 
σB,j represents the standard deviation associated 
with blank-filter variability and hj is the propor-
tional uncertainty parameter. For concentrations 
below the MDL or not distinguishable from blank 
variability, an uncertainty of 100% was assigned, 
following the same analytical framework reported 
by Potì et al. (2026). Final water-soluble NPOC 
and TN concentrations were calculated from the 
blank-corrected extract concentrations, the ex-
traction volume (12 mL), and the corresponding 
sampled air volume and are reported in µg m⁻³.

Data analysis 

Elemental concentrations together with the 
water-soluble NPOC and TN concentrations were 
evaluated using descriptive statistical and graphi-
cal analyses. Samples collected during the 2024 
and 2025 monitoring periods were compared to as-
sess variability in PM2.5 composition between the 
two monitoring campaigns. Pearson correlation 
analysis was performed to examine relationships 
among selected elemental tracers and between 
water-soluble NPOC and TN. For each evaluated 
elemental pair, the Pearson correlation coefficient 
(r), number of observations (n), p-value, and 95% 
confidence interval (CI) were calculated. Statisti-
cal significance was evaluated at p < 0.05. Given 
the limited number of samples (n = 9 in 2024 and 
n = 7 in 2025), the correlation analysis was used as 
an exploratory assessment of co-variation among 
PM2.5 constituents rather than as evidence of com-
mon source origin. For the exceptionally strong 
correlations observed among crustal-associated 
elements in the 2024 dataset, an additional sen-
sitivity analysis was performed after exclusion of 
the high-concentration S1 sample to evaluate its 
influence on the Pearson correlation coefficients. 
The interpretation of elemental relationships was 
based on tracers potentially associated with crust-
al, traffic-related, industrial, and marine influ-
ences, while recognizing that individual elements 
may originate from multiple sources. 
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COMPLEMENTARY ATMOSPHERIC 
DATASETS

To complement the chemical characteriza-
tion of PM2.5, additional atmospheric datasets 
were used to provide qualitative information on 
regional aerosol conditions and air-mass trans-
port during the monitoring campaigns. Seventy-
two-hour backward air-mass trajectories were 
generated using the NOAA Hybrid Single-Parti-
cle Lagrangian Integrated Trajectory (HYSPLIT) 
model with GDAS1 meteorological data, using 
the model vertical velocity option. Trajectories 
ended at 12:00 UTC at 500 m above ground 
level (AGL) at the sampling site (41.3351° N, 
19.8158° E) (Stein et al., 2015).

For the evaluation of potential mineral-dust 
transport, the event-specific HYSPLIT analysis 
was not used to identify dust events independent-
ly. Instead, MERRA-2 Dust Surface Mass Con-
centration was used as an atmospheric indicator to 
identify distinct periods of enhanced dust loading 
within each monitoring campaign. For reproduc-
ibility, an episode was defined as a distinct local 
maximum in the hourly MERRA-2 Dust Surface 
Mass Concentration time series occurring during 
the monitoring period and clearly separated from 
adjacent values by a decline in dust concentra-
tion. The selected episodes corresponded to 27 
and 29 March 2024 and 17 and 19 April 2025, for 
which individual 72-h backward trajectories were 
generated. Thus, four event-specific trajectories 
were evaluated in total.

HYSPLIT backward trajectories were sub-
sequently used to characterize the preceding 
air-mass transport pathways and assess the geo-
graphical transport history of the air masses as-
sociated with these pre-defined episodes. Thus, 
the selection of trajectory dates was based on the 
MERRA-2 dust time series, whereas HYSPLIT 
was used to investigate whether the correspond-
ing air-mass transport pathways were compatible 
with long-range transport from North Africa and 
the Mediterranean region. The trajectory interpre-
tation was additionally compared with published 
reports of regional Saharan dust events occurring 
during the same periods. Agreement between 
enhanced MERRA-2 dust loading and transport 
pathways crossing potential dust-influenced re-
gions was therefore treated as complementary ev-
idence rather than as independent confirmation of 
dust occurrence or definitive source identification.

In parallel, campaign-wide transport pat-
terns were assessed using 124 backward trajec-
tories for each monitoring campaign, initiated at 
6-h intervals throughout the respective sampling 
periods. These trajectory-frequency analyses 
were used to characterize the broader air-mass 
transport patterns reaching the study area during 
each campaign.

MERRA-2 M2T1NXAER v5.12.4 aerosol 
reanalysis data, with a spatial resolution of 0.5° 
× 0.625°, were used to examine hourly Dust 
Surface Mass Concentration and Sea Salt Sur-
face Mass Concentration over the Tirana region 
(Gelaro et al., 2017). Regional aerosol loading 
was additionally evaluated using MODIS-Terra 
MOD08_D3 Collection 6.1 daily Aerosol Optical 
Depth (AOD) at 0.55 μm, with a spatial resolu-
tion of 1° × 1° (Levy et al., 2017). MODIS AOD 
was considered as an indicator of total aerosol 
loading and not as direct evidence of a specific 
aerosol type.

Meteorological parameters, including air tem-
perature, precipitation, relative humidity, wind 
speed, and incoming shortwave solar radiation, 
were obtained through the Open-Meteo Histori-
cal Weather API based on ERA5 reanalysis data 
(Hersbach et al., 2020) for a location representa-
tive of the sampling area (41.37° N, 19.78° E; 119 
m a.s.l.). These atmospheric datasets were used 
as complementary environmental information 
and not for quantitative source apportionment or 
independent source identification. 

The sampling site was located on the roof-
top of Building B of the Faculty of Natural Sci-
ences, in a central urban area of Tirana. The site 
is situated close to major road corridors and a 
busy road intersection characterized by continu-
ous vehicle circulation throughout the day. In ad-
dition to traffic emissions, the surrounding area 
includes residential buildings, educational insti-
tutions, commercial activities, and other urban 
infrastructure typical of a densely populated city 
environment. As a result, the sampling location is 
exposed to a mixture of anthropogenic and natu-
ral emission sources, including traffic-related 
emissions, resuspended road dust, urban back-
ground pollution and regional atmospheric trans-
port. The site was considered representative of 
urban air quality conditions in central Tirana and 
therefore suitable for investigating the chemical 
composition and source characteristics of PM2.5. 
Measurements collected at this location provide 
valuable information for assessing the relative 
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influence of different emission sources and for 
improving the understanding of particulate mat-
ter pollution in the city.

RESULTS AND DISCUSSION

The chemical composition of PM2.5 was in-
vestigated through elemental analysis and the de-
termination of water-soluble non-purgeable or-
ganic carbon (NPOC) and total nitrogen (TN) in 
samples collected during the 2024 and 2025 mon-
itoring campaigns. Sample-specific PM2.5 mass 
concentrations and elemental concentrations for 
both campaigns are summarized in Tables S9 and 
S10. The elemental results were evaluated using 
source-related tracers reported in the literature 
and are discussed in relation to potential crustal, 
traffic-related, industrial and marine influences. 
Given the pilot nature of the study and the lim-
ited number of samples, the analysis focuses on 
concentration patterns, temporal variability and 
qualitative source-related characteristics rather 
than quantitative source apportionment. The 
PM2.5 mass concentration reported in Tables S9 
and S10 are subject to an important method-
ological limitation. Gravimetric filter weighing 
was performed using the available analytical bal-
ance, which did not provide the mass resolution 
required for high-precision gravimetric determi-
nation of particulate matter collected on filters. 
Consequently, PM2.5 mass concentrations are as-
sociated with increased gravimetric uncertainty 
and are interpreted with caution. This limitation 
concerns the gravimetric PM2.5 mass determina-
tion and does not directly affect the ED-XRF 
elemental concentrations reported in the same 
tables, which were obtained independently from 
the elemental signal measured on each filter, fol-
lowed by blank correction, application of the 
element-specific PTFE calibration factors and 
normalization to the sampled air volume. 

Figure 1 illustrates the distribution of crust-
al-associated elements during the two pilot sam-
pling campaigns:
a)	Silicon (Si) and calcium (Ca) were the domi-

nant crustal elements in most samples, while 
aluminum (Al) and iron (Fe) also contributed 
substantially to the elemental composition. The 
predominance of these elements is commonly 
associated with crustal material and mineral 
dust sources (Moreno et al., 2006). Consid-
erable variability was observed among the 

samples, with S1 exhibiting markedly higher 
concentrations of Al, S1, Ca and Fe compared 
with the remaining samples. Such enrichment 
of crustal tracers has been reported during pe-
riods of enhanced dust influence in Mediterra-
nean environments (Moreno et al., 2006; Pey et 
al., 2013). The remaining samples showed low-
er concentrations, although crustal elements 
continued to represent an important fraction of 
PM2.5 throughout the sampling period. Notably, 
Fe exhibited a strong co-variation with the typ-
ical crustal tracers Al, Si and Ca, particularly in 
sample S1, suggesting that its elevated concen-
tration was largely influenced by mineral-rich 
dust. However, given the mixed origin of Fe, 
a contribution from traffic-induced road-dust 
resuspension cannot be excluded (Thorpe and 
Harrison, 2008).

b)	The concentrations of crustal elements mea-
sured in PM2.5 samples collected during 2025 
are presented in Figure 1b. Si and Ca were the 
most abundant crustal elements, while Al and 
Fe also contributed substantially to the element 
profile. The highest crustal loadings were ob-
served in samples S6 and S7, particularly for 
Ca, whereas S4 exhibited the lowest concen-
trations for most crustal tracers. Ti represents 
only a minor fraction of the measured crustal 
elements (Table 3).

A comparison of the 2024 and 2025 data-
sets revealed substantial differences in the con-
centrations and variability of crustal-associated 
elements. The 2024 samples showed markedly 
higher concentrations, particularly S1, with el-
evated Al, Si, Ca, and Fe, consistent with a stron-
ger contribution of crustal material and mineral 
dust. In contrast, the 2025 dataset showed lower 
and more homogeneous concentrations, suggest-
ing weaker crustal influence and more stable con-
ditions. Nevertheless, both campaigns displayed 
similar elemental patterns, with Si and Ca among 
the predominant crustal-associated elements, 
consistent with contributions from mineral dust 
and resuspended soil particles, although elemen-
tal composition alone cannot quantitatively dis-
tinguish these sources.

The higher crustal tracer concentrations in 
2024 may also reflect regional dust transport. 
Saharan dust intrusions were reported across the 
Mediterranean Basin and Balkan region during 
spring 2024 (EUMETSAT, 2024). Elevated Al, 
Si, Ca, and Fe, typical crustal tracers (Moreno et 
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al., 2006), together with the reddish appearance of 
some filters, are consistent with a possible North 
African mineral dust influence. However, without 
back-trajectory or satellite-based dust tracking, 
Saharan dust cannot be conclusively confirmed 
and should be regarded as a plausible rather than 
definitive source attribution.

To complement the interpretation of the el-
emental concentration patterns, Pearson correla-
tion analysis was performed to examine the re-
lationships among the selected elemental tracers 
and chemical parameters. Strong positive corre-
lations indicate similar temporal behavior among 
the analyzed species and may be consistent with 
common emission sources or shared atmospheric 

processes, whereas weaker correlations may re-
flect contributions from multiple sources or at-
mospheric transformations. (Çaushaj et al., 2024; 
Caushaj et al., 2026; Monod et al., 2000). In the 
present study, Pearson correlation analysis was 
not used as a standalone source apportionment 
method. Instead, the observed statistical relation-
ships were interpreted together with elemental 
concentration patterns, established elemental 
source tracers reported in the literature, MER-
RA-2 dust reanalysis, HYSPLIT backward trajec-
tory, MODIS (AOD) and meteorological obser-
vations. Therefore, the proposed source interpre-
tation represents a qualitative interpretation based 
on the combined evaluation of chemical composi-
tion, statistical relationships, and complementary 
atmospheric datasets rather than on Pearson cor-
relation analysis alone. Given the pilot nature of 
the study and the limited number of samples, the 
observed statistical relationships are intended to 
provide qualitative insight into PM2.5 composition 
rather than definitive evidence of emission source 
contributions (Table 4).

The Pearson correlation analysis for the 2024 
dataset revealed very strong positive correlations 

Figure 1. Concentrations of crustal-associated elements (Al, Si, Ca, Fe and Ti) in PM2.5 samples collected
during the 2024 (a) and 2025 (b) sampling campaigns. Concentrations are presented on a logarithmic scale (ng m⁻³)

Table 3. Maximum concentrations (ng/m3) observed 
in 2024 and 2025

Element Max 2024 (ng/m3) Max 2025 (ng/m3)

Al 1531.87 61.04

Si 4039.09 117.25

Ca 1300.08 141.61

Fe 998.05 56.29
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among all crustal-associated elements (r = 0.95–
1.00). Particularly high correlations were ob-
served between Al, Si, Fe and Ti (r > 0.99), while 
Ca also exhibited strong relationship with the re-
maining elements. These statistical relationships 
are consistent with the observed concentration 
patterns and may reflect a similar temporal behav-
ior among these crustal-associated elements dur-
ing the March–April 2024 campaign. Compared 
with 2024 dataset, weaker and more variable cor-
relations were observed in 2025. Strong positive 
correlations remained between Fe, Si and Ca (r = 
0.87–0.88), whereas Al exhibited weaker associa-
tions with the other crustal tracers. Nevertheless, 
the observed relationships remain consistent with 
the contribution of crustal material to PM2.5. 

In the 2025 campaign, the correlation struc-
ture among crustal-associated elements was less 
pronounced than in 2024. Statistically significant 
positive correlations were observed for Si–Fe (r = 
0.874, p = 0.010, 95% CI: 0.352–0.981) and Ca–
Fe (r = 0.876, p = 0.010, 95% CI: 0.360–0.982), 
while other elemental pairs showed weak-to-
strong correlations that did not reach statistical 
significance (p > 0.05), with confidence intervals 
including zero. 

Overall, Pearson correlation analysis comple-
ments the elemental concentration patterns by 
describing co-variation among the measured con-
stituents. Although stronger correlations among 
crustal-associated elements were observed in 
2024 than in 2025, these relationships are inter-
preted cautiously given the limited sample size 
and the different sampling periods and meteo-
rological conditions of the two campaigns. The 
exceptionally high coefficients observed in 2024 

may partly reflect high-concentration observa-
tions within the dataset. Therefore, the correla-
tions provide exploratory insight into elemental 
co-variation and atmospheric behavior rather 
than independent evidence of common source 
origin or changes in source intensity.

Additional sensitivity analyses were per-
formed to assess the robustness of the excep-
tionally high 2024 correlations, including ex-
clusion of the high-concentration S1 sample, 
leave-one-out and Spearman rank analyses, 
verification of the original sample-specific ED-
XRF dataset and data-processing procedures, 
and visual assessment using scatter plots. These 
analyses confirmed that the strong Al–Si–Ti re-
lationships were not solely attributable to S1; 
however, given the limited sample size, they are 
interpreted as patterns of consistent elemental 
co-variation rather than evidence of a common 
emission source. Detailed results are provided 
in the Supplementary Material (Tables S11–
S14; Figures S1–S3).

MERRA-2 reanalysis indicated the presence 
of mineral dust over the study area during both 
monitoring campaigns. Dust concentrations were 
considerably higher and more variable during the 
2024 period, with several pronounced peaks sug-
gesting episodic increases in atmospheric dust 
loading. In contrast, the 2025 monitoring period 
exhibited substantially lower dust concentra-
tions and more stable temporal pattern, indicating 
weaker mineral dust influence during sampling. 
Overall, the comparison indicates that mineral 
dust was present during both monitoring periods, 
although its atmospheric abundance was mark-
edly greater in 2024 than in 2025.

Table 4. Pearson correlation coefficients among crustal-associated elements (Al, Si, Ca, Fe and Ti) measured in 
PM2.5 samples during the 2024 and 2025 monitoring campaigns

2024 Al Si Ca Fe Ti

Al 1

Si 0.9999 1

Ca 0.9544 0.9569 1

Fe 0.9986 0.9991 0.9642 1

Ti 0.9998 0.9999 0.9568 0.9992 1

2025 Al Si Ca Fe Ti

Al 1

Si 0.3294 1

Ca -0.4004 0.6132 1

Fe -0.1016 0.8735 0.8756 1

Ti 0.3306 0.6756 0.4092 0.6405 1
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The 72-h HYSPLIT backward trajectories as-
sociated with the major dust peaks observed on 
27 and 29 March 2024 (Figure 2) indicate that the 
air masses reaching Tirana followed long-range 
transport pathways from southern and south-
western sectors. The 27 March trajectory crossed 
North Africa and the central Mediterranean before 
reaching the receptor site, while the 29 March 
trajectory showed an extended pathway from the 
eastern Atlantic across North Africa and the Med-
iterranean basin toward Albania. These transport 
patterns are consistent with the potential long-
range transport of mineral dust toward the study 
area during the 2024 campaign. When considered 
together with the pronounced MERRA-2 Dust 
Surface Mass Concentration peaks and elemental 
concentration patterns, the backward trajectories 
provide complementary atmospheric context for 
a possible contribution of regional and long-range 
mineral dust transport. In particular, the trajecto-
ries associated with the major dust peaks on 27 
and 29 March 2024 are consistent with Saharan 
dust transport documented over the central Medi-
terranean during the same period (EUMETSAT, 
2024; Pons et al., 2025). However, the trajectories 
alone do not confirm the origin of the transported 
air masses and should therefore be interpreted as 
complementary evidence rather than definitive 
source attribution (Figures 3–5).

The 72-h HYSPLIT backward trajectories asso-
ciated with the main dust episode in 2025 indicate 
that the air masses reaching Tirana originated pre-
dominantly from the eastern and western Mediter-
ranean regions, without a clear indication of long-
range transport from North Africa. These transport 
pathways are consistent with the lower MERRA-2 
dust surface mass concentration and the weaker 
correlations among the crustal-associated elements 
observed during the 2025 campaign, suggesting a 
relatively weaker influence of long-range mineral 
dust transport during the monitoring period.

The campaign-wide HYSPLIT frequency 
map, based on 124 backward trajectories, further 
shows that southern and southwestern transport 
pathways, including pathways extending across 
the Mediterranean toward North Africa, occurred 
during the 2024 monitoring period. These broader 
transport patterns are consistent with the pathways 
observed for the individual 27 and 29 March tra-
jectories and indicate that air masses potentially 
influenced by North African regions could reach 
the study area on multiple occasions during the 
campaign. The combined evidence is consistent 
with a potential influence of long-range North Af-
rican mineral dust on PM2.5 composition during 
the 2024 campaign.

During the 2025 campaign, crustal-associ-
ated elemental relationships were weaker and 

Figure 2. MERRA-2 dust surface mass concentration during the PM2.5 sampling periods in 2024 and 2025
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more heterogeneous than in 2024, with moder-
ate correlations for Al–Si (r = 0.329) and Al–Ti 
(r = 0.331), and stronger associations for Si–Ti 
(r = 0.676), Si–Fe (r = 0.874), Ca–Fe (r = 0.876), 
and Fe–Ti (r = 0.641). The HYSPLIT frequency 
analysis showed broad air-mass pathways, in-
cluding transport from continental Europe and 
southward and southwestward across the Medi-
terranean. Saharan dust transport across the 
central Mediterranean was independently docu-
mented immediately before the campaign; Senti-
nel-3 imagery on 15 April 2025 showed Saharan 
dust over the Mediterranean Sea and southern 
Italy transported northward by Sirocco winds 
(Copernicus, 2025). Thus, long-range North 
African mineral-dust transport was meteoro-
logically plausible around the beginning of the 
campaign. However, the weaker crustal-element 

correlations and broader HYSPLIT pathways 
compared with 2024 do not support Saharan 
dust as a dominant source in 2025. Rather, the 
combined evidence is consistent with a possible 
intermittent contribution of long-range mineral 
dust superimposed on regional and continental 
crustal influences.

Overall, the HYSPLIT trajectory analysis 
complements the MERRA-2 reanalysis and the 
elemental composition results by providing ad-
ditional atmospheric context for the qualitative 
interpretation of the observed PM2.5 composition. 
While the 2024 campaign was characterized by 
transport pathways consistent with documented 
Saharan dust outbreaks over the central Medi-
terranean, the 2025 campaign was dominated by 
predominantly regional Mediterranean air masses 
and a comparatively weaker mineral dust signal. 

Figure 3. HYSPLIT 72-h backward trajectories (500 m AGL corresponding to selected periods
of enhanced MERRA-2 dust surface mass concentration during the 2024 PM2.5 monitoring campaign 

Figure 4. HYSPLIT 72-h backward trajectories (500 m AGL) correspond to the highest MERRA-2
dust surface mass concentration peaks during the 2025 PM2.5 monitoring campaign
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Taken together, these observations are consistent 
with a relatively greater influence of crustal ma-
terial during the 2024 campaign than during the 
2025 monitoring period.

MODIS AOD analysis provided additional 
regional aerosol context, with higher and more 
spatially extensive aerosol loading observed dur-
ing the 2024 campaign than in 2025; the corre-
sponding maps are provided in the Supplemen-
tary Material (Figure S4).

Among the analyzed elements (Figure 6), Fe 
exhibited the highest concentrations in all sam-
ples, with a pronounced peak in sample S1. Cu 
and Zn, commonly associated with tyre wear and 
brake wear (Pant and Harrison, 2013), showed 
moderate variability among the samples, where-
as Cr and Mn were consistently present at lower 

concentrations. The occurrence of Fe together with 
Cu, Zn, Cr and Mn is consistent with the possible 
influence of non-exhaust traffic-related processes, 
including brake wear, tyre wear and traffic-in-
duced road-dust resuspension (Amato et al., 2009; 
Thorpe and Harrison, 2008; Amato et al., 2014). 
However, because Fe also exhibited strong asso-
ciations with the crustal tracers Al, Si and Ca, its 
elevated concentrations may reflect the combined 
influence of traffic-related processes, resuspended 
mineral-rich road dust and other crustal sources 
rather than a single emission source.

As in 2024, Fe exhibited the highest concen-
trations among the analyzed elements, although 
at considerably lower levels in 2025 (Figure 7) 
Zn and Cu, commonly associated with tyre and 
brake wear, respectively (Pant and Harrison, 
2013), occurred at comparatively lower concen-
trations, while Cr and Mn also remained low. 
The co-occurrence of Fe, Cu, Zn, Cr, and Mn 
are consistent with the possible influence of non-
exhaust traffic-related processes, including brake 
wear, tyre wear, and traffic-induced road-dust re-
suspension. However, Fe showed a concentration 
pattern comparable to the crustal-associated ele-
ments (Al, Si, and Ca), indicating that its elevated 
concentrations may reflect combined contribu-
tions from traffic-related processes, resuspended 
mineral-rich road dust, and other crustal sources 
rather than traffic emissions alone (Thorpe and 
Harrison, 2008; Moreno et al., 2006). Overall, 
the more homogeneous distribution of traffic-
associated elements in 2025, together with the 
absence of statistically significant correlations 
among the selected tracers, is consistent with a 
less coherent traffic-related elemental pattern 
than in 2024 (Table 5).

The Pearson correlation analysis comple-
ments the interpretation of the observed elemen-
tal concentration patterns by examining the re-
lationships among the selected traffic-related 
elements. In the 2024 dataset, only Fe, Cr and 
Mn exhibited very strong positive correlations 
(r = 0.98–1.00), whereas Zn and Cu showed 
weaker associations with the remaining tracers. 
In contrast, the 2025 dataset was characterized 
by generally weaker correlations, with no con-
sistently associated group of elements. Overall, 
the observed relationships are consistent with the 
possibility that the selected traffic-related tracers 
may reflect contributions from multiple non-ex-
haust traffic-related processes rather than a single 
dominant emission source.

Figure 5. HYSPLIT 72-h backward
trajectory frequency maps for the PM2.5

monitoring campaigns: (a) 2024 and (b) 2025.
Each frequency analysis includes 124

backward trajectories initiated at 6-h intervals
from the Tirana sampling site (41.3351° N,

19.8158° E), calculated at 500 m AGL using
GDAS1 meteorological data
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Industrial emissions are commonly associ-
ated with characteristic trace metals released 
from high-temperature industrial processes, 
metal production and manufacturing activities. 
Elemental tracers reported in the literature in-
clude Cr, Mn, Ni, Pb, Zn, V and As, although 
their relative abundance depends on the specif-
ic industrial activity (Pacyna and Pacyna, 2001; 
Querol et al., 2007; Amato et al., 2009). Cr, Mn 
and Ni have been associated with iron and steel 
production and metal-processing activities, 
whereas Zn and Pb have been associated with 
non-ferrous metallurgy, waste incineration and 
other industrial combustion processes (Pacyna 
and Pacyna, 2001; Querol et al., 2007). How-
ever, these elements are not source-specific and 
may also originate from other anthropogenic 
or natural processes. Therefore, the concur-
rent occurrence and similar temporal behav-
ior of several industrial-related tracers may be 

consistent with a potential industrial influence 
but cannot by themselves provide definitive 
source attribution.

In the present study the selection of industrial 
tracers was constrained by the analytical capa-
bilities of the ED-XRF system used for elemen-
tal determination. According to the laboratory 
analytical protocol, V, Ga, Zr, Te, I and Ba could 
not be quantified and were therefore excluded 
from the analysis. Consequently, the assessment 
of the industrial influence was based on Cr, Mn, 
Ni and Pb, which are recognized in the literature 
as representative tracers of industrial and metal-
lurgical emissions (Thorpe and Harrison, 2008; 
Amato et al., 2009; Pant and Harrison, 2013). A 
more detailed statistical evaluation, including p-
values and 95% confidence intervals, was also 
performed to further assess these relationships 
and is provided in the Supplementary Material 
(Tables S16–S16).

Figure 6. Concentrations of traffic-related elements (Fe, Cr, Mn, Cu and Zn) measured in
PM2.5 samples collected during March–April 2024

Figure 7. Concentration of traffic-related elements measured in PM2.5 samples collected during April–May 2025
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At Figure 8 Mn showed the highest con-
centration among the industrial tracers, particu-
larly in S1, while Pb was moderate and Cr and 
Ni remained comparatively low. The absence of 
concurrent enrichment in Cr, Mn, Ni, and Pb is 
consistent with no clear evidence of a dominant 
industrial contribution during the 2024 campaign. 
Occasional enrichment of individual elements 
may reflect localized or intermittent industrial ac-
tivities, although other natural and anthropogenic 
sources cannot be excluded (Querol et al., 2007; 
Pacyna and Pacyna, 2001).

As in the 2024 campaign, the selected indus-
trial-related elements did not exhibit a consistent 
enrichment pattern across the analyzed samples. 
The concentrations of the individual elements 
varied among samples without a common tem-
poral trend, indicating that the selected industrial 
tracers were not simultaneously enriched during 
the sampling period. Compared with the 2024 

dataset, the concentrations were generally low-
er and more homogeneous, which is consistent 
with the absence of a clear enrichment pattern 
among the analyzed industrial tracers during the 
2025 monitoring campaign (Querol et al., 2007). 
Consequently, no clear evidence of a dominant 
industrial contribution was identified among the 
elemental tracers analyzed during the 2025 cam-
paign (Figure 9, Table 6).

During the 2024 campaign, Cr–Mn showed a 
very strong positive correlation (r = 0.985), while 
Ni was weakly correlated with Cr (r = 0.167) and 
Mn (r = 0.076), and Pb showed moderate correla-
tions with Ni (r = 0.671), Cr (r = 0.414), and Mn (r 
= 0.361). Overall, the industrial-related elements 
did not exhibit consistently strong correlations or 
common temporal behavior, consistent with the 
concentration profiles in Figure 7, where no si-
multaneous enrichment of all analyzed industrial 
tracers was observed. Given the pilot nature of the 

Table 5. Pearson correlation matrix for the selected traffic-related elemental tracers in PM2.5 measured during the 
2024 and 2025 monitoring periods

2024 Zn Cu Mn Cr Fe

Zn 1

Cu 0.5867 1

Mn 0.1815 -0.0904 1

Cr 0.2627 0.0071 0.9854 1

Fe 0.1934 -0.0891 0.9974 0.9866 1

2025 Zn Cu Cr Mn Fe

Zn 1

Cu 0.1677 1

Cr -0.489 -0.4047 1

Mn 0.2156 0.7501 0.076 1

Fe -0.5487 -0.0102 -0.319 -0.349 1

Figure 8. Concentrations of the selected industrial-related elements (Cr, Mn, Ni and Pb)
measured in PM2.5 samples collected during the 2024 sampling campaign
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study and limited sample size, these correlations 
are interpreted as exploratory statistical relation-
ships and considered together with the elemental 
concentration patterns rather than as independent 
evidence of common emission sources.

In 2025, correlations were generally weaker, 
with the strongest positive relationship between 
Ni–Cr (r = 0.568). Mn showed very weak correla-
tions with the remaining elements (r = 0.05–0.24), 
while Pb exhibited negligible or negative correla-
tions, including a moderate negative correlation 
with Ni (r = −0.373). The absence of consistent-
ly strong positive correlations, together with the 
relatively homogeneous concentration profiles in 
Figure 8, is consistent with no clear common en-
richment pattern among the industrial-related trac-
ers during the 2025 campaign. Additional analysis 
using p-values and 95% confidence intervals was 
performed to assess the statistical significance and 
uncertainty of these relationships and is provided 
in the Supplementary Material (Tables S17–S18).

At Figures 10, 11; Na, Cl, and Mg showed 
considerable variability, with the highest Na and 
Cl concentrations in S4, while S1 exhibited el-
evated Mg together with relatively high Na and 
Cl. Although commonly associated with marine 
aerosols, these elements may also have natural 
and anthropogenic sources; in particular, elevated 
Mg in S1 may reflect both marine and mineral-
rich crustal influences (Querol et al., 2007; Vicars 
and Sickman, 2011). Given Tirana’s location ap-
proximately 30 km from the Adriatic coast, these 
concentrations are consistent with a possible ma-
rine influence under favorable meteorological 
conditions, as reported for other Mediterranean 
urban environments (Pey et al., 2013). However, 
elemental composition alone cannot unambigu-
ously distinguish marine from non-marine sourc-
es, and the substantially lower concentrations in 
the remaining samples are consistent with an in-
termittent rather than persistent marine influence 
during the 2024 campaign.

Figure 9. Concentrations of the selected industrial-related elements (Cr, Mn, Ni and Pb) measured
in PM2.5 samples collected during the 2025 sampling campaign

Table 6. Pearson correlation coefficients among the selected industrial-related elements (Ni, Cr, Mn and Pb) 
measured in PM2.5 samples collected during the 2024 and 2025 monitoring campaigns

Year 2024 Ni Cr Mn Pb

Ni 1

Cr 0.167 1

Mn 0.076 0.985 1

Pb 0.671 0.414 0.361 1

Year 2025 Ni Cr Mn Pb

Ni 1

Cr 0.568 1

Mn 0.241 0.076 1

Pb -0.373 -0.027 0.05 1
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Na remained the dominant marine-associated 
element, with the highest concentration observed 
in sample S1, followed by S2. Cl exhibited a sim-
ilar concentration pattern, whereas Mg showed 
lower concentrations and less variability among 
the samples. The relatively higher Na and Cl con-
centrations observed in S1 and S2 are consistent 
with a possible marine influence, although these 
elements may also originate from additional natu-
ral and anthropogenic sources.

Compared with the 2024 dataset, the 2025 
samples exhibited generally lower concentra-
tions and a more homogeneous distribution of 
the analyzed marine-associated elements, with-
out the pronounced concentration peaks observed 
previously. These observations are consistent 
with reduced variability in the analyzed marine-
associated elements during the 2025 monitor-
ing campaign and may also reflect differences in 

meteorological conditions and regional air-mass 
transport. Overall, the observed elemental pat-
terns suggest that marine influence was inter-
mittent during both monitoring campaigns, with 
comparatively higher Na and Cl concentrations 
observed during the 2024 campaign. However, 
the elemental composition alone does not allow 
an unambiguous distinction between marine and 
non-marine sources (Table 7).

The Pearson correlation analysis comple-
ments the interpretation of the observed concen-
tration patterns by examining the relationships 
among the selected marine-associated elements. 
In the 2024 dataset, a moderate positive correla-
tion was observed between Na and Cl (r = 0.70), 
whereas Mg exhibited weak correlations with 
both Na and Cl, indicating that its temporal vari-
ability may have been influenced by additional 
natural or anthropogenic sources besides marine 

Figure 10. Distribution of marine-associated elements (Na, Cl and Mg) in PM2.5 samples collected
during the March–April 2024 monitoring period

Figure 11. Concentrations of marine-related elements measured in PM2.5 samples collected
during April–May 2025
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aerosols. In contrast, the 2025 dataset was char-
acterized by strong positive correlations among 
Na, Cl and Mg (r = 0.85–0.95), indicating a more 
similar temporal behavior among these elements 
during the monitoring period.

Additional statistical and quantitative analy-
ses were performed to further evaluate the ma-
rine-associated tracers. Pearson correlations were 
assessed using p-values and 95% confidence in-
tervals (Table S19), showing a significant Na–Cl 
correlation in 2024 and significant correlations 
among Na, Cl, and Mg in 2025. Cl-based sea-
salt concentrations and approximate PM2.5 sea-
salt fractions were also estimated (Table S20), 
ranging from approximately 8.4–365.0 ng m⁻³ 
(0.02–1.73%) in 2024 and 4.0–202.9 ng m⁻³ 
(0.08–2.80%) in 2025. Overall, these estimates 
do not indicate a dominant sea-salt contribu-
tion to PM2.5 during either monitoring campaign. 
However, these fractions represent approximate 
estimates rather than precise quantitative source 
contributions, because formal uncertainty for the 
gravimetric PM2.5 mass determination was not 
established, and the balance resolution limits the 
precision of the measured filter-mass differences. 
Furthermore, Cl-based reconstruction may under-
estimate atmospherically aged sea-salt aerosol 
because particulate chloride can be depleted dur-
ing atmospheric transport through heterogeneous 
reactions with acidic species (Su et al., 2022). 
Therefore, the relatively low Cl-based estimates 
do not demonstrate the absence of a marine con-
tribution. When considered together with the ob-
served Na–Cl–Mg relationships and the comple-
mentary atmospheric datasets, the results indicate 
that a dominant marine contribution is not sup-
ported, while a possible intermittent marine influ-
ence cannot be excluded (Figures 12, 13).

MERRA-2 reanalysis indicated the presence 
of sea-salt aerosols over the study area during 
both monitoring periods. Although the temporal 
variability differed between the two campaigns, 
the reanalysis suggests that marine aerosols were 
present in the regional atmosphere throughout the 
sampling periods.

The HYSPLIT backward-trajectory frequen-
cy analysis for the 2024 monitoring campaign 
was based on 62 individual 72-h backward tra-
jectories generated at 500 m AGL using GDAS1 
meteorological data. The resulting frequency map 
indicates that air masses reaching the receptor site 
frequently travelled over the Adriatic Sea and the 
central Mediterranean before arriving in Tirana. 
These transport pathways are consistent with the 
possible transport of marine air masses toward 
the study area during the PM2.5 sampling period. 
Similarly, the 2025 backward trajectory frequen-
cy map shows that air masses also reached the 
receptor site through pathways crossing the Adri-
atic and Mediterranean regions, although a great-
er influence of continental transport from central 
Europe was also observed. These transport pat-
terns indicate that both marine and continental air 
masses affected the study area during the 2025 
monitoring campaign.

Comparison of the two monitoring campaigns 
indicates that transport pathways crossing marine 
regions were present during both sampling pe-
riods. While the 2024 campaign was character-
ized by a relatively greater influence of trajecto-
ries crossing the central Mediterranean, the 2025 
campaign exhibited a comparatively stronger 
continental component together with persistent 
transport over the Adriatic Sea.

When considered together, the MERRA-2 
Sea-Salt Surface Mass Concentration reanalysis, 
HYSPLIT backward trajectory analysis, Pearson 
correlation analysis and the elemental concentra-
tion patterns provide complementary atmospheric 
information for the qualitative interpretation of a 
possible marine influence on the PM2.5 composi-
tion during both monitoring campaigns. Although 
none of these approaches independently distin-
guishes marine from non-marine sources, their 
combined interpretation is consistent with inter-
mittent marine influence under favorable atmo-
spheric transport conditions.

NPOC concentrations were consistently high-
er than TN throughout the sampling period, with 
a pronounced peak observed in sample S4. In 
contrast, TN exhibited more moderate variability 

Table 7. Pearson correlation matrix of marine-
associated elements (Na, Cl and Mg) measured in 
PM2.5 samples during the 2024 and 2025 monitoring 
periods

2024 Na Cl Mg

Na 1

Cl 0.7029 1

Mg 0.1482 0.6118 1

2025 Na Cl Mg

Na 1

Cl 0.9524 1

Mg 0.8530 0.9187 1
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among the samples. The elevated NPOC con-
centration observed in S4 indicates a period of 
increased organic carbon in PM2.5 relative to the 
remaining samples. Although this observation 
may reflect enhanced secondary organic aerosol 
formation or the influence of localized emission 
sources, the available dataset does not allow these 
potential processes to be distinguished. The re-
maining samples exhibited comparatively lower 
NPOC concentrations and less pronounced tem-
poral variability. (Figure 14)

Like the 2024 dataset, NPOC concentrations 
remained consistently higher than TN in all sam-
ples. However, both parameters exhibited a more 
gradual and homogeneous temporal variation, 
without the pronounced peak observed in 2024. 
The similar temporal patterns of NPOC and TN 
observed during the 2025 monitoring campaign 
are consistent with comparatively lower temporal 
variability than that observed in 2024. Although 
these observations may reflect differences in at-
mospheric processes or emission conditions, the 
available dataset does not allow the underlying 
causes of these variations to be distinguished. 
(Figure 15, Table 8)

The Pearson correlation analysis revealed a 
moderate positive correlation between TN and 
NPOC during both monitoring periods (r = 0.645 
in 2024 and r = 0.650 in 2025). The similar cor-
relation coefficients observed in both datasets in-
dicate a consistent temporal relationship between 
the two parameters. These observations are con-
sistent with partially shared atmospheric behav-
ior; however, the observed correlations may also 
reflect the influence of PM2.5 mass, meteorologi-
cal conditions and multiple atmospheric process-
es rather than a single common source (Caushaj et 
al., 2026; Pey et al., 2013).

A similar NPOC–TN relationship was ob-
served during the two monitoring campaigns, 
with moderate positive correlations in both 2024 
(r = 0.640, p = 0.061) and 2025 (r = 0.650, p = 
0.114). Neither correlation was statistically sig-
nificant, indicating the absence of a strong and 
statistically supported association between the 
two components. The consistent moderate but 
non-significant relationships across both cam-
paigns may reflect contributions from different 
sources or atmospheric processes rather than a 
single dominant common source (Table S21).

Figure 12. MERRA-2 sea salt surface mass concentration over the study area during the 2024
(27 March–30 April 2024) and 2025 (17 April–1May 2025) monitoring campaigns
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Previous studies have applied correlation 
analysis to atmospheric pollutants, particularly 
gaseous species, to explore relationships among 
measured pollutants and their potential associa-
tion with common emission processes (Monod et 
al., 2000; c.Çaushaj et al., 2024). In the present 

pilot study, a similar exploration approach was 
applied to the chemical constituents of PM2.5. 
Pearson correlation analysis was used to exam-
ine whether elemental and chemical constituents 
within the PM2.5 fraction exhibited similar tempo-
ral behavior, while source-related interpretations 
were made cautiously and in combination with 
the observed concentration patterns and comple-
mentary atmospheric information.

The different correlation patterns observed 
among crustal-, traffic-, marine- and industrial-
associated tracers suggest heterogeneous behavior 
among the measured PM2.5 constituents. Rather 
than representing distinct source signatures, these 
patterns are consistent with the complex nature of 
atmospheric particulate matter, in which individual 
constituents may originate from multiple sources 
and may also be affected by atmospheric transport 
and transformation processes. This interpretation 
is consistent with the conceptual framework pro-
posed by c.Caushaj et al. (2026), which describes 
atmospheric particulate matter as a dynamic sys-
tem continuously modified by emission, trans-
port, transformation and regeneration processes. 
Under this framework, the chemical composition 
measured at the receptor site can be regarded as 
the cumulative result of interacting atmospheric 
processes rather than as a direct fingerprint of a 
single emission source. Accordingly, the relation-
ships among the measured PM2.5 constituents are 
interpreted here as part of an integrated qualitative 
assessment rather than as quantitative source ap-
portionment. To provide additional environmental 
context for the differences observed between the 
two monitoring campaigns, the principal meteo-
rological parameters were subsequently evaluated 
throughout both sampling periods.

Figure 13. NOAA HYSPLIT 72-h
backward trajectory frequency maps (500 m AGL)

for 2024 (27 March–30 April) and 2025
(17 April–1 May2025) PM2.5 monitoring campaigns

Figure 14. Variation of NPOC and TN concentrations (µg/m³) across the analyzed filters 2024
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The comparison of the mean meteorologi-
cal conditions provides additional environmen-
tal context for interpreting the differences ob-
served between the two monitoring campaigns. 
The 2024 campaign was characterized by great-
er overall meteorological variability, whereas 
2025 exhibited generally more stable and drier 
conditions (Figure 16). These differences indi-
cate that the two monitoring periods occurred 
under distinct meteorological conditions, which 
may affect aerosol dispersion, transport, resi-
dence time, wet removal and physicochemical 

processing. Precipitation can remove suspended 
particles through wet scavenging, while rela-
tive humidity can influence water uptake, hy-
groscopic growth, coagulation and deposition, 
and wind conditions can affect aerosol disper-
sion and transport (Wei-wei, 2009; Gaffney and 
Marley, 2005; Tomasi and Lupi, 2017). In the 
present study, however, these meteorological 
parameters were evaluated descriptively and are 
therefore considered as environmental context 
rather than as evidence of direct causal effects 
on the observed PM2.5 composition.

The meteorological context is also relevant to 
the interpretation of TN and NPOC. The moder-
ate positive correlation observed between these 
parameters (r ≈ 0.65 in both campaigns) is con-
sistent with partially shared atmospheric behav-
ior; however, it may also reflect their dependence 
on PM2.5 mass, meteorological conditions or mul-
tiple atmospheric processes rather than a single 
common source. Processes such as atmospheric 
transport, oxidation, gas–particle partitioning and 
aqueous-phase reactions can modify organic- 
and nitrogen-containing aerosol fractions during 

Figure 15. Variation of NPOC and TN concentrations (µg/m³) across the analyzed filters 2025

Table 8. Pearson correlation coefficients between TN 
and NPOC measured in PM2.5 samples during the 2024 
and 2025 monitoring periods

2024 TN NPOC

TN 1

NPOC 0.6448 1

2025 TN NPOC

TN 1

NPOC 0.6502 1

Figure 16. Comparison of mean meteorological conditions during the 2024 and 2025 campaigns
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atmospheric residence (Hallquist et al., 2009; Er-
vens et al., 2011). Accordingly, the observed TN–
NPOC relationship is compatible with a dynamic 
aerosol-processing framework, while the contri-
bution of individual atmospheric processes, in-
cluding regeneration-related processes, cannot be 
resolved from the present dataset because these 
processes were not directly measured.

CONCLUSIONS 

This pilot study provides a preliminary char-
acterization of PM2.5 composition and potential 
source influences in urban Tirana using elemental 
analysis, water-soluble NPOC and TN measure-
ments, Pearson correlation analysis and comple-
mentary atmospheric datasets. The 2024 cam-
paign was characterized by higher crustal-asso-
ciated elemental concentrations than 2025, while 
MERRA-2 and HYSPLIT results were consistent 
with a relatively stronger mineral dust influence 
during this period. Traffic-related elemental pat-
terns were consistent with the possible influence 
of non-exhaust processes and resuspended road 
dust, whereas no clear evidence of a dominant 
industrial contribution was identified among the 
analyzed tracers. Marine-associated elements in-
dicated a possible intermittent marine influence, 
although marine and non-marine contributions 
could not be clearly distinguished.

Moderate positive correlations between 
NPOC and TN were consistent with partially 
shared atmospheric behavior, while meteoro-
logical observations provided complementary 
environmental context rather than evidence of 
direct causal effects. Overall, the results provide 
an exploratory qualitative characterization rather 
than quantitative source apportionment. Differ-
ences between the two campaigns may also re-
flect their distinct sampling periods and meteo-
rological conditions. Although exploratory, the 
integrated approach applied in this study may 
provide a preliminary framework for identify-
ing potential source-related patterns that could 
be further evaluated in studies based on longer 
monitoring periods and larger datasets. In such 
studies, source-related hypotheses derived from 
elemental correlations and complementary at-
mospheric information could be compared with 
multivariate or receptor-model approaches, such 
as PCA or PMF, to assess whether similar source 
patterns are identified.
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