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Abstract: This study explores the transport mechanisms and pollutant dynamics influencing particulate
matter concentrations at the Pomigliano d”Arco (PdA) monitoring site, situated in a densely urbanized
and industrialized region near Naples, Southern Italy, where daily PM;( averages consistently exceed
EU thresholds. Exploiting an innovative residence time analysis, based on backward trajectory analysis
with the HYSPLIT model, we investigated air mass histories from 2018 to 2023 to identify predominant
pollutant transport pathways and their temporal dynamics. Seven distinct airflow clusters were
identified, with the most frequent originating from the western and northeastern directions, influenced
by local circulations and long-range transport from the central Mediterranean and Northern Africa.
Seasonal variations revealed elevated PM;g levels during winter months, attributed to increased
residential heating and temperature inversions, as well as summer peaks linked to Saharan dust
transport and secondary aerosol formation. The residence time analysis highlighted regions within the
central Mediterranean and Northern Africa as significant contributors to high PM;y concentrations
at PdA, emphasizing the role of both local emissions and transboundary pollution. These findings
provide critical insights for policymakers and air quality managers to develop targeted mitigation
strategies aimed at reducing PM pollution in urban and industrialized areas, thereby enhancing public
health and environmental sustainability.

Keywords: mediterranean air quality; air mass transport; cluster analysis; residence time analysis;
Saharan dust

1. Introduction

The analysis of backward air mass trajectories has emerged as a pivotal tool in atmospheric
sciences, enabling researchers to identify and trace pollutant pathways, determine source regions,
and assess their impacts on air quality. Models such as HYSPLIT [1] and FLEXPART [2] integrate
meteorological data to compute air mass trajectories, providing valuable insights into the dynamics of
pollution transport.

One of the key advantages of back-trajectory analysis is its ability to track the relationships
between emission sources and receptor locations over long distances, rendering it highly beneficial for
the study of transboundary air pollution. This utility is demonstrated in research examining the impacts
of air pollution in remote regions such as the Arctic or the Mediterranean [3,4]. Back-trajectories are
also effective in identifying episodic pollution events, wherein specific sources substantially contribute
to elevated pollutant concentrations. For example, in urban settings, back-trajectory analysis has been
utilized to ascertain the impact of emissions originating from industrial zones, transportation networks,
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and adjacent regions on local air quality [5], identify sources of pollutants such as polychlorinated
biphenyls in Chicago [6] and halogenated greenhouse gases in the European Union [7]. Furthermore,
it has been instrumental in the examination of seasonal variations in pollutant sources, as varying
meteorological conditions can modify the trajectories and mixing of air masses, consequently leading
to distinct pollution profiles across different seasons [8].

Despite notable advancements in understanding air pollution, significant gaps persist, particularly
in regions with dense urbanization and industrialization. In Southern Italy, for instance, elevated
temperatures and sea breezes exacerbate the transport of particulate matter from nearby industrial
areas, worsening urban air quality [9-11]. The most recent European Air Quality Status report [12]
reveals that, despite improvements in overall air quality, a significant portion of the urban population
in the Mediterranean region continues to be exposed to dangerous levels of fine particulate matter, with
96% of European urban areas exceeding the guidelines established by the World Health Organization
[13].

The Mediterranean basin, often exposed to transboundary pollution from Europe, Northern Africa,
and local sources, presents a complex case for air quality studies. Previous studies have explored the
impacts of Saharan dust transport on particulate matter [14,15] and the contributions of transboundary
pollution to Mediterranean air quality [16,17]. However, limited research has focused on integrating
long-term, high-resolution trajectory analyses with detailed assessments of local emission influences
and seasonal transport variations within the central Mediterranean region. This study addresses
these gaps by providing an integrated analysis of air mass transport and PM;( concentrations at the
Pomigliano d’Arco monitoring site, located near Naples in Southern Italy, over a six-year period
(2018-2023), thereby ensuring a representative dataset for examining temporal and spatial trends.
We applied advanced backward trajectory analysis, cluster analysis, and residence time analysis to
identify dominant pollutant transport pathways and their seasonal dynamics. Our study includes the
integration of long-term trajectory data with local emission influences, a detailed assessment of the
role of residence time in pollutant accumulation, and the identification of transboundary pollution
patterns in a highly urbanized setting.

By bridging the knowledge gap between local and regional pollutant dynamics, this research
provides critical insights into the atmospheric processes driving PM;g concentrations in the central
Mediterranean, offering evidence-based guidance for mitigation strategies and regulatory improve-
ments.

2. Materials and Methods
2.1. Atmospheric Measurements

The data for this study were collected within the MonAir Project, which focuses on characterizing
particulate matter in the urban environment of Pomigliano D’Arco, a highly urbanized and industri-
alized municipality east of Naples, Southern Italy (see Figure 1). Sampling and measurements were
conducted on the rooftop of the City Hall building. Each sampling session lasted 24 hours, with a daily
air volume of 54.7 m3. Measurements spanned from January 2018 to December 2023. 24-hour PM;g
concentration determinations (midnight to midnight) were performed using a low-volume gravimetric
sampler equipped with a 10 ym cut-off inlet. The instrument, a dual-channel beta attenuation monitor
(SWAMb5a Dual Channel Monitor, FAI Instruments, Italy), operated at a flow rate of 2.3 m’h~L A
47 mm diameter quartz microfiber filter was used for collection. The instrument is TUV- and CERT-
certified as a beta monitor and complies with EU equivalence criteria for PM measurements, following
EN 12341 and EN 14907 reference methods [18].
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Figure 1. Location of the sampling site in Pomigliano d’Arco (Italy)

2.2. The Backward Trajectory Method

In this work, ten-day (240-hour) backward trajectories were determined through the numerical
integration of trajectory equations. The calculation of backward air mass trajectories was conducted
using the HYSPLIT 5.3.2 model (developed by the National Oceanic and Atmospheric Administration
(NOAA) Air Resources Laboratory (ARL), see https:/ /www.ready.noaa.gov/HYSPLIT.php, [1,19].

Airmass histories were based on the use of the 3-hourly meteorological data coming from the
NCEP’s GDAS (The National Center for Environmental Prediction, Global Data Assimilation System).
The NCEP collects meteorological data and performs computational analyses to generate weather
forecasts four times daily. After analysis, data are converted from their initial spectral coefficient format
into lat-long regular grids, at a 1.0° x 1.0° resolution, from sigma levels to mandatory pressure levels,
and archived at the ARL. This process ensures that the data is formatted in a way that can be effectively
used for predicting and understanding atmospheric conditions over time. Further information about
this system is available on the ARL website (https://www.ready.noaa.gov/gdasl.php).

Backward trajectories started from the monitoring site in Pomigliano d’Arco, hereafter referred
to as PdA, (40.907165°N, 14.392612°E), during the period from January 2018 to December 2023. Each
air mass history was composed of an ensemble of 75 trajectories, with starting points uniformly
distributed between 100 meters and 1950 meters above ground level at PAA. These trajectories were
launched every six hours, resulting in four trajectory ensembles for each 24-hour sampling period.
At 5-minute intervals along each trajectory, the three-dimensional position of the trajectory segment,
temperature, humidity, and the height of the mixed layer were recorded.

2.3. Cluster Analysis

Cluster analysis was used to identify groups of airflow patterns that influenced the air quality
at the PdA site. The HYSPLIT cluster analysis option was employed on the computed backward
trajectories [20]. The clustering of trajectories was executed utilizing the total spatial variance (TSV)
method, wherein clusters were aggregated through the minimization of the TSV, specifically, the sum
of all within-cluster variances.

The clustering process initiated by assigning each trajectory to an individual ‘cluster’. Subse-
quently, the two clusters exhibiting the lowest increase in TSV were aggregated to form a pair, and the
two clustered trajectories were replaced by their mean trajectory for further calculation. This process
continued until the final merging of the last two clusters, resulting in the aggregation of all trajectories
into a single cluster. The optimal number of clusters was ascertained by selecting the initial variation
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in the TSV between clusters that exceeded 30% within the last ten combinations. In this work, seven
clusters were retained for the final analysis.

To determine the frequency of each air mass pattern over the analyzed period, and to avoid the
potential for erroneous interpretations by assigning the same day to multiple airflow patterns, we
exploited the concept of ‘core-day’ for identifying persistent airflow days [21]. Initially, the entire
dataset underwent a classification procedure. Subsequently, if the majority of ensemble members
corresponding to a particular day were categorized within the same cluster, the assignment was
deemed robust, designating that day as a ‘core-day’. Conversely, if the day did not meet these criteria,
it was excluded from further analysis due to the assignment’s higher sensitivity to variability in the
input data. A ‘core-day’ was characterized by a condition whereby at least 50% of the trajectories
reaching PdA on a given day are assigned to the same cluster [22,23]. Application of this criterion
revealed 1050 persistent days, accounting for 71% of the entire sampling period.

2.4. Residence Time Analysis

Residence time analysis (RT), originally introduced by [24], [25], and subsequently refined by [26],
was employed to quantify the duration air masses spend over specific regions prior to reaching the
PdA site.

The RT method overlays a grid on the region of interest and calculates the frequency and duration
of trajectory endpoints within each grid cell. The result is a probability density function (pdf) that
identifies regions where air masses are more likely to accumulate or stagnate. The ridges of high
probability in the pdf effectively delineate dominant pathways, enabling the inference of which regions
are most influential in contributing to pollutant concentrations [24].

The derivation of the pdf governing the residence time analysis is provided in Appendix A. Let
f(r,0) denote the pdf of residence times at a distance r and direction 6 from the receptor. Following
[27], f(r,0) can be decomposed into “directional frequency’ and ‘potential accumulation’ components
(see equations (A3) and (A4)). The directional frequency represents the occurrence rate of transport
between a source at (, 0) and the receptor per unit arc length. Potential accumulation, defined as the
inverse transport speed, indicates the average time air parcels reside over a unit radial length: the
slower an air parcel moves over a region, the longer the time emissions in that region can accumulate
in the air parcel.

The RT analysis can also be refined to assess variations in transport pathways with PM concentra-
tions. To this end, we compute the ratio:

g(r,0)
f(r,0)

where g(r, 0) is the pdf of residence times for selected events, while f(r, 0) corresponds to all events. The

5(r,0) = )

ratio S(r, 0) identifies key source regions and transport dynamics contributing to pollution extremes.
If S(r,0) > 1, residence times in the region (r, ) exceed the expected average, suggesting a preferential
transport pathway. Conversely, S(r,6) < 1 indicates shorter residence times relative to the baseline.

We conducted a residence time analysis for trajectories associated with high and low PM;
concentrations, specifically when g(r,6) corresponds to events above the 80th percentile and when
it corresponds to events below the 20th percentile at the receptor site. This approach quantitatively
assesses deviations in residence time distributions under specific conditions, offering insights into
atmospheric transport mechanisms. Additionally, comparing S(r, 6) across regions provides a direct
measure of their relative contributions to high/low concentrations at the receptor.

3. Results
3.1. Descriptive Analysis of PMy Concentrations

The distribution of daily PMjg concentrations recorded at the PAA monitoring site over the
six-year period (2018-2023) is shown in Figure 2. The total number of valid data points amounts to
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1,620. Concentration levels display a pronounced peak within the 30-40 ug/m? range, occurring in
over 25% of cases, followed by the 20-30 g/m3 range. As concentrations rise, the frequency exhibits a
monotonic decline; nonetheless, a significant secondary peak is detected for occurrences exceeding 90
pug/m?3, with over 5% of concentrations above this threshold.
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Figure 2. Distribution of daily PMjj concentrations for the period 2018-2023 as recorded at the PdA monitoring

station.

Throughout the analyzed period, annual averages consistently exceeded the EU limit of 40 ug/m3,
with a maximum of 44.9 ug/m3 recorded in 2020 (Figure 3). It is noteworthy that annual averages have
demonstrated a consistent decrease, reaching a minimum value of 40.7 ug/m?3 in 2023. Nevertheless,
these concentrations persisted at levels considerably exceeding the annual average objective of 20
pg/m? advocated by the new EU directive, which aims to be attained by 2030 [28].
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Figure 3. Yearly evolution of daily PMjy concentrations during the period 2018-2023 as recorded at the PdA
station. On each box, the mean level is indicated by the black diamond, the central horizontal line the median,
and the bottom and top edges of the box indicate the 25th and 75th percentiles, respectively.

The maximum and minimum number of days exceeding the EU daily threshold of 50
ptg/m3—which should not be surpassed more than 35 times per year—occurred in 2019 and 2023, with
98 and 78 days, respectively.

The monthly average PM;( concentrations exhibited a pronounced peak during the winter months
(December, January, and February), Figure 4, consistently exceeding the mean level of 55 pg/m? across
all three months. This trend is followed by a gradual decline, with the lowest concentrations recorded
in May, and a slight increase during the summer months, probably due to the enhanced photochemical
activity and secondary aerosol formation prompted by elevated temperatures and sunlight [29].
However, considerable monthly variability in the frequency of exceedance days was observed, with a
notable concentration of anomalies during the winter months.
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Figure 4. Monthly evolution of daily PMj( concentrations during the period 2018-2023 as recorded at the PdA
station. On each box, the mean level is indicated by the black diamond, the central horizontal line the median,
and the bottom and top edges of the box indicate the 25th and 75th percentiles, respectively.

3.2. Airflow Paths

The cluster analysis of backward trajectories identified seven distinct airflow patterns influencing
the PdA site, as depicted in Figure 5, showing their horizontal mean displacements throughout the
stated period. The clusters were tagged according to their geographical origin and displacement
relative to the source. Three clusters were characterized as northwesterly airflow, designated as NW-f
(Northwest-far), NW-m (Northwest-medium), and NW-n (Northwest-nearby), while three additional
clusters originated from the north, identified as N-f (North-far), N-m (North-medium), and NE-n
(Northeast-nearby). Another cluster was associated with a southerly flow (S-nearby).
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Figure 5. Trajectory means of airflow patterns arriving to PAA during the period 2018-2023. The percentages
represent the frequency of occurrence for each cluster. Symbols corresponding to each trajectory are displayed at
intervals of 12 hours.

Figure 5 also displays the frequencies of occurrence for each cluster. The most frequent occurrences
were for the NW-n and NE-n clusters, with frequencies of 29% and 30% respectively. Infrequently,
trajectories originated from the N-f and NW-f clusters, whereas the NW-m and N-m clusters showed
intermediate frequencies of occurrence.

Figure 6 depicts the seasonal dynamics of airflow trajectories impacting PdA throughout the
study period. This figure highlights the differences in the dynamic origin of air masses impacting
the site, incorporating local circulations, short-range flows from the north and west, and sporadic
long-range transport. These distinct airflow patterns exhibit pronounced seasonal variability. Local
circulations have emerged as the dominant feature of airflow patterns, exerting a consistent influence
on PdA; these circulations account for a substantial proportion of airflows across all seasons, indicative
of the influence of localized meteorological dynamics, such as topographical effects and thermal
inversions, prevalent in regions with complex terrain, such as the area surrounding PdA. Specifically,
nearby circulations from the north-east maintained a relatively stable influence throughout the seasons,
contributing between 5% of total trajectories in winter and 9% in fall. This stability underscores the
persistent nature of these circulations, likely associated with regional mesoscale weather patterns.
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Figure 6. Seasonal frequency of each airflow pattern.

Airflows originating from the south exhibited a notable seasonal variation. During the winter
months, southerly trajectories contributed minimally, averaging approximately 2%. However, these
flows increased in frequency during the summer and fall seasons, peaking at around 5%, likely
attributable to the heightened influence of convective processes and alterations in regional pressure
gradients during warmer months. In contrast, northerly and north-westerly airflows exhibited a
stronger influence during the winter, contributing on average 4% of the total airflow. This seasonal
predominance of northern air masses corresponds with the increased occurrence of cold front passages
and high-pressure systems over central and southern Europe during winter, which often facilitate the
advection of air masses from northern latitudes [30].

3.3. Residence Time Analysis

As described in Appendix A, a probability map can be constructed and projected onto the Earth’s
surface. To this end, trajectory endpoints were used to estimate the residence time (RT) probability
map onto a regular 25 x 25 km grid resolution (in UTM33 coordinates). To ensure the reliability
of the analysis, uncertainties from the ensemble were addressed by the bootstrap method [31], by
resampling the sample data (with replacement) among all trajectories belonging to the 75 members
of each ensemble and performing inference about a sample from resampled data. Retention of the
pdf values for the residence time was conditioned on the cells with a mean value exceeding twice the
estimated standard deviation.

The residence time calculation was conducted for three distinct sets of trajectories. A comprehen-
sive residence time analysis was executed for the whole 6-year period. Subsequently, a second analysis
focused on the subset of trajectories that reached PAA when PM;y concentrations exceeded the 80th
percentile of the time series, and thirdly, a subset of trajectories when PM;( concentrations were below
the 20th percentile. The RT pdfs derived from each of these analyses (and their decomposition into
directional and accumulation potential, see equation A7), provide insights into the geographical areas
where air parcels influencing the receptor site most likely spent their time prior to the arrival at PAA
during average, high and low pollution events.

Figure 7 represents the pdf for RT on a logarithmic color scale for the whole set of trajectories. As
depicted, the predominant directions of arrival are from the northeasterly and westerly directions,
corroborating the findings already found from cluster means in Figure 5, which reflect a similar pat-
tern. This is consistent with a predominant influence of air masses originating from the northeastern
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part of Europe and from the western Mediterranean basin to PdA, usually associated with localized
atmospheric circulations, including cyclonic or anti-cyclonic patterns and low wind conditions. The
sharp gradient in residence times observed along geographical boundaries, such as the Alpine region,
indicates the role of topography in modulating air mass transport pathways, potentially acting as a
barrier to long-range advection, with little to no transport through this boundary. Lower residence
times in areas such as northern Europe and southeastern regions of the Mediterranean basin contribute
less frequently to the air composition at the receptor site during the analyzed period. The southeastern
regions of the Mediterranean basin often exhibit nonsignificant values. Furthermore, the distribu-
tion underscores the influence of the central Mediterranean as a source or reservoir of atmospheric
pollutants, with implications for air quality at this receptor site. High RT values in this region, due
to the prevalence of nearby circulation patterns, point to stagnation events that enhance pollutant
accumulation or recirculation.

P
1605

2000 3000 4000 -3000 -2000  -1000 1000 2000 3000 4000

s/m

16400

-2000  -1000 0 1000 2000 3000 4000

Figure 7. The pdf for residence time (upper-left panel), and its decomposition, into directional (upper-right panel)
and accumulation potential (lower panel) components.

The spatial patterns in the RT and transport directional frequency are quite similar (Figure 7).
Therefore, the RT is predominantly due to the frequency at which trajectories traverse a given area prior
to reaching the receptor. The distribution of accumulation potential exhibits considerable heterogeneity,
with the most elevated values located within a band across the Italian peninsula, ranging from over
0.1 to 0.5 s/m, corresponding to effective airmass transport velocities of approximately 2 to 10 m/s.
Notably, accumulation potentials are also observed over the Balkan region and the northern sector of
the Saharan desert in areas identified by [32] as source regions in northern Africa.
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Finally, Figure 8 provides the ratio of residence times during high and low pollution events.
In particular, the ratio of the conditional probability (refer to equation 1) was computed for events
during which the concentrations at the PdA site exceeded the 80th percentile or fell below the 20th
percentile. Two prominent features are available from this figure: during high pollution events, the
regions contributing to emissions are located in the southeastern part of the domain, mainly from the
Saharan region; nearby Italian regions, especially from Northern Italy and from the Tirrenian coast,
also contribute to high pollution loads. Given that the residence time analysis pertains solely to the
duration the entire trajectory resides on, the source-receptor analysis attributes a high conditional
probability to segments traversing the Atlantic coasts. The maximum of the conditional probability
east of the Canary Islands and the Morocco coastline is associated with trajectories passing first over
the Atlantic Ocean and then northeastward over North Africa, where dust is actually mobilized,
toward the Mediterranean basin, in agreement with [33]. Consequently, the observed maximum can
be perceived as a potential artifact, attributing artificial emission sources to regions where several
back-trajectories associated with high concentration events have traversed prior to reaching the actual
source region.
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Figure 8. Ratio of conditional probability, calculated for values above the 80th percentile (upper panel), and below
the 20th percentile (lower panel).
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During episodes of low pollution, atmospheric circulation is characterized by air mass trajectories
originating from the northern European or northwestern Atlantic regions. As depicted in Figure §,
these trajectories from the Northern sector are typically associated with low PM mass loading, which
is likely due to their correlation with low emission levels and elevated wind velocities.

4. Discussion

This study advances the understanding of particulate matter (PMjp) transport dynamics in the
Mediterranean region by integrating backward trajectory analysis, cluster analysis, and residence
time analysis to investigate air mass pathways and their contributions to PM;( concentrations at the
Pomigliano d’Arco (PdA) site, offering insights into the interplay of local emissions, regional transport
mechanisms, and meteorological conditions. While earlier research has predominantly examined
remote or rural locations in the Mediterranean basin [3,15], this work highlights the compounded
effects of local emissions and regional transport in a densely populated and industrialized region.

The analysis of PM;( concentrations during the period 2018-2023 clearly shows the high PM
loads at this receptor. The distinctive characteristics of this site are evident in the distribution of
daily data, which predominantly shows values concentrated in the range of 2040 ug/m?3, and a slow
and gradual decline in the frequency at higher concentration levels, accompanied by occurrences
of extreme values exceeding 90 yg/m?3. When compared to other urban and industrialized regions,
PMj levels at PdA are notably high. For instance, annual averages at PdA exceed those reported for
similarly industrialized areas such as Milan and Turin in Northern Italy, where averages range between
30 and 40 ug/ m? [34]. In Mediterranean urban centers such as Barcelona and Athens, PM; levels
are typically lower, averaging around 25-35 jig/m3, reflecting differences in local emission sources
and regional meteorological influences [35]. These findings highlight the unique challenges posed
by the combination of local emissions, complex topographical features, and transboundary pollutant
transport at the PdA site in Southern Italy.

Variations in daily values throughout the year are indicative of seasonal fluctuations in emission
sources and synoptic/local meteorological conditions (e.g., [34]). The monthly variations in PMjq
concentrations exhibit a pronounced increase during the colder months. This phenomenon at the
PdA station can be ascribed to a heightened dependence on residential heating, coupled with reduced
atmospheric dispersion due to temperature inversions, which confine pollutants near the surface
level [36,37]. Furthermore, the increase in concentrations observed during the summer can likely be
attributed to enhanced photochemical activity and the formation of secondary aerosols driven by
elevated temperatures and sunlight, thereby exacerbating urban pollution [29].

The identification of seven distinct airflow patterns exemplifies the interplay of synoptic-scale
meteorological conditions influencing the region. These patterns are governed by synoptic phenomena,
notably including the extended subtropical anticyclone of the Atlantic (Azores) and the North Atlantic
Oscillation [15,38—40]. Predominantly, local circulations prevail throughout the year, primarily origi-
nating from the northeastern and western directions. Although less frequent, southerly circulations
denote the impact of cyclonic activity within the Mediterranean and the advection of air masses from
North Africa [41]. More specifically, during spring, large amounts of mineral particles are transported,
mainly from the Sahara desert towards the Mediterranean and Europe [14]. The transport is facilitated
by the prevailing south-southwesterly winds induced by depressions advancing eastwards along the
North African coast. In the summer months, the transport of Saharan dust within the western and
central Mediterranean basin occurs because of thermal lows situated either over northwestern Africa
or the Iberian Peninsula [14,42]. In contrast, the highest frequencies of the fast northerly and westerly
patterns occur in winter, associated with stronger pressure gradients and enhanced zonal flow typical
of the winter season, leading to rapid transport of air masses from distant regions [43].

The interaction between local topographical features and the proximity to the Mediterranean
sea leads to the formation of nearby circulation patterns, influenced by thermal contrasts, thereby
increasing the complexity of airflow in this region. Elevated PM;y concentrations are observed under
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these regional circulation patterns, particularly from the NE-n and NW-n directions. These results
align with prior research indicating that regional circulation patterns exert a considerable influence
on air quality in urban areas across the Mediterranean [44]. This influence is further corroborated by
the frequency analysis of exceedance days where PM;g concentrations exceeed the EU’s daily limit
of 50 pg/m3. Specifically, these nearby circulation patterns are responsible for 75% of the days with
elevated pollution levels, highlighting the role of slow-moving air masses originating near Naples in
facilitating pollutant accumulation [45].

The temporal and spatial distribution of residence times play a pivotal role in shaping the transport
of pollutants and their potential accumulation in the region. The highest residence times are observed
in proximity to the central Mediterranean area, indicating dominant local circulations. This finding
highlights the importance of local sources in contributing to the regional air quality. Furthermore,
elevated residence times are present along pathways extending to Northern Africa and Southeastern
Europe, suggesting that long-range transport mechanisms also play a significant role during specific
periods. The influence of the Sahara, particularly during dust episodes, aligns with prior studies
demonstrating its impact on particulate matter concentrations in the Mediterranean basin [35,46].

Seasonal differences in the backward trajectories emphasize the interplay between meteorological
conditions and pollutant transport. During the summer months, air masses originating from Northern
Africa were more prevalent, consistent with the enhanced desert dust transport typical of this season.
In contrast, the winter period exhibited a higher frequency of trajectories from Europe, reflecting the
influence of continental sources and synoptic-scale weather patterns. These results corroborate findings
from similar studies conducted in the Mediterranean region [16,17]. The analysis also revealed that
residence times are inversely related to the transport speed of air masses. Regions with higher residence
times correspond to slower-moving air masses, allowing for greater accumulation of pollutants. This
observation underscores the role of stagnant atmospheric conditions in exacerbating air quality issues.
Areas with shorter residence times, typically associated with faster-moving air masses, exhibited
lower pollutant concentrations, indicating efficient dispersion and dilution mechanisms. In terms of
air quality, the residence time patterns imply that emissions from anthropogenic or natural sources
within the highlighted high-RT regions are likely to have a significant impact on pollutant levels at the
receptor site.

5. Conclusion

This backward trajectory analysis provides a comprehensive understanding of the atmospheric
transport processes affecting the PdA site in a central Mediterranean region. Local circulations and
long-range transport from Northern Africa and Europe are the primary contributors to the observed
air quality patterns. Seasonal variations in trajectory origins reflect the dynamic nature of atmospheric
circulation and its implications for pollutant transport.

The implications of this study are significant for air quality management in the Mediterranean
region. The identification of the central Mediterranean and Northern Africa as key contributors to
high PMj levels underscores the need for transboundary policies that address both local emissions
and regional transport. Furthermore, the findings emphasize the importance of targeted interventions
during periods of stagnation, such as reducing emissions from industrial and residential heating
sources in winter. These results complement the observations of Putaud et al. [34], who highlighted
the need for localized emission control measures, by providing specific evidence from an urban-
industrial context, i.e. by emphasizing both local and transboundary actions to mitigate particulate
matter pollution. In the case of the PdA site, long-term strategies should integrate urban planning
and sustainable development practices to mitigate PM;( pollution, balancing approaches that combine
regulatory enforcement, technological innovation, public awareness, and transboundary collaboration.
Such strategies not only address the immediate challenge of PM;( pollution but also contribute to the
broader goals of environmental sustainability and public health protection.
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Finally, this study opens new avenues for future research. The integration of residence time
analysis with chemical transport models, such as WRE-Chem or CAMX, could enhance source appor-
tionment by quantifying the relative contributions of natural and anthropogenic sources. Additionally,
the potential impacts of climate change on atmospheric circulation patterns and pollutant trans-
port warrant further investigation, as shifting synoptic conditions may alter the dynamics of PM;j
accumulation in the Mediterranean basin.
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Appendix A. The Probability Density Function associated with Residence Time

The two-dimensional residence time (RT) depends on how frequently air mass trajectories pass
over a grid cell and the time they remain within it. As outlined in [24] and [27], in the case of straight
trajectories moving at constant speed, u, and duration, 7, the probability density function for RT in
polar coordinates, (6, r), assumes the following form

H(®)
0,r) = Al
f.r) 27rut (A
where H(6) indicates the density of trajectories from direction 6. The expression takes the form
H(6) = @ (A2)

where 1 denotes the mean density of trajectories spanning from 0 to 277, and h(6) represents the density
per unit radiant. ¥T = Rpnax is the maximum distance traveled, on the assumption of a rectilinear
trajectory and constant speed.

f can be conceptualized as comprising two distinct components: the transport directional fre-
quency and the accumulation potential. The transport directional frequency quantifies the likelihood
of air mass transport occurring between a source and receptor per unit arc length, equivalent to

H(6)
D= A3
27r (A3)
which decreases with distance due to the spread of trajectories over a larger area. The accumulation
potential quantifies the time air parcels spend over a specific region, inversely related to transport

speed:
1
AP = . (A4)

This measure encapsulates the extent to which emissions originating from a specific region contribute
to the accumulation of pollutants in air parcels. Indeed, as the velocity of an air parcel’s movement
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over a region decreases, the duration during which emissions from that region accumulate within the
air parcel increases. Given these two definitions, f can be expressed as

D x AP
T

f(r,0) =

In its discrete form, D(r, ) is averaged over the arc length of each grid cell, and the resulting
value quantifies the frequency of trajectory crossings relative to the grid cell area.

11
Dij=17 t; trij (A5)

where D; ; has unit of [m~!]; index i runs over all trajectories, whose number is T; tr; ;; is unit if
trajectory t traverses grid cell (i, j), 0 otherwise; L is a length scale where L? is the area of the grid cell.
Similarly, the discrete accumulation potential is derived as the mean time trajectories reside within a
cell, normalized by the grid cell’s radial length:

ﬁi,jAT

AP = .

(A6)

where

1

nij = Mijt

Yiitrije o
where AP;; [s m~1] is the discrete accumulation potential for grid cell (i, ]); n;;+ is the number of
trajectory segment endpoints in grid cell (i, j) for trajectory t; 71; ; is the average number of trajectory
segment endpoints per trajectory in the grid cell (i, j), and AT [s] is the time interval between each
trajectory segment endpoint.

These parameters are combined to estimate the pdf for residence time at grid cell (i, j) as:

fij = DijAPj/ T (A7)
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