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HIGHLIGHTS

* An integrated approach was developed to characterize local and LRT contributions to PM.

* The use of high time-resolved tools allowed one to identify also time-limited events.

* Hourly ion concentrations enabled an accurate characterization of high-PM events.

* Hourly BT cluster analysis enabled the identification of the LRT pathways.

* This approach is useful to understand air pollution phenomena and support decision making.
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pact of particles from remote sources. For this reason, reliable methodologies to identify long-range transport
(LRT) events would be useful to better understand air pollution phenomena and support proper decision-

making.
Editor: D. Barcelo This study explores the potential of an integrated and high time-resolved monitoring approach for the identifi-

cation and characterization of local, regional and long-range transport events of high PM. In particular, the goal
Keywords: of this work was also the identification of time-limited event. For this purpose, a high time-resolved monitoring
PM2.5 campaign was carried out at an urban background site in Bari (southern Italy) for about 20 days (1st-20th
Ambient Ion Monitor (AIM) October 2011). The integration of collected data as the hourly measurements of inorganic ions in PM, s and
Real-time measurements their gas precursors and of the natural radioactivity, in addition to the analyses of aerosol maps and hourly
Anthropogenic long-range transport back trajectories (BT), provided useful information for the identification and chemical characterization of local

Back-trajectory cluster analysis

A o sources and trans-boundary intrusions. Non-sea salt (nss) sulfate levels were found to increase when air masses
Hourly ionic composition

came from northeastern Europe and higher dispersive conditions of the atmosphere were detected. Instead,
higher nitrate and lower nss-sulfate concentrations were registered in correspondence with air mass stagnation
and attributed to local traffic source. In some cases, combinations of local and trans-boundary sources were ob-
served. Finally, statistical investigations such as the principal component analysis (PCA) applied on hourly ion
concentrations and the cluster analyses, the Potential Source Contribution Function (PSCF) and the Concentration
Weighted Trajectory (CWT) models computed on hourly back-trajectories enabled to complete a cognitive
framework and confirm the influence of aerosol transported from heavily polluted areas on the receptor site.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction formation and chemical composition of PM as well as the evaluation of
PM transport and mixing processes. Locally emitted pollutants are not

Developing appropriate control strategies for air quality involves an only diluted with ambient air but also undergo various types of transfor-
understanding of the physical and chemical processes that affect the mations in the atmosphere. Moreover, natural and anthropogenic aerosol
components released at one location can travel long distances in the at-

mosphere depending on the prevailing weather conditions, which change
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Europe (Abdalmogith and Harrison, 2005; Niemi et al., 2009; Baker, 2010;
MJ. Kim et al., 2012; Gao et al., 2012; Moroni et al., 2012).

The most important meteorological factors influencing air pollution
concentrations are atmospheric stratification, dispersive capacity of the
atmosphere, high convective dynamics, wind speeds, meteorological
conditions, topography and solar radiation (Valkama and Kukkonen,
2004). In different Megacities all over northern Europe as well as in
northern Italy, air quality is greatly affected by anthropogenic emis-
sions. Evidence suggests that air pollution problems are principally
due to unfavorable weather conditions and orographic features which
reduce air mass circulation and favor pollutant accumulation
(Lenschow et al.,, 2001; Putaud et al., 2004; Viana et al.,, 2006; Carbone
etal., 2010; Squizzato et al., 2012). In fact, PM concentrations are highly
seasonal and reach their maximum levels in winter, when a lower
disperdent capacity of the atmosphere is registered. On the contrary,
countries bordering the Mediterranean basin are characterized by a
higher planetary boundary layer, especially in summer. This situation
sometimes causes an inverse seasonality of PM concentrations due to
LRT contributions to local PM levels (Katragkou et al., 2009). These
LRT contributions may significantly enhance PM10 levels producing
mass loads greater than the European Commission (EC) limit value of
50 pg m~—3, especially during the summer season (Bonasoni et al.,
2004; Querol et al., 2004; Cristofanelli and Bonasoni, 2009; Escudero
et al., 2007; Meloni et al., 2008; Perrino et al., 2009; Riccio et al., 2009;
Remoundaki et al., 2011; Nava et al., 2012). Because countries bordering
the Mediterranean basin are often downwind from African mineral dust
plumes, the most commonly discussed LRT contribution is the Saharan
dust transport. In fact, in the guidelines provided by the European Com-
mission (671/11, 2011), Member States are instructed to subtract the
contribution of natural sources before comparing PM10 concentrations
to the established limits.

However, recent studies have noted an influence from the European
continent and suggest that there is also an anthropogenic LRT contribu-
tion which can produce an increase in finer particle concentrations for
compounds such as sulfate and organic carbon (Glavas et al., 2008;
Marenco et al., 2006; Riccio et al., 2007; C.H. Kim et al., 2012; Tositti
et al., 2013).

The few work conducted on this issue in the Apulia region of south-
ern Italy, report a non-seasonality for PM concentrations with high
values in more dispersive conditions of atmosphere and the ammonium
sulfate concentrations homogenously distributed in time and space
(Amodio et al., 2010,2011,2012). Even if these evidences could exclude
the local character of ammonium sulfate, more relevant and time-
resolved information could be needed for the identification of anthropo-
genic LRT events.

Therefore in this study an integrated and high time-resolved
monitoring approach was carried out in order to enable the discrim-
ination and the chemical characterization of different sources of PM
as well as the identification of LRT events, also time limited. Simulta-
neously the PM10 and PM2.5 sampling, a high time-resolved moni-
toring campaign was conducted at an urban background site in Bari
(southern Italy) for about 20 days (1st-20th October 2011). This
campaign enabled to collect hourly information about the dispersion
properties in the lower layers of the atmosphere and about the con-
centrations of ions in PM2.5 and of their gas precursors in ambient
air. Finally, statistical investigations such as the principal component
analysis (PCA) applied on these hourly data and the cluster analyses,
the Potential Source Contribution Function (PSCF) and the Concen-
tration Weighted Trajectory (CWT) models computed on hourly
back-trajectories enabled to complete a cognitive framework neces-
sary for the identification and characterization of LRT events, also
short-term.

Identifying the origin of the pollutants and distinguishing between
long-range and local contribution could give stakeholders crucial infor-
mation for the development of cost-effective control strategies and ef-
fective abatement measures. In fact, it would help avoid unnecessary

air quality control measures such as blocking traffic when atmospheric
stability is not determined.

2. Materials and methods
2.1. Integrated monitoring approach

An integrated and high time-resolved monitoring approach was car-
ried out during the campaign performed October 1 to 20, 2011 at an
urban background site, located at the Campus of the University of Bari
(Lat: 47,1252; Long: 16,6667). This approach integrated PM mass mea-
surements with the hourly information about the dispersion properties
in the lower layers of the atmosphere and the hourly concentrations of
ions and their gas precursors. In addition, the information obtained by
principal component analysis (PCA) applied on hourly data collected
and by the statistical models applied to hourly backward trajectories
(such as Cluster Analyses, Potential Source Contribution Function
(PSCF) and Concentration Weighted Trajectory (CWT)) completed the
cognitive framework necessary for the identification and chemical char-
acterization of different contributions to PM, as well as LRT events, also
short-term.

2.1.1. PM sampling

The daily PM2.5 and PM10 samples were collected on quartz fiber
filters (Whatman, 47 mm diameter) using a dichotomous low volume
sampler SWAM Dual Sampler (FAI Instruments S.r.l., Roma, Italy) and
FAI EN 1234.1 sampling heads operating at a flow rate of 2.3 m®> h~ 1.
A total amount of 40 PM2.5 and PM10 samples were collected and
stored in a freezer at —4 °C.

2.1.2. Time-resolved characterization of the ionic component of PM2.5 and
ionic gaseous precursors

An Ambient lon Monitor (AIM, URG-9000D, URG Corporation) pro-
vided time-resolved direct measurement of cations and anions found
in PM2.5 both in particulate (NO5', SO3~, CI~, NH{, Na*, K™, Mg? ™,
Ca*, found in PM2.5) and gaseous phases (such as HCl, HNOs, HNO,,
SO, and NH3). The AIM separated and analyzed each ion individually
by incorporating the proven analysis method of ion chromatography.
In detail, the instrument consisted of a particle collection unit and two
ion chromatograph analyzers for cation and anion analyses. Atmospher-
ic aerosol was sampled at a flow rate of 3 L min~' through a PM2.5
sharp cut cyclone. The air sample was drawn through a liquid diffusion
parallel-plate denuder that consisted of two cellulose membranes (one
for plate) constantly supplied with a 5 mM H,0,(aq) solution, and sep-
arated the gas from the aerosol phase. The soluble f were separated from
particles by diffusion and dissolution into the denuder solution. At this
point, the air flow, free of soluble gases, passed through the denuder
and continued into the particle supersaturation chamber. Here the par-
ticle hygroscopic growth into droplets was favored in order to achieve
high collection efficiencies.

Then the water-soluble components both in their particle and gas-
eous phase were collected by four 5 ml-syringes (particle and gaseous
phases, cation and anion analyses) loaded into pre-concentrators and
then injected automatically by a collector into the two ICs once per
hour. Each analyzer (ICS-1100, Dionex Corporation, Sunnyvale, CA)
was equipped with a guard column (IonPac CG12A, 5 um, 2 x 50 mm
for cations and lonPac AG14A, 4 x 50 mm for anions), an analytical col-
umn (IonPac CS12A, 5 um, 2 x 250 mm for cations and lonPac AS14A,
4 x 250 mm for anions), and a self-regenerating suppressor (CSRS
300, 2 mm for cations and ASRS 300, 4 mm for anions). The cation ana-
lyzer operated in 15 min isocratic elution with 20 mM methane-
sulphonic at a flow rate of 0.25 mL/min, whereas the anion analysis
was performed in a 27 min isocratic elution with 8 mM sodium carbon-
ate/1 mM sodium bicarbonate at a flow rate of 0.6 mL/min. Multi-point
calibrations were performed bi-weekly for both ICs by using calibration
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standard solutions (Dionex Corporation, Six Cation-II standard for cat-
ion and seven anion standard for anion).

Moreover, it should be noted that the expected collection efficiency
of the AIM is considered about 99%, according to the manufacturer
(Simon and Dasgupta, 1993). All the LODs for anions and cation were
lower than 0.5 ug/m°, except Na™ and K™ which show LODs of about
0.8 ug/m?>.

In addition, NOx concentrations were downloaded from the Region-
al Agency for Environmental Protection web site (www.arpapuglia.it)
where all the data collected by an air quality monitoring network in
the Apulia Region are stored. In particular, in this study we utilized
the NOx data collected for the monitoring station called ‘Politecnico’
which is located in the Campus site at the University of Bari.

2.1.3. Meteorological parameter and aerosol maps

Meteorological data such as wind speed (WV), air temperature
(T) and barometric pressure (P) were continuously recorded by an au-
tomated weather station located in the Campus site at the University
of Bari. Moreover, the dispersive capacity of the atmosphere was
determined with a PBL Mixing Monitor (FAI Instruments), a sequential
automatic system which provides the natural radioactivity counts by
measuring Radon decay products with 1-h time resolution. The atmo-
spheric Radon concentration depends on the vertical dilution factor
and the Radon products can be considered as natural tracers of the
low PBL layer mixing properties. Sulfate and smoke concentration dis-
tributions were evaluated using NAAPS (Navy Aerosol Analysis and Pre-
diction System) aerosol maps (http://www.nrlmry.navy.mil/aerosol/)
which combine the current and expected satellite data streams with
other available data and the global aerosol simulation and prediction
(Pérez et al,, 2006a,b; Basart et al., 2012).

2.1.4. Principal component analysis (PCA)

Principal component analysis (PCA) has been widely used to identify
the pollution sources observed at a receptor site (Amodio et al., 2010;
Andriani et al., 2010; Hellebust et al., 2010; Pant and Harrison, 2012).
The purpose of PCA is to reduce the number of variables which explain
the total variance in the data: it can be obtained by creating new orthog-
onal and uncorrelated variables, called principal components (PCs), that
are linear combinations of the original variables. The first PC explains
the largest amount of variance in the original data and each of the sub-
sequent PCs accounts for a lesser fraction of original data variability. The
first step of the procedure consists in calculating eigenvalues and eigen-
vectors of the correlation data matrix; the eigenvectors are rotated in
order to obtain a clear pattern of loadings, that is, factors that are some-
how clearly marked by high loadings for some variables and low load-
ings for others. In this work, in order to obtain information on the
most relevant emission sources and to distinguish among local and
LRT contribution, PCA with Varimax rotation was applied to the hourly
concentrations of the ions (such as NO3, SO3~, CI~, NH{, Na*t, K,
Mg? ™, Ca®™) and their gas precursors (HCl, SO, HONO, HNO5, NOx
and NH3), determined by AIM900D from the 1st to 20th October 2011.

2.1.5. Backtrajectory statistical models

Analytical back-trajectories (BTs) of air masses provide information
about the origin of the aerosols observed at a particular location and on
the dynamical patterns governing this transport of air masses. There-
fore, BTs computed from archived meteorological data, can be useful
in identifying the origins of pollutants measured at a receptor site. Air
mass BTs were calculated using NOAA Hybrid Single Particle Lagrangian
Integrated Trajectory transport model (HYSPLIT 4.9) (Draxler and
Rolph, 2003) and employing archived meteorological data supplied by
the NOAA/ARL (Air Resources Lab, http://ready.arl.noaa.gov/gdas1.
php) and global data assimilation system (GDAS1). In order to charac-
terize the general behavior of air masses in a given sampling period
and to evaluate the relative contributions by local sources and long

range intrusions to the total PM, 4-day BTs were run hourly at three
endpoints located at 750, 1500 and 2500 m a.g.l.

Then, the cluster analysis package included in the 4.9 version of
HYSPLIT characterized the ensemble of 481 calculated four-day BTs ter-
minating at a height of 750 m a.g.l. and recorded every hour during the
study period. The 4-day BTs were utilized as input variables for the K-
means clustering algorithm and the distances between trajectories
were computed using simple Euclidean distance. Next, a cluster analysis
algorithm was used to categorize the computed trajectories into groups
of similar properties, the so-called clusters. The average BT of each
cluster was then calculated from its trajectory members. Since accuracy
in BT calculation decreases with distance and time (due to model as-
sumptions and spatial and temporal resolution of the meteorological
data), 4-day trajectories were considered the most suitable option.
Moreover, the clustering of BTs reduced errors associated with single
trajectories. Finally, in order to confirm the long range transport contri-
bution to PM locally measured and to localize the source emission, two
statistical models were applied to 4-day-backtrajectories at 750 m.a.s.L.
starting point: Potential Source Contribution Function (PSCF) and Con-
centration Weighted Trajectory (CWT). The first one depends on the
frequency of passages over each grid cell for trajectories associated to
concentrations above a specified quantile (90th for this study) therefore
it calculates the probability that a source is located at latitude i and lon-
gitude j. The CWT computes a logarithmic mean of concentration at the
receptor weighted by the residence time of the trajectory for each grid
cell of the geographical domain (Cheng et al., 2013; Fleming et al.,
2012; Carslaw and Ropkins, 2012; Wang et al., 2012). These statistical
data analyses have been performed within the software environment
R 3.0.2 (R Development Core Team, 2013).

3. Results and discussion
3.1. Identification and characterization of high-PM events

In order to identify the different contributions affecting PM levels in
the Apulia region, hourly concentrations of water-soluble ions and their
precursor gases were collected between October 1 and 20, 2011 at
urban background site at the Campus location of the University of
Bari. The data collected was integrated with information about the
diffusive properties of the low layers of the atmosphere and informa-
tion provided by aerosol maps and BTs. During the sampling period,
the mean PM10 and PM2.5 concentrations were 49.5 ug/m3 and
26.2 pug/m>, respectively, and the 90.4 percentile of PM10 concentra-
tions (66.4 pg/m>) exceeded the concentration limit established by
European Directive (2008/50/CE). Moreover, during the twenty sam-
pling days, PM10 concentrations exceeded the daily limit value
(50 pg/m?) for eleven days (Fig. 1).

In particular, as shown in Fig. 1, high PM concentrations were regis-
tered in days characterized by the atmospheric stability, which deter-
mined the accumulation of air pollutants locally emitted. Only one
exception it was possible to consider: the period from 10th to 11th
October was characterized by high PM concentrations and the lowest
values of natural radioactivity counts.

In the monitoring period, the mean nitrate and nitrite concentra-
tions (0.40 and 0.37 pg/m°, respectively) accounted for 6.1% and 5.6%
to the total ion concentration, respectively (Table 1), and they were
strongly correlated with NOx and the natural radioactivity counts
(Fig. 2). The mean value of nitrogen oxidation ratio (NOR) defined as
NOR = nNO3/(nNO3 + nNO;) was 0.6 + 0.2 and the highest values
were registered in correspondence of atmospheric stability and high
relative humidity that favored the gas-to-particle conversion processes.
The same feature was not obtained for nss-sulfate (calculated indirectly
using the seawater ratio (nss-S0;~ = S0Z7-0.25«Na™) accounting for
36% of the total ion concentration. In the monitoring period, the mean of
hourly nss-sulfate mean concentrations was 2.43 pg/m°> (Table 1) and
the mean sulfate oxidation ratio (SOR), defined as SOR = nSO3~/
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Fig. 1. PM2.5 and PM10 concentrations (ug/m?) and natural radioactivity counts.

Table 1

Mean, maximum (Max) and minimum (Min) values of the hourly concentrations of ions and their gas precursors and mean percentage concentrations for each ion with respect to the total

ionic composition (%).

Monitoring period

October, from 12 to 13 and from

October, from 5 to 7 October, from 10 to 11

18 to 20
ug/m> Mean Max Min % Mean Max Min % Mean Max Min % Mean Max Min %
nss-SO3 243 9.16 0.17 36 1.75 4.40 0.39 26 3.28 4.12 2.02 38 2.61 9.16 0.77 58
NO3 0.40 242 0.05 6.1 0.44 2.18 0.14 6.4 0.54 1.95 0.11 6.2 0.27 0.87 0.07 6.0
cl- 0.17 1.71 0.01 2.6 0.18 1.71 0.01 2.6 0.08 0.29 0.01 0.9 0.25 0.44 0.04 5.5
NO3 0.37 1.99 0.01 5.6 0.48 1.71 0.02 7.1 0.53 1.99 0.10 6.2 0.13 0.69 0.03 2.8
K* 0.08 1.18 0.01 1.2 0.12 1.18 0.01 1.8 0.13 0.44 0.03 15 0.01 0.06 0.01 03
Mg**+ 0.01 0.10 0.01 0.2 0.01 0.06 0.01 0.1 0.01 0.01 0.01 0.1 0.03 0.10 0.01 0.6
Ca** 0.07 3.44 0.01 1.1 0.12 3.44 0.01 1.8 0.11 0.44 0.03 13 0.03 0.08 0.02 0.7
Na* 032 3.60 0.05 438 0.32 2.69 0.05 46 0.26 1.96 0.10 3.0 0.57 2.03 0.22 13
NH{ 2.80 6.67 0.05 42 345 6.67 0.18 50 3.72 5.86 1.88 43 0.63 1.53 0.05 14
SO, 2.04 36.07 0.0 1.36 5.15 0.04 1.68 13.03 0.01 1.32 6.44 0.17
HNO3 0.32 5.54 0.06 0.23 341 0.06 0.27 0.74 0.13 0.13 0.32 0.08
HCl 0.25 242 0.01 0.28 1.94 0.11 0.22 0.58 0.06 0.19 0.50 0.01
HONO 0.21 2.01 0.01 0.33 2.01 0.01 0.21 1.00 0.01 0.05 0.66 0.01
NH; 1.57 8.58 0.18 0.94 2.33 0.30 291 7.99 1.62 0.99 2.08 0.41

(nSO3~ 4 nS0,), was 0.61 4 0.04, suggesting the occurrence of second-
ary aerosol in Bari. Several studies, in fact, reported that SOR is less than
0.25 for primary pollutants while the chemical oxidation of SO, would
occur in the atmosphere when SOR is greater than 0.25 (Li et al,,
2013; Ohta and Okita, 1990; Wang et al., 2005). However high SO, con-
centrations were registered when higher dispersive atmospheric condi-
tions occurred and the uncorrelated behaviors of nss-sulfate and SO,

hourly concentrations were registered (Fig. 3). These results suggested
that the secondary nss-sulfate was not due to oxidation of SO, locally
emitted but it came from across-boundary transport. Therefore a mixing
and smoothing of sulfate in wider region in South of Italy were deter-
mined (Li et al., 2013).

In order to deepen the causes of the high PM events, the attention
was paid on the exceedance days and the data analysis resulted in the

8 200
mmNOx ——Nitrate —Nitrite
-
5
£ 150
]
22 '
=
U
x
‘E" 100
&= L 2
z
=
]
B 11
£
= + 50
0 0

Q9 9 9 9 9 9 9 9 9 2 2 = 2o a s a NN

= R @ &2 @ & J @ & 90 2 R @ 2 9 2 F @ © O =2

= 2 2 3 2 = 2 3T 2 2 2 383 %27 3 3 =z % 3 %

o o o o o o o o o o [= ] o o o (=] o o o j 3 o o

g 2 9@ Q@ Q 9 Q@ 9 9 9 Q 9 9 9 9 9 9 9 9 9 9

o o o o o o o o [ = ] o o o o =] o o 5 o

8 B § E 88 B 8 8 8 8 8 8 8 B 8 8 8 B &8 8

= 2 2 2 2 2 2 2 2 2 2 2 =22 =% =2 2 2z 2 32 =2

Fig. 2. Trend of NO5', NO3 and NOy hourly concentrations.
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Fig. 3. Trend of nss-SO ~ and SO, hourly concentrations.

integration of different information: the PM2.5/PM10 ratio, the natural
radioactivity counts, the meteorological data, the hourly concentrations
of ions and their precursor gases and the information provided by aero-
sol maps and backtrajectories. In this way, among the PM exceedance
days, it has been possible to distinguish the following high PM events:

* Local event (exceedance days from October 12 to 13 and from 18 to
20);

» Anthropogenic LRT event (exceedance days from October 10 to 11);

» Event due to the synergistic effect of local and eastern Europe contri-
butions (exceedance days from October 5 to 7).

The exceedance days from October 12 to 13 and 18 to 20 showed a
mean PM2.5/PM10 ratio equal to 0.6 and high values of natural radioac-
tivity counts. In these dates, atmospheric stability determined the
accumulation of air pollutants locally emitted and a significant fine con-
tribution to PM concentrations. The hourly mean concentrations of ni-
trate and nitrite were equal to 0.44 and 0.48 pg/m> with maximum
values of 2.18 and 1.71 pg/m?>, respectively. These values were about
four times higher than mean hourly values observed during the sam-
pling campaign (0.4 and 0.37 pg/m>, respectively). Moreover the nitrate
and nitrite hourly concentrations were strongly correlated to NOx con-
centrations (Fig. 2), and the correlation coefficient between nitrate and
HNO5 and between nitrite and HONO was equal to 0.90 (Table 2). In
these days the highest values of nitrogen oxidation ratio were registered
(NOR ranging from 0.4 to 1) suggesting that a considerable secondary
nitrate formation from NOX occurred. Nitrate and nitrite are typical
markers of traffic source because their formation is usually favored by
the availability of nitric acid, which forms from gaseous precursors as ni-
trogen oxides (NOx). These compounds are produced by combustion
processes and occur in engines where high temperatures are reached;
therefore, their concentrations in the air can be largely associated with
vehicle transport emissions (M.]. Kim et al., 2012; Masiol et al., 2012).
Moreover in this period the nss-sulfate concentrations accounted for
26% of the total ion concentration and the mean values of nss-SO4 and
SO, were equal to 1.75 and 1.36 ug/m?>, respectively. They were lower
than the mean values determined over the monitoring campaign
(2.43 and 2.04 ug/m>, respectively) and the mean molar ratio of NHZ
to SO~ greater than 2, suggested the complete neutralization of
H,SO,4 by NH3 and an excess of NH; in atmosphere. The average molar
ratio for NHZ to the sum of SO3~,NO35", NO3 and Cl~ was 3.2, indicating
that an appreciable amount of NHZ contributed from salts of carbonic
acid such as (NH4),CO3; and NH4HCO3 and salts of organic acids
CH3COONH,4 and HCOONH,.

Moreover, in this period, the mean sulfate oxidation ratio was
0.59 and decreased to 0.38 with minimum value of 0.07 (in night
hours) from October 12 to 13. The mean NOR value (0.68) higher
than SOR value suggested that the secondary formation of sulfate
from SO, weakly occurred in comparison to that of NO3 from NOx.
In fact, in these days, the secondary aerosol was characterized by am-
monium nitrate rather than ammonium sulfate. In addition, the
aerosol maps did not show significant concentrations of sulfate at
the sampling site, and BTs suggested a local recirculation of air
masses. All these results suggested a local contribution to PM
exceedances due to vehicular traffic.

During the exceedance days from October 10 to 11, the day-night
profile of natural radioactivity was less evident because of more disper-
sive atmospheric conditions, however, PM10 concentration on October
10 and 11 reached values similar to those during the other exceedance
days. The PM2.5/PM10 ratio on these days was equal to 0.3 showing a
coarse contribution to the PM concentration. The local contribution to
PM concentration was excluded due to the lower concentrations of
NHZ, NO3, NO5 and NOy during these days. Nevertheless, the highest
levels of nss-sulfate hourly concentrations (max value: 9.16 pg/m?)
were registered in these date when this pollutant accounted for 58% of
the total ion concentration. Moreover the mean SOR was equal to 0.6
suggesting a noticeable contribution of secondary nss-sulfate to PM,
but in correspondence of SO, hourly concentrations similar to those reg-
istered from 12 to 13 and from 18 to 20 October, the highest nss-sulfate
concentrations were probably due to long range transport carrying sec-
ondary sulfate from remote area (Squizzato et al.,, 2012; Li et al., 2013).
Moreover, unlike other monitoring period, the ionic balance on these
days showed a higher anionic contribution and the equivalent ratio be-
tween NHZ and the sum of SO~ + NOsz + NO, gave a value lower than
1 (ratio = 0.57) indicating the existence of another neutralizing agent
in addition to ammonia. In fact, the charge balance between cations,
i.e. sum of NH{, K™, Na™, Ca?* and Mg?* and anions, i.e. sum of Cl~,
NO3, and SOZ ~ was closer to 1:1 line (ratio = 0.93). It may be that dur-
ing the long range transport, H,SO, reacted with different basic species
or other salts. These results may be confirmed, for example, by the cor-
relation coefficients between nss-sulfate and calcium (Corr. Coef equal
to 0.80) and magnesium (Corr. Coef = 0.71) (Table 2) and by the trends
of calcium and nss-sulfate on these days (Kocak et al., 2004) (Fig. 4 in-
sert). Finally, the information provided by BTs highlighted the intrusion
of an air mass from northeastern Europe over the southern regions of
Italy and the sulfate concentrations provided by the aerosol maps
were consistent with those determined by AIM instrumentation. All
these results suggested an anthropogenic LRT contribution to PM
exceedances.
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Table 2
Correlation coefficient among hourly concentrations of ions and their gas precursors for the three high PM events.
October, from 12 to 13 and from 18 to20  NO3  Cl™ NO3 K+ Mg? ™ ca’t Na* NH; S0, HNO; HCl HNO, NH;
S0~ 0.10 0.15 —0.01 —0.06 —0.33 —0.06 —0.32 0.50 040 —0.25 —0.16 —0.39 —0.16
NO3 0.07 0.08 0.44 0.18 0.09 0.01 0.70 0.28 0.90 0.07 0.22 —0.06
Cl™ —0.05 0.65 0.22 0.65 —0.21 0.36 —0.15 —0.10 —0.11 —0.23 0.13
NO3 0.01 0.08 —0.02 0.15 0.05 0.07 0.15 0.14 0.90 —0.35
K* 0.63 0.81 041 —0.51 0.15 —0.02 —0.10 0.35 —0.21
Mg?™ 0.61 0.80 —0.80 0.38 0.34 0.24 0.67 —0.28
ca’t 0.51 —0.50 0.10 0.10 0.05 0.14 0.04
Na* —0.67 0.30 0.10 0.06 0.15 —042
NHi —043 —0.34 —0.24 —0.78 0.40
SO, 0.60 0.67 0.57 0.23
HNO; 0.94 0.58 0.34
HCl 0.49 0.42
HNO, —0.39
October, from 5 to 7 Nos  CI™ NO3 K* Mg?* ca’t Na* NH S0, HNO; HCl HNO, NH;
SO;3~ 0.33 0.27 —0.05 0.38 0.05 0.05 —0.10 0.58 0.20 0.31 —0.02 0.11 0.31
NO; 0.54 0.63 0.58 0.64 049 —0.16 0.66 —0.03 —0.09 —0.52 0.71 0.06
Cl~ 0.30 0.41 0.20 0.23 0.06 0.35 —0.19 —0.18 —0.27 0.29 —0.13
NOz 0.36 0.74 0.72 —0.03 0.36 0.06 0.02 —0.50 0.52 0.04
K* 0.21 041 —0.24 0.45 0.06 018 —0.29 0.36 0.15
Mg?* 0.70 —0.26 047 0.16 —0.03 —0.41 0.65 0.10
Ca’™ —0.16 037 0.40 0.19 —0.23 0.30 0.24
Na* -042 -011 —-016 —020 —023 —0.07
NH; —0.11 —0.03 —0.32 0.30 0.02
SO, 0.75 0.48 0.07 091
HNO; 0.64 0.08 0.71
HCl —0.33 0.37
HNO, 0.18
October, from 10 to 11 NOos  CI™ NO3 K* Mg?* ca’t Na*t NHZ S0, HNO; HCl HNO, NH;
N 0.27 0.27 0.32 0.50 0.71 0.80 0.13 0.62 —0.01 —0.11 0.05 0.25 —048
NO; 032 0.78 0.60 0.59 049 —0.04 0.49 0.23 0.40 0.45 049 —0.22
Cl™ —0.05 0.06 0.70 0.24 0.24 0.21 0.20 0.12 0.22 0.20 —0.61
NOz 0.63 0.32 0.48 —0.04 0.31 0.14 0.20 0.21 0.45 0.05
K* 0.41 0.55 0.12 0.66 0.34 0.02 0.22 0.13 —0.36
Mg?* 0.72 0.08 048 0.25 0.10 0.26 0.29 —0.59
Ca’™ 0.22 0.49 0.20 —0.06 0.01 0.26 —0.21
Na* —0.20 —0.07 —0.11 —0.15 —0.03 0.05
NHZ 048 0.15 0.38 0.16 —0.64
SO, 0.63 0.69 0.24 —0.30
HNOs 0.89 0.25 0.10
HCl 0.23 —0.20
HNO, 0.04
0,09 10
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Fig. 4. Trend of nss-SOZ ~ and NHZ hourly concentrations for entire sampling period and Ca?* hourly concentrations during a three-day period (inset).
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From October 5 to 7 the PM20.5/PM10 ratio was equal to 0.8 indicat-
ing an important fine particle contribution to the PM concentrations.
The natural radioactivity counts and the mean concentrations of nitrate
and nitrite were similar to those determined on October 12-13 and
18-20, but also high concentrations of ammonium sulfate were
determined (Fig. 4). On these days, the mean nss-sulfate concentration
was equal to 3.28 pg/m> with a maximum value of 4.12 pug/m® and
accounted for 38% of the total ion concentration. The highest SOR values
(mean 0.72) were registered in this period and even if the mean SO,
concentration was similar to that registered from October 12 to 13
and from 18 to 20, the mean sulfate concentration was about twice.
The values of ozone concentrations, temperature and humidity were
similar during both periods, suggesting that SO, oxidation was not the
only responsible of sulfate presence in atmosphere. On these days, aero-
sol maps and BT information revealed a secondary aerosol contribution
to the PM concentrations found at the sampling site, and LRT from east-
ern Europe. Hence, the PM levels and the sulfate concentrations on
October 5-7 were probably the result of a synergic effect of regional
and long-range contributions.

3.2. Principal component analysis (PCA)

In order to identify the sources of water-soluble ions in PM2.5 and
their gas precursors, principal component analysis (PCA) with the
varimax normalized rotation was applied to the normalized data matrix
of 403 hourly samples and 15 variables (ions and their gas precursors).
The loadings and percentages of the explained variance obtained for
each of the components are shown in Table 3. Variable factor loadings
were used to identify source profiles and to evaluate anthropogenic
and natural contributions at the sampling sites. Only variables with fac-
tor loadings greater than 0.5 were taken into account in order to charac-
terize source profiles.

In the monitoring campaign, three principal components were ob-
tained and accounted for 80% of the total variance. The principal compo-
nent 1 accounted for 36% of the total variance, and showed high
loadings for NOx, NO5', NO3, K+, Ca®*, NHZ, NH; and HONO, indicating
its relation to local emissions and a strong contribution of traffic source.
The principal component 2, accounting for 29% of the total variance, was
characterized by high loadings for CI~, Mg?*, Na™, HNO; and HCI. This
PC was associated with the marine contribution. The hourly sample
showing high scores for PC2 in fact, were characterized by high wind
speed blowing from the sea (North direction) and by lower ammonia
concentrations. Moreover the Cl/Na ratio was less than the sea water ra-
tios (1.8) indicating a deficiency of chloride relative to the Na concentra-
tion and confirming the chloride depletion due to reaction between
HNO3 and NaCl.

Table 3

Loadings and percentage of explained variance obtained by PCA for ions and their gas pre-
Cursors.

More relevant loadings are reported in bold and italics

PC1 PC2 PC3
Nera 0.3 —05 0.4
NO3 0.7 —0.1 0.2
c- 0.1 0.6 0.01
NO3 08 —-0.2 —0.1
K* 08 —0.2 0.2
Mg? ™ 0.03 08 0.3
Ca’* 0.7 0.1 0.2
Na* 0.01 0.7 —0.01
NH; 0.5 —0.6 0.2
SO, 04 04 0.5
HNO3 0.3 05 0.5
HCl —0.04 0.6 0.5
HNO, 0.7 0.3 0.3
NH3 0.6 0.1 0.5
NOx 05 —0.04 —0.5
Variance (%) 36 29 15

The principal component 3 which explained 15% of the total vari-
ance, showed high loadings for SO,, NH3, HNO3 and HCl. Moreover the
nss-SO4~ showed about the same loading values for both PC1 and
PC3, indicating its association with secondary sulfate aerosols due to
local distribution (PC1) and to long-range air-mass transport (PC3). In
fact, the local nss-sulfate in PC1 was strongly correlated with traffic
marker pollutants (NOx, nitrate, ammonium, etc.) and due to atmo-
spheric stability which determines a locally pollution accumulation.
On the contrary nss-sulfate in PC3 was correlated with primary gas pol-
lutants and the PC3 was characterized by high score values when high
dispersive atmospheric condition occurred.

3.3. Back trajectory statistical model

LRT appears to play a dominant role in the air pollution in southern
Italy. In order to evaluate and confirm the influence of local sources and
long range intrusions on the PM concentrations, three-dimensional
four-day BTs were computed every hour throughout the sampling peri-
od and then a cluster analysis was performed. Upon considering the re-
sults of the total spatial variance analysis, the appropriate number of
clusters was set at 4. In order to understand the transport characteristics
of air masses and their impact on aerosol pollution, the mean transport
pathway and the percentage of each identified air mass category were
calculated (Fig. 5). The results of BT cluster analyses indicated extensive
transport of air masses from northeastern and eastern Europe.

Cluster 1 was the most frequent accounting for 57% of the observa-
tions during the sampling period. This cluster included trajectories
from northeastern Europe passing over the Balkans, Hungary and
Slovakia. Cluster 2 (25%) was characterized by the air masses circulating
over southern Italy, while cluster 3 (8%) included the masses character-
ized by northwesterly flows. Finally, cluster 4 accounted for 10% of the
observations during the sampling period and included trajectories com-
ing from eastern Europe passing over Romania, Ukraine and Belarus.

The ionic composition of each air mass cluster was examined by
sorting the hourly data on major PM2.5 water-soluble ions. The mean
ion concentrations and the natural radioactivity counts for each cluster
are shown in Fig. 6. Despite the relative lower natural radioactivity
counts and the more dispersive conditions of the atmosphere for cluster
1 with respect to cluster 2, the nssSO3~ concentration for cluster 1 was
higher (Fig. 6a). In fact, this cluster showed the highest concentrations
of nssS0% ™~ (2.83 pg/m?>). Similarly to the first cluster, cluster 2 was
characterized by high concentrations of NO3” and NO; and also NHZ,
Ca®™, Mg2™" and K™. The high content of crustal species together with
the vehicular traffic markers suggested a local contribution to the PM
concentrations. However, the nssSO3~ concentration in cluster 2 was
lower than that of cluster 1 (2.1 ug/m>). Taking into account the lower
atmospheric dispersive conditions that allowed the stagnation of pollut-
ants locally emitted, its ionic composition and air mass behavior (Fig. 5),
the cluster 2 may be linked to a local contribution or more specifically to
an air mass recirculation over southern Italy. On the contrary, a compar-
ison of the characteristics of cluster 1 with those of cluster 2 and a con-
sideration of the air mass trajectory lead to the hypothesis of a
synergistic effect of local and eastern Europe contributions.

When higher atmospheric dispersive conditions occurred, instead,
lower pollutant concentrations could be expected (cluster 3); in partic-
ular, nssSO7~ concentrations lower than the mean value during the
sampling period were registered for this cluster (1.1 ug/m?), character-
ized by air masses coming from northern Europe.

Finally, cluster 4 was characterized by high nssSOZ~ concentrations
(2.75 pg/m? in average) even if higher dispersive conditions were regis-
tered. Considering both the information obtained from aerosol modeling
which was based on the European emission inventory and the ionic
composition of this cluster, an anthropogenic LRT contribution from
northeastern Europe may be hypothesized. This cluster, in fact, was char-
acterized by lower nitrate and nitrite concentrations, which are locally
emitted pollutants, yet it presented high nss-sulfate concentrations. This
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Fig. 5. Representative means of 4-day back-trajectory clusters (inset).

indicates that cluster 4 air masses must have passed over densely popu-
lated and highly industrialized regions before arriving at the sampling
site. As a result, these air masses may be strongly influenced by anthropo-
genic pollutions. In particular, in many countries in Eastern Europe
(Romania, Ukraine, Poland and Belarus) high SO, concentrations are re-
leased into the atmosphere from industries using high sulfur fuel
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Fig. 6. lonic composition of PM2.5 (a) and Box-Plot of natural radioactivity counts (b) for
each back-trajectory cluster.

(Salvador et al., 2007); and sulfate can be transported long distances
due to its stability in the atmosphere (Leck and Persson, 1996).

In order to confirm the nss-sulfate LTR, other statistical models ap-
plied to backtrajectories as PSCF and as CWT models were applied.
These models allowed one to provide a comprehensive view of the po-
tential source regions of nss-sulfate in South of Italy. Both statistical
models applied to 4 day-backtrajectories by HYSPLIT (GDAS reanalysis
meteorological data and 30 m.a.s.l. starting point). The results of PSCF
and CWT analysis for nss-sulfate were showed in Fig. 7. The highest
PSCF values were obtained for Poland region source, while high weight-
ed concentrations of nss-sulfate were determined through Balkans,
Slovachia and Poland. Therefore these models corroborate that the
major potential source of this pollutant was located in the North-Est
Europe where the location of power plant is consistent for the second-
ary sulfate source.

4. Conclusions

In this work, an integrated high time-resolved approach was pro-
posed to differentiate between the role of anthropogenic LRT episodes
and local sources on PM concentrations and ionic composition. This ap-
proach combined hourly PM2.5 ionic composition with hourly informa-
tion about the properties of the atmosphere and BT statistical analysis. It
gives a broad cognitive framework on air quality and, in particular, it al-
lows one to identify and characterize also time-limited transport events.

The result analysis demonstrated that PM concentration levels were
predominantly due to both LRT and local atmospheric circulation in the
studied area during the period of investigation. High nitrate concentra-
tions occurred in correspondence with a period of stable atmospheric
conditions, and could be linked to local sources. The nss-sulfate levels
increased when the air mass trajectories moved from northeastern
and eastern Europe even if high dispersive conditions of the atmosphere
were registered. Occasionally, trans-boundary intrusions of anthropo-
genic particles were added to those locally emitted.
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Fig. 7. Spatial distribution of PSCF values (a) of nss-sulfate obtained via combining backward trajectories calculated hourly and hourly samples data set (a). Spatial distribution of weighted
concentration of nss-sulfate obtained by the CWT method using hourly measurement data (b).

Moreover, the PCA applied to hourly data allowed one to distinguish
among the events characterized by high sulfate concentrations due to
local and those caused by an anthropogenic LRT contribution. Finally,
statistical models such as Cluster Analysis, the Potential Source
Contribution Function (PSCF) and Concentration Weighted Trajectory
(CWT), applied to hourly air mass BT and combined with hourly data
of ions and their gas precursors, confirmed the influence of time-
limited LRT events on receptor site and allowed their chemical
characterization.

Finally, this integrated approach highlighted the relevant role of LRT
on the PM levels measured in Southern Italy, suggesting that abatement
measures should include not only local actions, but also control strate-
gies coordinated at an international level. Further studies will aim to up-
grade this integrated monitoring system with a high time-resolved
chemical characterization of PM in terms of metals and organic and el-
emental carbon in order to quantify the different source contributions
to PM concentrations.
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