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a b s t r a c t

All over Europe, low wind speeds and stable atmospheric stratification are meteor-

ological factors leading to air pollution episodes. Discriminating the contribution of the

local atmospheric circulation and the regional and long-range transport processes, in

determining PM2.5 and pollutants levels, is very important for deciding any effective

abatement measure. This is particularly true in the Northeastern part of the Po Valley,

one of the most polluted areas in Europe.

This study proposes a method for assessing the relative importance of regional and

long-range transport episodes and of local sources on PM2.5 mass and ionic composition.

Air mass back-trajectories were combined with PM chemical composition and local

wind data and the relative contributions were estimated.

Air mass histories show that the levels of PM2.5 increased when air masses had

arrived from Northern to Central and Northwestern Europe and significantly dropped

when the trajectories originated from the Mediterranean area. Furthermore, results

reveal that relatively fast winds from quadrant I were associated with clean air and

increasing sea-salt components. Diversely, air mass stagnations were closely accom-

panied by severe pollution events. Heavily polluted episodes were recorded in corre-

spondence of days characterized by low-mobility atmospheric conditions and when air

masses had spent most time over the Po Valley region.

These results can help understanding the sources, the chemistry and dynamics of

PM2.5 in Northeastern Italy. The proposed approach is easily applicable to other

environments.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The recent Council Directive 2008/50/EC (EC, 2008) has attributed great importance to the monitoring of fine
particulate matter (with an aerodynamic diameter o2.5 mm, PM2.5) in Europe. The main problem associated with PM2.5

is the strong correlation between its air concentration and some adverse health effects, ranging from inflammatory
potential and pulmonary diseases to cardiovascular troubles and mortality (Pope & Dockery, 2006; Polichetti et al., 2009).
Most studies concluded that particulate matter is the main pollutant causing deaths in Europe today (EEA, 2005).

The resulting new annual limit value for PM2.5 is fixed to 25 mg m�3 to be met in 2015 and it will become progressively
more restrictive in 2020. This goal is not, or not yet achieved in several European sites so far (EEA, 2010). In particular,
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Fig. 1. Study area and wind rose relative to 2009.
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some studies (Hazenkamp-von Arx et al., 2004; Putaud et al., 2004; Putaud et al., 2010) indicated that particulate matter
pollution increases from North to central and Southern Europe. The most worrying situations are reported during the cold
season in medium and large cities and, in general, in Benelux and Northern Italy, where high air pollution may cause
serious risks for human health (EC, 2004).

All over Europe, low wind speeds and stable atmospheric stratification seem to be key meteorological factors leading to
air pollution episodes. In Southern and Central Europe stable atmospheric stratification, low wind speeds, mesoscale
circulation patterns, topography and solar radiation are the most important factors (Valkama & Kukkonen, 2004).
Furthermore there is evidence that transport of particulate matter over large distances following prevailing winds may
affect air quality in urban and rural areas of Southern Europe (i.e., Salvador et al., 2008; Glavas et al., 2008). For this reason,
knowing the relationship between the local atmospheric circulation and the regional and long-range transport processes,
in contributing to PM2.5 and pollutants levels, has become very important for deciding any effective abatement measure

In the Po Valley (Fig. 1), which extends for a great part of Northern Italy and is recognized as the most industrialized
and populated region of Italy, with large cities such as Turin, Milan, Verona, Boulogne and Venice-Mestre, air quality is
strongly affected by anthropogenic emissions. However, there is evidence that problems with air pollution are principally
due to unfavorable weather conditions and orographic features, which reduce air mass circulation and favor pollutant
accumulation.

In Europe, PM2.5 is mainly composed of carbonaceous materials and salts of sulfate, nitrate and ammonium, which are
the main constituents of the secondary inorganic aerosol (SIA) (Putaud et al., 2010). The concentrations and formation
mechanisms of PM2.5 and SIA were already studied in some sites of Po Valley such as San Pietro Capofiume (Boulogne),
Milan, Venice Lagoon (see e.g., Hamed et al., 2007; Sogacheva et al., 2007; Lonati et al., 2008; Prodi et al., 2009), but
relatively scarce data are available for the Eastern part of the Po plain. In particular only few studies reported on air quality
in the Venice-Mestre area (Rampazzo et al., 2008a, 2008b; Stortini et al., 2009; Masiol et al., 2010) and mainly discussed
element characterization, source identification and apportionment.

The present paper proposes a method for discriminating the contribution of local emission processes, regional and long-
range scale transport mechanisms to PM2.5, ionic fraction and SIA, in urban, industrial and semi-rural coastal background
sites. The main goal is to highlight the specific local atmospheric circulation pattern and to identify regional and long-
range transport pathways that may have an impact on pollutant levels. The proposed approach includes 4 main steps: (i) a
cluster analysis is computed on daily back trajectories and the average ion concentration is defined for each cluster to
determine the importance of long-range transport processes; (ii) experimental chemical data are interpreted in terms of
local atmospheric circulation: samples are grouped by a q-mode hierarchical cluster analysis (qHCA) and all groups are
subsequently interpreted according to wind speed and direction; (iii) groups resulting by qHCA are related to clusters from
back-trajectories to assess the relative importance of local circulation, regional and long-range transport processes on air
quality and then (iv) local contribution was estimated using the Lenschow approach (Lenschow et al., 2001).

2. Study area

The Venice-Mestre area is located between the Po Valley and the Adriatic Sea (Fig. 1). The emissive scenario is common
to other continental districts of Po Valley and includes: (i) an extended urban area, Mestre, with about 270,000
inhabitants; (ii) an extended industrial zone, Porto Marghera (�12 km2), with chemical and metallurgical works,
oil-refineries, incineration and thermoelectric power plants burning coal, gas and refuse derived fuel; (iii) several heavy
traffic city roads, a highway and a causeway. The peculiarity of this area is the city center of Venice in the middle of
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a �550 km2-wide lagoon, almost free from automotive traffic, but affected by: (i) artistic glass factories emissions in the
island of Murano; (ii) exhausts from public, commercial and tourist shipping and (iii) sea-spray from the Adriatic Sea and
the Lagoon (Rampazzo et al., 2008a, 2008b; Stortini et al., 2009; Rossini et al., 2010; Masiol et al., 2010).

Fig. 1 shows the wind roses plots calculated for 2009 in the study area. Annually, the predominant wind direction is
NNE, with an average wind speed of 2.5 m s�1 and �4% wind calm (o0.5 m s�1). Winds from W and NE increase during
autumn and winter, due to the occurrence of a nocturnal breeze, northeast and northwest winds. Direction from SE is
however predominant during the warm season for an increase of sea/land breeze circulation.

3. Materials and methods

3.1. Sampling

PM2.5 samples were collected in the framework of a project aiming at characterizing the atmospheric aerosol in the
Venice area by means of chemical analyses and modeling approaches (Centanni et al., 2009). The sampling campaign has
been extended for one year in three sites selected to be representative of different emissive scenarios (Fig. 1):
�
 The station Via Lissa (VL; Lat. N 45.4871–Long. E 12.2229) is located near the buildings of the Environmental Protection
Agency of Veneto Region (ARPAV) in a highly populated residential zone of Mestre surrounded by several heavy traffic
roads (distance 450 m). The site was categorized as urban background (ARPAV, 2010a). Moreover, VL lies about 200 m
far from an important motorway and few meters from the railway;

�
 Malcontenta (MC; Lat. N 45.4382–Long. E 12.2055) is a station of the ARPAV regional monitoring network, categorized

as industrial (ARPAV, 2010b). It is located in the surroundings of the industrial zone of Porto Marghera and it was
selected on the basis of previous modeling simulations (Centanni et al., 2009), as a site of industrial fall-out;

�
 Punta Sabbioni (PS; Lat. N 45.4227–Long. E 12.4368) is located mid-height on the lighthouse of Punta Sabbioni on the

Adriatic coastline. According to EC classification (2008), this site is a semi-rural-coastal background, for being not directly
influenced by agglomerations or industrial sites, and located upwind to main emission sources (Fig. 1).

About 150 samples were collected simultaneously in each site (total of 449) on 47 mm quartz fiber filters (Whatman
QMA) using low volume automatic samplers equipped with PM2.5 cut-off inlets and set according to EN 14907 standard
(CEN, 2005). Since strong qualitative and quantitative seasonal variations in chemical composition of particulate matter
were commonly reported in the study area, the adopted strategy was to focus the chemical analyses on four sampling
periods selected for being representative of different seasons. In particular, the sampling was carried out in spring (37 day,
from March to April 2009), summer (36 day from June to July 2009), autumn (42 day from September to October 2009) and
winter (41 day from December 2009 to January 2010). Sampling time was 24-h, from 0:00 to 24:00 local time.

3.2. Analytical procedures

PM2.5 masses were measured by gravimetric determination (microbalance with 1 mg sensitivity) on filters precondi-
tioned for �48 h at constant temperature (2075 1C) and relative humidity (5075%). Half of each sample was extracted
for 1 h in 15 mL ultrapure water (resistivity E18 MO cm) in an ultrasonic bath, whose water temperature was kept
o35 1C to avoid artifacts and evaporation. Filtrates were stored at 4 1C in clean bottles until analyses. After filtration
through microporous PTFE membranes (PALL Acrodisc CR, pore size 0.45 mm), four anions (F� , Cl� , NO3

�
, SO4

2�
) and five

cations (Naþ , NH4
þ

, Kþ , Mg2þ , Ca2þ) were determined by ion chromatography (IC, Dionex DX500 system), using a guard
column (Dionex Ionpac AG14 for anions and CG12 for cations), a separation column (Dionex Ionpac AS14 for anions and
CS12 for cations), a self-regenerating suppressed conductivity detector (Dionex ED40) and a gradient pump (Dionex GP40).
An isocratic flow of 1.2 L min�1 and a 3.5 mM-Na2CO3/1.0 nM NaHCO3 (pH 7.5) base eluent were used for anion detection,
whereas an isocratic flow 1 L min�1 and 20 mN ultrapure H2SO4 (pH 1.8) acid eluent for cation analyses.

3.3. Quality control and assurance

Filter blanks and field blanks (kept inside the sampler, but not used for air filtering) were prepared and analyzed
together with the samples, following the same procedures; obtained values were routinely subtracted. Means (in mg) and
standard deviations of all blanks are: 473 F� , 271 Cl� , 1.670.6 NO3

�
, 1.470.3 SO4

2�
, 28722 Naþ , 271 NH4

þ
, 0.970.6 Kþ ,

474 Mg2þ , 26719 Ca2þ .
Single- and multi-ionic standards for IC (Fluka–Riedel de-Haën) were used to test the linearity and calibrate the

instrumental responses. The limit of detections (LODs) were calculated for each ion in each period as three times the
standard deviation of the blank values (ng m�3, considering the average air volume sampled): F� (3.3), Cl� (3), NO3

�
(2.4),

SO4
2�

(2.6), Naþ (6.3), NH4
þ

(3.6), Kþ (4.8), Mg2þ (6.8), Ca2þ (14.5).
Accuracy of analytical procedures was routinely confirmed by analyzing NIST SRM 1648 standard for air particulate. The

recoveries of each ion were in the range of 90–100%. The relative standard deviation of each ion determination was o5%.
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3.4. Micro-meteorology and air mass back-trajectories

Wind speed and direction were hourly measured at two weather stations (Fig. 1) and were used as follows: (i) data
from station 5 of Ente della Zona Industriale di Porto Marghera, for VL and MC sites; (ii) from Cavallino-Tre Porti station of
ARPAV-Centro Meteorologico di Teolo for PS site.

Back-trajectories, computed from archived meteorological data, are useful to identify the regions where pollutants
measured at a site have originated. In this study, 96-hours air mass back-trajectories were simulated using NOAA/ARL
hybrid single-particle Lagrangian integrated trajectory (HYSPLIT 4) model (Rolph, 2011; Draxler & Rolph, 2011) and global
data assimilation system (GDAS1) meteorological data fields. A starting height within the mixing layer (Hmix) conditions
was used. Hmix is the mixing-layer height calculated using the specific meteorological models MINERVE (Aria Technologies,
2001) and SURFPRO (Arianet, 2005).

As accuracy in back trajectory calculation is decreasing with distance and time (due to model assumptions and spatial
and temporal resolution of the meteorological data), 4-day trajectories were considered the most suitable option.
Moreover, clustering back-trajectories reduces errors associated to single trajectories (Stohl, 1998).

3.5. Data treatment

The concentrations of PM2.5, WSIIs and SIA were inter-correlated and interpreted to evaluate seasonal and spatial
variation by one-way ANOVA and correlation coefficients.

With the aim of estimating the influence of regional and long-range transport processes in the area, experimental data
have been examined on the bases of air mass origin. A cluster analysis on daily back-trajectories was qualitatively used to
classify trajectories into groups of similar history, i.e. similar advection path and velocity. The cluster analysis was applied
using HYSPLIT (Draxler et al., 2009). Then, for each cluster average PM2.5 concentration and composition were calculated.

Afterwards, to select groups of samples on the basis of their similar ionic composition, a q-mode Hierarchical Cluster
Analysis (qHCA, using Ward’s agglomerative method and the squared Euclidean distance measures) was performed on a
standardized (mean¼0; standard deviation¼1) dataset, including Cl� , NO3

�
, SO4

2�
, Naþ , NH4

þ
and Kþ . The results have

been interpreted on the basis of the local atmospheric circulation to highlight specific wind regimes affecting PM and
WSIIs levels. The qHCA was repeated for each site, some groups were selected and the average PM2.5 and WSII
concentrations for each group were calculated. Finally wind roses were plotted and interpreted for the days of each group.

Finally, to assess the relative importance of local circulation, regional and long-range transport processes on air quality,
air mass back trajectories were related to each cluster individuated by qHCA and local contributions were estimated using
the Lenschow approach, considering PS site as representative of regional background levels and including only VL and MC
samples characterized by higher concentrations than in PS.

4. Results and discussion

4.1. PM2.5 concentration and ionic composition

Table 1 summarizes the average seasonal and annual values for each site. The PM2.5 annual mean was 33 mg m�3 for
the two mainland sites (VL, MC) and 26 mg m�3 for PS. Compared to the target values proposed by 2008/50/CE, to be
attained in 2010, the average values for VL and MC exceed the yearly average of 25 mg m�3, even beyond the margin of
tolerance (þ20%).

Large variations in PM2.5 mass concentrations were observed in the area. Generally the concentrations of the PM2.5

were inversely correlated with the air temperature, with higher levels during the cold period. Comparing these results
with historical data (ARPAV, 2010a, 2010b), available since 2008 for VL and MC, seasonal means appear to have dropped
from January to October, and contrarily increased in November and December.

Along with the results for each ion, Table 1 also reports statistics for non-sea-salt sulfate (nssSO4
2�

), indirectly
calculated using the seawater ratio, nssSO4

2�
¼SO4

2�
–0.25nNaþ . WSIIs account for a large part of PM2.5 mass, ranging from

4% to 70% (mean 34%). On annual basis, NO3
�

, SO4
2�

and NH4
þ

were the most abundant ions in all sites, contributing �90%
of the total ion concentration. At VL site nitrate accounts for 12% of PM2.5 mass, followed by sulfate (10%) and ammonium
(7%), whereas the contributions of Naþ , Kþ , Ca2þ and Cl� are very limited (1%). Results for MC are quite similar: nitrate
and sulfate (11%), ammonium (7%). In PS nitrate accounts for 15%, sulfate (13%), ammonium (8%); Naþ , Kþ and Cl� never
exceed 1%.

4.2. Secondary inorganic aerosol estimation

SIA is produced in the atmosphere through (photo-) chemical reactions of some gaseous precursors such as NOx, SO2,
NH3, which may react with O3 and other reactive molecules (including radicals) to mainly form ammonium nitrate
(NH4NO3) and ammonium sulfate ((NH4)2SO4). The SIA formation strongly depends on the atmospheric conditions and
availability of its precursor gasses: Ammonia first neutralizes sulfuric acid to ammonium bisulfate (NH4)HSO4 and
ammonium sulfate (NH4)2SO4. The remaining NH3 may also react with nitric acid to ammonium nitrate (NH4NO3).



Table 1
Seasonally and annually statistics (median, mean) of experimental values.

Spring Summer Autumn Winter Annual

N Median Mean N Median Mean N Median Mean N Median Mean N Median Mean

Via Lissa (VL)—Urban background

PM2.5 (lg m�3) 37 28 37 36 15 15 38 28 30 38 50 51 149 27 33

F� (lg m�3) 30 0.03 0.06 12 0.05 0.04 11 0.01 0.01 13 0.06 0.07 66 0.03 0.05

Cl� (lg m�3) 36 0.08 0.17 24 0.01 0.02 34 0.06 0.10 38 0.46 0.52 132 0.09 0.23

NO3
� (lg m�3) 37 3.4 6.4 36 0.4 0.5 38 0.9 2.9 38 4.7 6.1 149 1.7 4.0

SO4

2�
(lg m�3) 37 1.8 2.4 36 2.6 2.7 38 3.8 4.3 38 3.2 3.8 149 2.5 3.3

nssSO4

2�
(lg m�3) 37 1.7 2.3 36 2.6 2.6 38 3.7 4.3 38 3.2 3.8 149 2.5 3.2

Naþ (lg m�3) 36 0.1 0.3 35 0.1 0.3 38 0.1 0.1 36 0.1 0.1 145 0.1 0.2

NH4

þ

(lg m�3) 37 1.4 2.4 35 1.0 1.0 38 1.9 2.4 38 3.5 3.3 148 1.6 2.3

Kþ (lg m�3) 37 0.2 0.3 35 0.1 0.1 38 0.2 0.2 38 0.5 0.6 148 0.2 0.3

Mg2þ (lg m�3) 31 0.04 0.05 26 0.02 0.04 28 0.02 0.03 29 0.02 0.04 114 0.02 0.04

Ca2þ (lg m�3) 32 0.3 0.4 25 0.2 0.3 26 0.1 0.1 6 0.1 0.1 89 0.2 0.3

SIA (lg m�3) 37 6.6 11.1 36 3.9 4.0 38 7.7 9.6 38 13.0 13.1 149 6.5 9.5

SIA (%) 37 26 26 36 27 26 38 28 28 38 26 26 149 26 27
P

WSII (lg m�3) 37 7.3 12.3 36 4.4 4.7 38 8.4 10.2 38 14.3 14.5 149 7.4 10.5
P

WSII (%) 37 32 32 36 32 32 38 30 31 38 29 28 149 31 30

Malcontenta (MC)—Industrial

PM2.5 (lg m�3) 30 30 32 33 15 18 42 30 30 41 50 50 146 29 33

F� (lg m�3) 30 0.08 0.15 20 0.03 0.04 28 0.04 0.05 20 0.05 0.07 98 0.04 0.08

Cl� (lg m�3) 30 0.26 0.49 31 0.01 0.05 42 0.08 0.11 41 0.48 0.52 144 0.13 0.29

NO3
� (lg m�3) 30 5.3 5.4 33 0.3 0.7 42 1.1 2.9 41 4.7 5.8 146 2.5 3.7

SO4

2�
(lg m�3) 30 2.3 2.4 33 2.2 3.4 42 3.7 4.4 41 3.6 3.9 146 2.7 3.6

nssSO4

2�
(lg m�3) 30 2.2 2.3 33 2.2 3.3 42 3.6 4.4 41 3.6 3.9 146 2.6 3.6

Naþ (lg m�3) 29 0.3 0.5 33 0.2 0.3 42 0.1 0.1 41 0.1 0.1 145 0.1 0.2

NH4

þ

(lg m�3) 30 2.3 2.3 33 0.9 0.9 42 1.8 2.4 41 3.5 3.4 146 1.8 2.3

Kþ (lg m�3) 30 0.2 0.3 33 0.1 0.1 42 0.2 0.2 41 0.5 0.6 146 0.2 0.3

Mg2þ (lg m�3) 30 0.05 0.06 32 0.03 0.05 28 0.02 0.03 23 0.03 0.04 113 0.03 0.05

Ca2þ (lg m�3) 30 0.4 0.4 19 0.2 0.7 27 0.2 0.3 18 0.2 0.3 94 0.2 0.4

SIA (lg m�3) 30 9.7 10.0 33 4.0 4.9 42 7.4 9.6 41 13.3 13.1 146 7.7 9.6

SIA (%) 30 32 32 33 26 26 42 29 29 41 26 27 146 28 28
P

WSII (lg m�3) 30 11.6 12.0 33 4.2 5.9 42 8.0 10.3 41 14.2 14.5 146 9.0 10.8
P

WSII (%) 30 40 40 33 30 31 42 33 31 41 29 30 146 32 32

Punta Sabbioni (PS)—Rural-coastal background

PM2.5 (lg m�3) 37 21 27 36 11 11 40 24 26 41 38 38 154 21 26

F� (lg m�3) 13 0.01 0.04 1 0.01 0.01 0 – – 11 0.03 0.03 25 0.02 0.04

Cl� (lg m�3) 37 0.27 0.33 36 0.03 0.04 40 0.11 0.16 41 0.37 0.44 154 0.17 0.25

NO3
� (lg m�3) 37 4.2 5.8 36 0.5 0.9 40 1.3 3.5 41 4.0 5.1 154 2.3 3.9

SO4

2�
(lg m�3) 37 2.2 2.4 36 2.4 2.7 40 3.3 4.6 41 3.4 4.0 154 2.5 3.5

nssSO4

2�
(lg m�3) 37 2.1 2.3 36 2.4 2.7 40 3.2 4.5 41 3.3 4.0 154 2.4 3.4

Naþ (lg m�3) 37 0.2 0.2 34 0.1 0.1 40 0.3 0.4 38 0.1 0.2 149 0.2 0.2

NH4

þ

(lg m�3) 37 1.7 2.2 36 1.0 1.1 40 2.1 2.6 40 2.7 2.9 153 1.7 2.2

Kþ (lg m�3) 37 0.2 0.3 36 0.0 0.1 39 0.2 0.2 41 0.3 0.4 153 0.2 0.2

Mg2þ (lg m�3) 11 0.03 0.04 5 0.01 0.02 17 0.01 0.02 3 0.02 0.03 36 0.02 0.02

Ca2þ (lg m�3) 10 0.04 0.1 7 0.1 0.1 6 0.1 0.1 0 – – 23 0.1 0.1

SIA (lg m�3) 37 7.3 10.2 36 4.5 4.6 40 8.7 10.6 41 10.8 11.9 154 7.1 9.5

SIA (%) 37 38 36 36 41 42 40 39 36 41 31 30 154 36 36
P

WSII (lg m�3) 37 8.0 11.2 36 4.6 4.9 40 9.9 11.4 41 11.9 13.0 154 8.0 10.2
P

WSII (%) 37 42 41 36 43 44 40 43 41 41 34 33 154 41 40
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Moreover, nitrate can easily react with sea-salt and crustal aerosols in coarse (42.5 mm) particles (Seinfeld & Pandis,
2006). This way, because ammonium is the main limiting ion for SIA generation (Erisman & Schaap, 2004), the estimation
of SIA amounts was made after assessing the ionic balance between nitrate and sulfate versus ammonium. On annual
basis, results of the linear regression between NO3

�
þnssSO4

2�
and NH4

þ
(expressed as neq m�3) show strong coefficients of

determination, almost unitary slopes and very low intercept constants:
[NH4
þ

]¼0.95[NO3
�
þnssSO4

2�
]þ1.5 (R2

¼0.96) for VL
[NH4
þ

]¼1.05[NO3
�
þnssSO4

2�
]�8.6 (R2

¼0.97) for MC
[NH4
þ

]¼0.96[NO3
�
þnssSO4

2�
]�6 (R2

¼0.98) for PS
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These results indicate that ammonium neutralizes almost completely sulfates and nitrates, allowing the estimation of
SIA as the sum of NH4

þ
, NO3

�
and nssSO4

2�
masses.

On a yearly basis, SIA accounts for 9.5 mg m�3 (27% of PM2.5 mass) in VL, 9.6 mg m�3 (28%) in MC and 9.5 mg m�3 (36%)
in PS. Furthermore PM2.5 concentrations strongly depend on SIA amounts (rVL¼0.85; rMC¼0.73; rPS¼0.89). These results
indicate that similar values of SIA in term of masses are normally found in the whole area. As similar concentrations may
indicate common origins and removal processes, these findings are a first evidence that SIA dynamics are more linked to
regional processes than to local sources. Results are comparable with data collected in other sites of Po Valley, such as
Milan, where SIA accounts for 43% of the PM2.5 mass in the cold season and 37% in the warm season (Lonati et al., 2008).

The seasonal variation of nitrate inversely reflects the air temperature variations, with higher levels during the cold
periods (Table 1). This is normally found in Western Europe (Schaap et al., 2004) and is favored by the combined effects of:
(i) the larger availability of precursor NOx due to the additional emission from domestic heating; (ii) the reaction between
gaseous-phase NH3 and HNO3 to form particulate-phase NH4NO3 enhanced by the lower ambient temperatures and
(iii) the volatilization of NO3

�
in warm periods. Sulfate presents higher concentrations in autumn and winter in all sites, but

at PS its weight in the PM2.5 mass is relatively higher.

4.3. Space variations

Inter-site differences of PM2.5, NH4
þ

, NO3
�

and SO4
2

were evaluated on annual basis by one-way ANOVA. Major ions do
not present significant statistical differences in the three sites, whereas PM2.5 mass is significantly different at a¼0.05.
Post-hoc tests show similar average values only between VL and MC. On annual basis, PM2.5 appeared strongly correlated
in the three sites (rVL/MC¼0.90; rVL/PS¼0.92; rMC/PS¼0.88), indicating that there are similar processes contributing to its
formation, transport and removal processes in the area. However, correlation factors are different for data grouped
seasonally. During autumn, winter and spring, correlations are generally higher (r40.84) than in summer (rVL/MC¼0.65;
rVL/PS¼0.75; rMC/PS¼0.51). This is probability due to different atmospheric circulation patterns, because sea/land breezes in
summer enhance aerosol dispersion mainly in the coastal area.

4.4. Interpretation of results according to air mass dynamics

Recently, Masiol et al. (2010) detected a potential influence of regional-scale transport of fossil fuel related pollutants
and SIA in Venice using back-trajectories analysis. Daily back trajectories were computed throughout the sampling period
using MC as end point and then a cluster analysis was applied. After an analysis of the total spatial variance, the
appropriate number of clusters was set to 7. The average back-trajectories associated to each cluster are reported in Fig. 2.
Mean7standard deviation of PM2.5 and ions for each group are also summarized in Fig. 3.

Cluster 1 accounts for 4% of sampling period observations, includes trajectories from Northern Europe and exhibits very
low concentrations of both PM2.5 and WSII. Cluster 2 (19%) coming from Central part of Europe presents average
concentrations similar to those of the full period. Cluster 3 (7%) indicates a Mediterranean provenance with low levels of
both PM2.5 and ions, except sodium. Cluster 4 is the most frequent (40%) and is characterized by air masses stagnating over
the Po Valley. The average values are the highest for almost all variables, including PM2.5 and SIA. Cluster 5 (5%) describes a
westerly origin of trajectories with generally low concentrations of PM2.5 and the majority of ions, but with relatively high
values of Naþ and Ca2þ . Cluster 6 (19%) and cluster 7 (6%) include the cases characterized by Northwesterly flows and
generally concentrations are close to the average.

The classification of the air masses origins which arrive at Venice provide information on the potential impact of long-
range transport of pollutants in Northeastern Italy. Results generally show that the levels of PM2.5 increase when air
masses move from Northern to Central and Northwestern Europe and drop when the trajectories originate from the
Mediterranean region. However, the most worrying result is the relevant increase of PM2.5 and SIA when the trajectories
have spent most of their time in the Po Valley. This result confirms the strong influence of regional-scale transport on local
air quality and at the same time opens a discussion about the possible success of local abatement strategies, such as traffic
restrictions.

4.5. Role of local atmospheric circulation

Wind direction and speed are fundamental parameters to obtain a picture of the possible sources of emissions at a local
scale. Wind speed is inversely proportional to pollutant concentration and would also produce a dilution effect on it,
whereas its direction can help to extract information on source locations. In previous studies, particulate matter in Venice
area has been studied in relation to micro-meteorological parameters, using short-term air pollution modeling (Rampazzo
et al., 2008b), local circulation and back-trajectories (Masiol et al., 2010). These studies highlighted that air quality in the
study area is closely associated with the local atmospheric circulation. In particular, the latter study detected that severe
pollution events are often caused by local anthropogenic emissions, which accumulate in the atmosphere in the absence of
significant advective transport.

In the present study, four main groups of samples with similar ionic composition were extracted on the basis of q-HCA
for each station and containing generally the same samples, they were then interpreted similarly. Average values for each



Fig. 2. Representative means of 4-days back-trajectory clusters.
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group are summarized in Table 2. Wind roses for VL, that can be considered representative for all sites, are shown in Fig. 4.
Individual wind roses must be interpreted by comparison with the full-period wind rose.

Group 1 shows lower concentrations of all variables and high values of sea-salt tracers (Naþ , Cl�), except in VL where
chlorine levels are very low. Prevailing winds come from quadrant I and II, with a relatively high average speed
(�3.4 m s�1 MC, VL) and low percentages of calm (�1.5% MC, VL ), whereas PS shows lower wind speed (1.9 m s�1) and
more frequent wind calm hours (8%). These results can be interpreted according to a previous study (Masiol et al., 2010),
which indicated that the increase of the sea-salts component is due to local generation processes taking place along the
coastline, mainly on Northeastern windy days. Moreover, high wind regimes enhance the atmospheric dispersion, with
consequently low concentrations of PM2.5, sulfate, nitrate, ammonium and potassium.

Group 2 links days with higher concentrations of both PM2.5 and ions, except sea-salt markers. The wind roses presents
a lower average wind speed (�1.5 m s�1 MC and VL, 0.9 m s�1 PS) and more frequent wind calm (�8% MC and VL, 16%
PS), but not a specific wind direction. During these days higher PM2.5 levels and ion concentrations were found in both



Fig. 3. Box-plots of PM2.5 and most representative ions calculated for sampling included in each back-trajectories cluster, for each sampling site.

Statistics are calculated including outliers, but outliers are not shown.
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urban, industrial and coastal sites. These low-mobility atmospheric conditions tend to trap pollutants emitted locally by
delaying their dispersion in the atmosphere.

Group 3 includes the largest number of samples (50%, 44% and 64% for VL, MC and PS, respectively), and generally
presents average concentrations of all ions and PM2.5 similar to the yearly ones. Wind roses show no significant differences
with the full period rose. These samples could represent the general background pollution, the main common local PM2.5

composition, when a common circulation pattern occurs.



Table 2
Average values for each group identified by qHCA analysis.

Total
(N)

Spring
(N)

Summer
(N)

Autumn
(N)

Winter
(N)

PM2.5

(mg m�3)

Cl�

(mg m�3)

NO3

�

(mg m�3)

SO4

2�

(mg m�3)

nssSO4

2�

(mg m�3)

Naþ

(mg m�3)

NH4

þ

(mg m�3)

Kþ

(mg m�3)

SIA
(mg m�3)

%SIA

Via Lissa (VL)
Group 1 (sea-salt) 13 7 6 0 0 14 0.06 0.8 2.3 2.1 0.88 0.8 0.08 3.6 26

Group 2 (pollution) 15 6 0 3 6 86 0.70 17.9 5.9 5.8 0.16 6.9 0.89 30.6 36
Group 3 (general

background)

75 22 23 19 11 21 0.08 1.9 1.7 1.6 0.12 1.1 0.17 4.6 22

Group 4 (cold period) 46 2 7 16 21 41 0.27 3.9 5.4 5.4 0.16 3.2 0.37 12.4 31

Malcontenta (MC)
Group 1 (sea-salt) 14 14 0 0 0 25 0.68 4.4 2.6 2.4 0.90 2.0 0.22 8.7 35

Group 2 (pollution) 12 2 0 4 6 71 0.62 13.3 5.3 5.2 0.17 5.9 0.75 24.4 36
Group 3 (general

background)

64 4 31 25 4 18 0.06 0.9 2.4 2.4 0.18 1.0 0.11 4.3 24

Group 4 (cold period) 54 10 0 13 31 48 0.42 6.3 4.6 4.6 0.14 3.7 0.47 14.6 31

Punta Sabbioni (PS)
Group 1 (sea-salt) 20 3 0 15 2 18 0.35 2.3 2.1 1.9 0.73 1.2 0.15 5.3 29

Group 2 (pollution) 19 6 0 2 11 64 0.56 13.7 5.4 5.3 0.20 5.6 0.56 24.6 38

Group 3 (general

background)

98 28 36 12 22 18 0.18 2.3 2.4 2.4 0.15 1.4 0.16 6.0 35

Group 4 (cold period) 17 0 0 11 6 38 0.12 3.9 9.1 9.1 0.21 4.2 0.27 17.2 45
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Fig. 4. Representative wind roses for VC site calculated in (a) the whole sampling period and (b, c, d, e) in each identified groups of samples by qHCA

analysis.
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Group 4 is mainly composed of samples with high SO4
2�

and PM2.5 levels, lower wind speed and more wind calms
compared to group 3. In addition, this group includes almost exclusively samples collected during the cold season. This
group was interpreted as the typical cold period composition.

This approach reveals that air quality in this area is strongly influenced by the local atmospheric circulation. Common
circulation patterns, group 3 (average annual) and 4 (typical of cold seasons), are associated with the general background
pollution above which severe pollution episodes superimpose in particular atmospheric conditions.
4.6. Relationship between regional transport and local circulation

As previously noted, air quality in the area studied is strongly influenced by regional-scale transports. In particular high
levels of PM2.5 and SIA were observed when air masses were coming from the Po Valley. The role of local atmospheric
circulation is also important.

To assess the relative importance of both regional and long-range transport and local circulation on air quality, air mass
back trajectories were related to each cluster individuated by qHCA (Table 3).

Group 1-sea salt does not present a preferred air mass origin, because the increase of sea-salts components is due to
local generation processes. Group 2-pollution and group 4-cold period are mainly associated with air masses coming from
the Po Valley. Group 3-general background is composed of days characterized by Central Europe, Po Valley and NW Europe
back trajectories. This group, representing the main common local PM2.5 composition, is associated to the most frequent
back-trajectories over the sampling period. On the basis of SIA concentrations, events with high pollution loads were
identified that exceeded the annual average. These days are related to group 2-pollution and group 4-cold period in VL and
MC and also to group 3 in PS. Back-trajectories coming from Po Valley represented 73%, 60% and 68% of total events in VL,
MC and PS, respectively.

Groups 2 and 4 are characterized by low average wind speed (1.4 m s�1 and 2.1 m s�1) and high wind calm
percentages (8% and 5%). In these low-mobility atmospheric conditions, pollutants coming from the Po Valley add up to a
general background pollution, resulting in heavy pollution events with high PM and SIA levels.



Table 3
Air mass back-trajectories clusters related to each groups individuated by qHCA.

Total Group 1 (%) Group 2 (%) Group 3 (%) Group 4 (%) Group 5 (%) Group 6 (%) Group 7 (%)

N Northern Europe Central Europe Mediterranean Po Valley Western Europe NW Europe North Atlantic

Via Lissa (VL)
All samples 149 4 19 7 42 3 20 5

Group 1 (sea-salt) 13 8 15 15 23 8 31 0

Group 2 (pollution) 15 0 7 0 87 0 7 0

Group 3 (general background) 75 7 23 8 20 3 29 11

Group 4 (cold period) 46 0 20 4 67 2 7 0

Heavy SIA Events 48 0 17 2 73 0 6 2

Malcontenta (MC)
All samples 144 6 20 6 39 1 22 6

Group 1 (sea-salt) 14 7 21 21 0 0 43 7

Group 2 (pollution) 12 0 8 0 83 0 0 8

Group 3 (general background) 64 6 23 6 27 3 27 8

Group 4 (cold period) 54 6 19 4 54 0 15 4

Heavy SIA Events 58 2 19 0 60 0 10 9

Punta Sabbioni (PS)
All samples 154 5 19 6 41 3 20 6

Group 1 (sea-salt) 20 20 15 15 20 0 20 10

Group 2 (pollution) 19 0 10 0 68 0 16 5

Group 3 (general background) 98 4 19 7 36 4 23 6

Group 4 (cold period) 17 0 29 0 65 0 6 0

Heavy SIA Events 56 0 16 0 68 0 13 4

Table 4
Mean of local contribution of PM2.5, NO3

�

, nssSO4

2�
and NH4

þ

express in mg m�3 and as percentage on mass.

PM2.5 local NO3 local

�

nssSO4 local

2�
NH4 local

þ

mg m�3 % mg m�3 % mg m�3 % mg m�3 %

Via Lissa (VL)
All samples 9.8 27.7 1.6 23.8 0.5 11.6 0.6 24.3

Spring 11.3 26.3 2.9 23.1 1.0 20.7 0.8 24.2

Summer 4.5 31.2 0.1 18.3 0.4 11.3 0.1 13.8

Autumn 5.7 24.5 1.6 32.6 0.2 10.1 0.3 20.2

Winter 15.5 28.6 1.4 23.0 0.4 9.3 0.8 30.4

Heavy SIA Events 16.4 25.7 2.4 24.8 0.7 13.4 1.0 20.0

Malcontenta (MC)
All samples 9.8 29.9 1.4 27.8 0.7 18.5 0.6 29.3

Spring 10.4 31.7 1.9 35.6 0.5 17.4 0.8 39.0

Summer 8.9 40.5 0.9 37.3 1.3 20.3 0.1 18.6

Autumn 6.6 25.4 0.7 24.3 0.5 18.6 0.3 23.0

Winter 12.5 24.8 1.3 21.9 0.6 17.7 0.8 30.6

Heavy SIA Events 12.6 23.8 1.8 28.4 1.2 17.3 0.9 24.1
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These results indicate that SIA levels, and consequently PM2.5 concentrations, depend on regional scale transport
processes and also are linked to local atmospheric circulation.

On the basis of this observation, the Lenschow approach was applied to estimate local contribution on PM and SIA
components in VL and MC. Yearly, local sources contribute for 9.8 mg m�3 of PM2.5 amounting to 28% and 30% of masses in
VL and MC, respectively. Seasonally, the highest local contributions were observed in spring and winter in particular for
PM2.5, NO3

�
and NH4

þ
. In summer, the local contribution is lower than in other seasons but accounts for the highest

percentages in PM2.5 masses (Table 4). Local nssSO4
2�

contribution is lower compared to other ions and shows similar
average concentrations and percentage over different periods and heavy SIA events. On this basis, nssSO4

2�
levels are

mainly related to regional transport processes.
During heavy SIA events, such as those mainly occurring when air masses come from Po Valley, local contribution on

PM increases. Average values are 16.4 mg m�3 (26%) and 12.6 mg m�3 (24%) in VL and MC, respectively. Nevertheless,
considering the mass percentage, no significant variations have been observed for all periods and samples. In days with
low wind speed (�1.9 m s�1) and high percentage of wind calm (�5%) pollutants coming from Po Valley are retained. In
conclusion, heavy SIA events are mainly due to a regional contribution and are enhanced by scarce atmospheric dispersion
that tend to trap pollutants.
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5. Conclusions

In this work a simple and effective approach is proposed to discriminate the role of regional and long-range transport
episodes and local sources on PM2.5 formation and its ionic composition. This method combines PM2.5 chemical
compositions with back-trajectories statistical analysis and local atmospheric circulation (wind speed and direction).

To evaluate the influence of regional and long-range transports, daily back trajectories were calculated and samples
were statistically sorted into groups. Then, a cluster analysis on chemical data was performed to gather samples with
similar compositions and the influence of local atmospheric circulation was studied by analyzing wind data related to each
group. Finally, clusters from back-trajectories were matched with groups resulting from qHCA and local contribution for
PM2.5 and major ions was estimated using the Lenschow approach.

The levels of PM2.5 increase when the trajectories move from Northern, Central and Northwestern Europe and drop
when air masses originate in the Mediterranean region. High levels of PM2.5 and major ions were observed when the
trajectories had spent most of their time in the Po Valley. Results reveal an influence of local atmospheric circulation on
high pollution events associated with low wind speed and high wind calm but not with a specific wind direction. In other
words, high wind regimes enhance the atmospheric dispersion, and consequently lower the concentrations of PM2.5,
sulfate, nitrate, ammonium and potassium.

In particular, heavy SIA events occur in correspondence of days characterized by stable atmospheric conditions and air
masses coming from the Po Valley. In these circumstances, a regional pollution is added to a general contaminated
background, resulting in high PM2.5 and SIA levels.

On an annual basis, local sources contribute for 27.7% and 29.9% of PM2.5 in VL and MC, respectively. Seasonally, the
highest local contributions were observed in spring and winter in particular for PM2.5, NO3

�
and NH4

þ
, whereas the local

shares of nssSO4
2�

are similar in different periods. During intense SIA events the local contribution to PM increases, but
considering the mass percentage, no significant variations have been observed over all periods and samples. Hence, heavy
SIA events are mainly due to a regional contribution and are related to scarce atmospheric dispersion that tend to trap
pollutants.

This study demonstrates that pollutants concentrations in the studied area mainly depend on both regional transport
processes and local atmospheric circulation. Results represent a significant contribution to the knowledge of PM2.5

chemistry and dynamics in Northeastern Italy. Moreover, the relevant role of the secondary component on PM2.5 mass
coming from Po Valley suggests that abatement measures must include not only local actions (e.g. traffic restrictions), but
also coordinated regional-scale control strategies.

The proposed approach can be a useful tool to better understand the aerosol sources, its dynamics and generation
processes and it is easily applicable to other atmospheric environments.
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