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� The addition of aerosol water content
returns reasonable mass closures.

� Six common PM2.5 sources are
present over 5 cities in the lower end
of Po Valley.

� Aerosol is acidic/moderately acidic
throughout the year with lower pH in
summer.

� Sulfate and fossil fuel lower pH;
nitrate and biomass burning increase
pH.

� Secondary sources and pH increase
when air masses pass Central/Eastern
Europe.
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This study investigates the major chemical components, particle-bound water content, acidity (pH), and
major potential sources of PM2.5 in major cities (Belluno, Conegliano, Vicenza, Mestre, Padua, and Rovigo)
in the eastern end of the Po Valley. The measured PM2.5 mass was reconstructed using a multiple-site
hybrid chemical mass closure approach that also accounts for aerosol inorganic water content (AWC)
estimated by the ISORROPIA-II model. Annually, organic matter accounted for 31–45% of the PM2.5 at
all sites, followed by nitrate (10–19%), crustal material (10–14%), sulfate (8–10%), ammonium (5–9%), ele-
mental carbon (4–7%), other inorganic ions (3–4%), and trace elements (0.2–0.3%). Water represented 7–
10% of measured PM2.5. The ambient aerosol pH varied from 1.5 to 4.5 with lower values in summer
(average in all sites 2.2 ± 0.3) and higher in winter (3.9 ± 0.3). Six major PM2.5 sources were quantitatively
identified with multiple-site positive matrix factorization: secondary sulfate (34% of PM2.5), secondary
nitrate (30%), biomass burning (17%), traffic (11%), re-suspended dust (5%), and fossil fuel combustion
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Water content
 (3%). Biomass burning accounted for ~90% of total PAHs. Inorganic aerosol acidity was driven primarily by
secondary sulfate, fossil fuel combustion (decreasing pH), secondary nitrate, and biomass burning
(increasing pH). Secondary nitrate was the primary driver of the inorganic AWC variability. A
concentration-weighted trajectory (multiple-site) analysis was used to identify potential source areas
for the various factors and modeled aerosol acidity. Eastern and Central Europe were the main source
areas of secondary species. Less acidic aerosol was associated with air masses originating from
Northern Europe owing to the elevated presence of the nitrate factor. More acidic particles were observed
for air masses traversing the Po Valley and the Mediterranean, possibly due to the higher contributions of
fossil fuel combustion factor and the loss of nitric acid due to its interaction with coarse sea-salt particles.
� 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

During the past several decades, air quality has improved across
Europe (Colette et al., 2011; Giannouli et al., 2011; Colette et al.,
2016). The downward trends of air pollution are due to increas-
ingly stringent policies and abatement measures mandated by
the European Union and the implementation of increasingly effec-
tive emission control technologies in industry, road, and off-road
transport (Turnock et al., 2016; Crippa et al., 2016). However, the
European standards for air quality remain exceeded at hotspots
like the Po Valley in Northern Italy (EEA, 2014, 2016, 2018).

The Po Valley can be considered an extended megacity (WMO/
IGAC, 2012), where anthropogenic polluting activities are densely
spread over a 46 � 103 km2-wide floodplain/hilly territory hosting
around 16 million inhabitants. Mountains surround the valley to
the north and west (Alps), and south (Apennines), while the east
side is open to the Adriatic Sea. This topography favors air stagna-
tion events and is accompanied by frequent wintertime thermal
inversions and widespread fog events leading to the buildup of
particulate matter (PM) pollution (Carbone et al., 2010;
Pernigotti et al., 2012; Larsen et al., 2012; Squizzato et al., 2013;
Pecorari et al., 2013; Perrino et al., 2014).

The Veneto region (~18.4 � 103 km2) lies at the eastern end of
the Po Valley, i.e. the side open to the sea over a ~95 km-long coast-
line (Fig. S1a). The population resides in several major cities and in
a large number of smaller towns and villages scattered across the
floodplain (Fig. S1b,c). The northwestern territories are alpine envi-
ronments with a low population density mostly concentrated
along narrow valleys. A hilly belt hosting semirural environments,
farming (vineyards and orchards) and small/medium sized villages
is located between the floodplain and the Alps.

The Veneto region is affected by multiple emission sources;
urban and industrial areas are mixed with intensive farming and
semi-rural areas (Fig. S1c). Traffic emissions can be found through-
out the region (Fig. S1d) due to a dense local road network and the
presence of international roads and transport hubs. Off-road emis-
sions from railways are low because the network is electrified,
although some diesel-powered trains still operate. Shipping emis-
sions due to cruise ships and maritime freight transport are con-
centrated in the Lagoon of Venice. Natural gas is the main fuel
used for domestic/commercial heating, while diesel/oil is still used
in the more rural areas. Residential wood combustion is frequent in
the hilly and mountainous areas. Wood combustion using small
traditional stoves, pellet stoves, closed or open fireplaces is also
becoming popular in the major cities of the valley as a cheaper
alternative to natural gas. Large industries are located close to
the main cities (Venice-Mestre, Padua, and Vicenza), while med-
ium and small factories are scattered across the region, each with
different emission characteristics (Supplementary material
Section S1).

The European PM2.5 limit value of 25 lg m�3 (annual average)
was frequently exceeded at various sites between 2009 and 2014
(Masiol et al., 2017). Almost all prior studies of PMx chemical
composition and sources have been performed in the region’s cap-
ital metropolitan area, Venice or Mestre (Stortini et al., 2009;
Masiol et al., 2012; 2014a; Squizzato et al., 2014) resulting in a lack
of information for the other major cities. It is still unclear if: (i) the
PM2.5 concentration is driven by local sources or transport of pol-
lution from other areas; and (ii) the same sources are present
across the urban areas of the region or if each city has different
local sources. There is clearly a need to investigate the PM2.5 com-
position and sources concurrently at multiple sites across the
region.

Aerosol acidity plays a key role in the physical and chemical
properties of PM as well as controlling the redox state and solubil-
ity of PM-bound elements (Nenes et al., 2011; Shi et al., 2012;
Oakes et al., 2012; Li et al., 2017; Fang et al., 2017; Ito et al.,
2019). Transition metals (e.g., Fe, Cu, Mn) are usually emitted in
insoluble form, but their solubilization can be enhanced in acidic
particles. In soluble form, those elements become more bioactive,
affecting both the productivity of ecosystems upon deposition
and the oxidative potential of inhaled PM and associated adverse
health effects through the generation of reactive oxygen species
in vivo (Hopke, 2015a; Lakey et al., 2016; Fang et al., 2017). Aerosol
acidity in Italy has received little attention so far (Squizzato et al.,
2013).

This study presents PM2.5 chemical speciation data from in 6
major cities in the Veneto to:

� Estimate the PM2.5 aerosol water content (AWC) and in-situ
acidity (pH);

� Reconstruct the measured PM2.5 mass from the analyzed spe-
cies accounting for AWC at the conditions of the gravimetric
determination;

� Identify and quantify the major PM2.5 sources;
� Estimate the impacts of the various sources on AWC and aerosol
acidity; and

� Identify the location of the major sources and the potential
effect of regional/transboundary transport on aerosol acidity.

2. Measurements and data analysis

2.1. Site characteristics

PM2.5 samples were collected at 6 sites managed by the local
environmental protection agency (Agenzia Regionale per la
Prevenzione e Protezione Ambientale del Veneto, ARPAV)
(Fig. S1). Site characteristics are listed in Table S1 and are discussed
in Section S1; the average population density and percent land
cover within a 5 km radius from each site are shown in Fig. S2.
The 2013 emission inventories for some major sectors are summa-
rized in Table S2.

Belluno (BL, 36,600 inhabitants) is in an Alpine valley (altitude
above sea level 390 m) surrounded by mountains (height 700 to
2500 m) and dominated by cultivated crops and forests. Cone-
gliano (TV, 35,700 inhabitants) is a medium-sized city in the hilly
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belt. Land cover is dominated by agricultural areas (mostly vine-
yards and orchards), but there are also small and medium-sized
factories (stainless steel process, appliances, electrical equipment).
Vicenza (VI, 115,900 inhabitants) is a large city in the foothills
hosting small to medium-sized mechanical, textile, tanning and
jewelry manufactures. The site is in a dense urban area. Venice-
Mestre (VE, 271,000 inhabitants) is located on the coast of the
Lagoon of Venice. The site was placed in a public park surrounded
by a densely populated area located north of a large industrial zone
(chemical, steel, oil-refinery, incineration, thermoelectric power
plants and others). A 13 years-long data analysis at this site
(Masiol et al., 2014b) showed that air quality was affected primar-
ily by residential/building heating, traffic, and industrial emissions.
Padua (PD, 214,200 inhabitants) is characterized by the highest
urban coverage and population density (Fig. S2). PD is affected by
heavy traffic from local roads and a logistics hub for trucks, and
many medium-sized factories. Rovigo (RO, 52,800 inhabitants) is
located in an agricultural environment with several small-
medium factories (food processing, metalworking, carpentry, tex-
tile, and construction).

2.2. Methods

A one year-long sampling campaign (April 2012 to March 2013)
was performed at each site according to the EN14907:2005 stan-
dard using quartz fiber filters (Whatman QMA). Every day sam-
pling was continuous for 24-h starting at midnight. PM mass was
measured gravimetrically (48 h conditioning at 20 ± 1 �C and
50 ± 5% RH). Six periods representative of the different seasons
were selected for the analysis: winter (December and February),
summer (June and August), and transition (April and October).

For each sample, a ~2 cm2 punch was extracted in ultrapure
water (specific resistivity 18 MX cm) and analyzed for NO3

–, SO4
2–,

F–, Cl–, Na+, NH4
+, K+, Mg2+, and Ca2+ by ion-exchange chromatogra-

phy (Masiol et al., 2015). EC/OC was analyzed in 1 cm2 punches
using a carbon aerosol analyzer (Sunset Lab, USA) adopting the
NIOSH-5040 protocol (Birch and Cary, 1996). A ~2 cm2 punch
was extracted in acetonitrile and analyzed for 8 PAHs (benz(a)an-
thracene (BaA), chrysene (Chry), benzo(b)fluoranthene (BbF),
benzo(k)fluoranthene (BkF), benzo(a)pyrene BaP, indeno(1,2,3-c,
d)pyrene (IP), dibenzo(a,h)anthracene (DBahA) and benzo(g,h,i)
perylene (BghiP)) by a HPLC interfaced with a multi-wavelength
fluorescence detector (Masiol et al., 2013). The remaining portion
of each filter was subjected to acid digestion (HNO3-HF-H2O2) in
a microwave oven and was analyzed for 10 elements (Mg, Al, S,
K, Ca, Ti, Mn, Fe, Zn, Ba) in inductively coupled plasma optical
emission spectroscopy and 8 elements (V, Co, Ni, Cu, As, Cd, Sb,
Pb) in inductively coupled plasma mass spectrometry. Details can
be found in Squizzato et al. (2014) and Benetello et al. (2018).

Statistical analyses were performed using R 3.5.1 (R Core Team,
2018) and a number of packages, including ‘‘MASS” (Venables and
Ripley, 2002), ‘‘scales” (Wickham, 2018), ‘‘plyr” (Wickham, 2011),
‘‘zoo” (Zeileis and Grothendieck, 2005), ‘‘lubridate” (Grolemund
and Wickham, 2011), ‘‘reshape” (Wickham, 2007), ‘‘rcompanion”
(Mangiafico, 2019), ‘‘dunn.test” (Dinno, 2017), ‘‘openair” (Carslaw
and Ropkins, 2012), ‘‘car” (Fox and Weisberg, 2011), ‘‘NISTunits”
(Gama, 2016), ‘‘boot” (Canty and Ripley, 2017), ‘‘DAAG”
(Maindonald and Braun, 2019), and ‘‘Hmisc” (Harrell et al., 2018).

2.3. QA/QC

The quality of the analytical procedures was checked by blank
controls, by evaluating detection limits, recoveries, accuracy, and
repeatability. Calibration curves were generated before and during
each batch of analysis with analytic-grade standards. The accuracy
of quantitative analyses was assessed by analyzing certified liquid
standards (TraceCERT, Fluka) for water soluble ions, sucrose (ana-
lytical grade) for EC/OC, certified reference material ERM CZ100
(JRC, Belgium) for PAHs, and standard reference materials
SRM1648 (NIST, USA) for the various elements. The recoveries of
ions and elements were in the 80–110% range; PAHs recovery effi-
ciencies varied from 75% to 125%. The relative standard deviation
(10 replications) of ions, elements and PAHs was < 5%.

2.4. Ancillary variables

Insoluble K and Ca were estimated by subtracting the ionic con-
centration from the corresponding bulk concentration. The partic-
ulate anion equivalent (AEq, expressed as meq m�3; Kerminen et al.,
2001) was calculated as the sum of equivalents of nitrate, sulfate
and chloride.

Weather data including air temperature (�C), relative humidity
(RH), wind speed/direction, and solar radiation (W m�2) were
recorded at weather stations as close as possible to the sites
(Fig. S3). Daily average values were calculated when more than
75% of the hourly data were available.

2.5. Aerosol water content and acidity

The AWC and pH can be estimated combining an aerosol ther-
modynamic model and the measured particle composition with
air temperature and humidity assuming that the aerosol system
is in equilibrium. In this study, ISORROPIA-II (Nenes et al., 1998;
Fountoukis and Nenes, 2007) was used in the ‘‘forward” mode
assuming that the particles are in the ‘‘metastable” phase state to
predict both the hydronium ion concentration per volume of air
(Hair

+ ; lg m�3) and the concentration of particle liquid water
(AWC; lg m�3). pH is then estimated as:

pH ffi �log10
1000cHþHþ

air

AWC
ð1Þ

where cHþ is the hydronium ion activity coefficient (assumed to be
equal to 1). In this study, we used the following assumptions: (i) we
neglected any contribution of the organics (thus this study assesses
the ‘‘inorganic” pH and AWC not accounting for the organic PM2.5

fraction), (ii) we neglected possible differences in composition with
particle size in the PM2.5 range, and (iii) we used the daily-averaged
air temperature and RH to match the 24-h samples. The calculation
of the aerosol pH using only the particulate composition, when no
measurements of gas-phase NH3, HNO3, and HCl are available, can
be quite sensitive to small experimental errors. For this reason,
we ran the model twice, to bind the likely pH range: (i) a ‘‘base”
simulation with only the particulate composition and no gaseous
species, and (ii) a ‘‘sensitivity” test using the highest concentrations
of ammonia (the species that mostly affects the aerosol pH)
reported for some semirural and urban areas of Veneto (ARPAV,
2016). ISORROPIA-II has been used like this in several previous
studies (Guo et al., 2015, 2016; Weber et al., 2016; Bougiatioti
et al., 2016; Fang et al., 2017; Ding et al., 2019).

Since pH depends on air temperature and RH, it often shows a
strong seasonal dependence. To remove this dependence, DpH
(Shi et al., 2017) is calculated as the difference between pH and
the acidity estimated using the actual meteorology (temperature
and RH) and the annual average composition (pH*):

DpHi;t ¼ pH Ci;t;Ti;t;RHi;t
� �� pH� C

�
i;Ti;t;RHi;t

� �
ð2Þ

where Ci,t is the ion + gas composition at site i and sample t, Ti,t, RHi,t

are the air temperature and RH at site i for sample t, and C̅i is the
average ion + gas composition over the study period (calculated
as in the equation (1)). Analogous to DpH, DAWC was calculated
to remove the seasonal dependence by subtracting AWC* that is
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the water estimated using the average chemical composition and
the temperature, RH corresponding to the specific sample:

DAWCi;t ¼ AWC Ci;t;Ti;t;RHi;t
� �� AWC� C

�
i; Ti;t;RHi;t

� �
ð3Þ
2.6. Mass closure

Mass closure aims to compare the measured PM2.5 mass con-
centration with the sum of the concentrations of the measured
components with assumptions to account for not measured ele-
ments, mostly hydrogen and oxygen in both organic and inorganic
compounds as well as the AWC (Harrison et al., 2003; Yin and
Harrison, 2008; Chow et al., 2015). In this study, hybrid-mass clo-
sure (hyb-MC), also accounting for AWC, was calculated for each
site and for all the sites together (multiple-site hyp-MC, MS-hyb-
MC). The reconstructed PM2.5 mass (RMhyb) was estimated by sum-
ming the organic matter (OM), crustal or geological material (CRU),
nitrate, sulfate, ammonium, other ions (OI), trace elements
(TRACE), and also including AWC. OM was calculated over the
whole year by multiplying OC by 1.6 (Hand and Malm, 2007;
Vecchi et al., 2008; Perrone et al., 2012; Perrino et al., 2014;
Squizzato et al., 2016). Although this coefficient likely varies by
season, there was no clear basis for assigning alternative values.
CRU was calculated by converting the crustal-like elements (Si,
Al, Fe, Ti, K, and Ca) to the respective geochemical oxides
(Table S3). The AWC at the conditions of the gravimetric analysis,
AWCstd, was computed by running ISORROPIA-II (‘‘forward”,
‘‘metastable”) with a constant RH (50%) and temperature (20 �C).
AWCstd was also estimated for the sensitivity test assuming a high
concentration of gas-phase NH3.

2.7. PMF

In this study, US EPA PMF version 5 was used (Paatero and
Tapper, 1994; Paatero, 1997; Hopke, 2015b; 2016). Uncertainties
for chemical species were assessed according to Polissar et al.
(1998): for concentrations above the detection limits (DL), uncer-
tainties were determined by adding DL/3 to the errors of the corre-
sponding analytical procedures. Concentrations below the DL were
set as DL/2, with an uncertainty of 5/6 of the corresponding DL plus
the addition of DL/3. Variables were preliminarily screened for
their information content (Paatero and Hopke, 2003): species hav-
ing signal-to-noise ratio less than 0.5 were removed from the anal-
ysis, those with 0.5 < S/N < 1 were marked as ‘‘weak” (tripling their
uncertainty). Uncertainty for the total PM2.5 was set to 300% of the
concentration to prevent it from driving the model (Kim et al.,
2003). Extra-modeling uncertainty was added to encompass errors
not considered in the uncertainty assessment; solution diagnostics
were tested with increasing extra uncertainty from 0% to 20%.

The optimal PMF solution was identified based on (i) the mini-
mization of differences between measured and expected (theoret-
ical) Q-values; (ii) the stability of solutions over 200 runs; (iii) the
minimization of the number of absolute scaled residuals exceeding
±3; (iv) accepting source profiles with physical meaning with
respect to the known sources impacting the study area; (v) the sta-
bility of profiles over multiple runs; (vi) the uncertainties of pro-
files within an acceptable range as calculated by bootstrap (BS,
n = 300) displacement (DISP), and combined BS-DISP methods
(Paatero et al., 2014); (vii) the absence of unmapped BS factors,
and (viii) the minimization of swaps in BS (<8%) (Reff et al.,
2007; Belis et al., 2014; Brown et al., 2015; Hopke, 2016). Rota-
tional ambiguities were investigated by checking the G-space
(Paatero et al., 2005), DISP and BS-DISP results (Brown et al.,
2015). The ranges (min–max) of the adjustment in factor profile
values obtained in DISP with the constraint that the difference
(dQ = base-modified) is no greater than the dQmax = 4 were used
to assess the uncertainty boundaries associated to the final PMF
profiles.

2.8. Multiple-site concentration weighted trajectory

Back-trajectories (-120 h, model vertical velocity, starting
height 500 m above ground level) were computed using the
NOAA/ARL HYSPLIT4 model (Rolph et al., 2017; Stein et al.,
2015). Meteorological data were retrieved from the NCEP/NCAR
Reanalysis Data (Kalnay et al., 1996). The concentration weighted
trajectory (CWT) analysis (Hsu et al., 2003) was used to identify
the location of potential source areas of PMF factors and aerosol
acidity for each sampling site. CWT combines back-trajectories
with measurement data (Seibert et al., 1994; Stohl, 1996) and
counts the frequency of back-trajectory endpoints in grid cells that
extend over the geographical domain defined by the extension of
all trajectories. Then, each grid cell i,j in the domain was used to
compute a weighted value obtained by averaging the input vari-
ables that have associated trajectories passing the grid cell. CWT
was computed for i � j grid cells of 1� latitude � 1� longitude
(approx. 32 � 32 km).

CWT may be affected by the ‘‘trailing effect,” i.e., grid points cov-
ered by high numbers of endpoints return statistically stable CWT
results, while the results for cells covered by few endpoints may be
erroneous. Weighting functions were used to (i) downgrade values
of PMF factor contributions in cells where the number of endpoints
was less than fixed thresholds, and (ii) remove CWT values for pH
and DpH in cells for which the number of endpoints is less than
75th percentile. Single CWTs calculated for all the sites were then
averaged to obtain the final multiple-site CWT. A weighting func-
tion was applied to downgrade values in cells with CWT not calcu-
lated at all the single sites. A further smoothing using an isotropic
Gaussian kernel with standard deviation 0.75 was performed for
better rendering of the results. Details can be found in Section S2.
3. Results and discussion

The European limit value (calculated over 365 days, April 2012-
March 2013) of 25 mg m�3 was exceeded at 3 sites (PD, RO, VI). The
averaged concentration of major analyzed species followed the
order (all sites, all seasons, in mg m�3): OM (8.8) > NO3

–

(3.8) > SO4
2– (2.2) > NH4

+ (1.8) > EC (1.3). The spatial patterns for
major ions, EC/OC, PAHs and elements are separately discussed
in previous publications (Masiol et al., 2015; Khan et al., 2016;
2018; Benetello et al., 2018, respectively). Results of all the ana-
lyzed chemical species on a seasonal basis at each site are summa-
rized in Fig. S4.

3.1. Mass closure

The distributions of concentrations of the various PM2.5 chemi-
cal components and their contribution to the measured PM2.5 are
shown in Fig. 1. On average (all sites), the measured and recon-
structed concentrations differed by 4% for the ‘‘base” and 2% for
the ‘‘sensitivity” test. These differences correspond to 1 and
0.5 mg m�3 (Fig. S5). Nonparametric tests (Kruskal-Wallis rank
sum test and Wilcoxon rank sum) indicated that measured and
reconstructed PM2.5 concentrations were not statistically different
(p >> 0.05). Slopes of reconstructed versus measured PM2.5 were
close to unity (0.84–0.9 for the ‘‘base” and 0.87–0.94 for the ‘‘sen-
sitivity” test) and intercepts were reasonably low (1.4–2.9 mg m�3

for the ‘‘base” and 1.1–2.7 mg m�3 for the ‘‘sensitivity” test). The
bias in the prediction of the slopes and intercepts was investigated
by ordinary nonparametric bootstrap resampling (2000 replicates)



Fig. 1. Results of the hyb-MS-MC approach: (a) boxplot of the annual (all seasons) concentrations of PM2.5 major chemical components modelled at each city, and (b)
cumulative percentage of reconstructed PM2.5 mass concentrations during the 3 seasons (W = winter; T = transition; S = summer) and during the whole study period
(A = annual). Boxplots: line = median, box = inter-quartile range, whiskers = ±1.5*inter-quartile range; outliers and extremes are not shown. For each site, boxplots of AWCstd

(plot a) are provided for both the ‘‘base” and ‘‘sensitivity” simulations derived from ISORROPIA-II model, while the ‘‘average” are used in the cumulative percentage (plot b).

M. Masiol et al. / Science of the Total Environment 704 (2020) 135287 5
(Davison and Hinkley, 1997). The slopes (bootstrap
average ± standard error) were 0.89 ± 0.01 (‘‘base”) and
0.93 ± 0.01 (‘‘sensitivity”), with adjusted bootstrap percentile inter-
vals at 95th confidence level in the 0.86–0.91 and 0.9–0.95 ranges,
respectively. The intercepts were estimated as 1.74 ± 0.31 mg m�3

(‘‘base”) and 1.38 ± 0.3 mg m�3 (‘‘sensitivity”), with adjusted boot-
strap percentile intervals (a = 0.95) in the 1.2–2.4 mg m�3 and 0.8–
2 mg m�3 ranges, respectively. The reconstructed PM2.5 values were
able to explain 96% of the measured PM2.5 variance for both ‘‘base”
and ‘‘sensitivity” cases.

OM accounted for 31–45% of the average PM2.5 mass at all sites,
followed by nitrates (10–19%), CRU (10–14%), sulfates (8–10%),
water (7–10%), ammonium (5–9%), EC (4–7%), while the remaining
components accounted for only 3–4% (Fig. 1b). The Kruskal-Wallis
ANOVA on ranks test determined statistically significant differ-
ences in the concentrations of the reconstructed chemical compo-
nents among the sites. Hence, the nonparametric Dunn’s tests of
multiple comparisons using rank sums showed that the concentra-
tions of chemical components were statistically non-different
(p > 0.05) among sites in the Valley (VI, VE, PD, RO), but generally
different in BL and TV against the other sites. This result indicates
that the PM2.5 chemical composition in the cities of the Valley is
quite similar. Analyses of covariance were further used for compar-
ing the regression estimates at each site. Results show that the
regression slopes across sites were not statistically different
(p = 0.67).

The seasonal patterns of the chemical components were similar
at all the sites (Fig. S6). Generally, OM, EC, nitrate, ammonium, OI,
and TRACE were higher in winter and lower in summer, following
the PM2.5 mass pattern. CRU had the opposite pattern, likely
because resuspension is favored by the drier summer weather con-
ditions. Sulfate had also higher concentrations in summer. Since
the SO2 concentrations are relatively constant during the year
across the Veneto (Masiol et al., 2017), higher sulfate during sum-
mer is likely linked to the enhanced photochemistry favoring the
formation of ammonium sulfate (Seinfeld and Pandis, 2016).
Enhanced removal during the winter may be also contributing to
this seasonal pattern.

3.2. Ambient aerosol water content

In contrast to the AWCstd used for mass closure, the AWC com-
puted using the ambient air temperature and RH provides an esti-
mation of aerosol water content under ambient conditions. The
annual average ambient air RH ranged from 63% (TV) to 79% (BL,
VE). Daily average values were usually higher than 50%. Conse-
quently, AWC was generally higher than AWCstd.

The annual average AWC for all sites was 19.5 mg m�3 with little
variation between the base and sensitivity tests (±0.5 mg m�3). Sea-
sonally, AWC followed the pattern of ambient RH (Fig. 2a), i.e.
higher concentrations in winter (base-sensitivity annual averages
of all sites 36.9–37.2 mg m�3) and lower in summer (2.5 mg m�3).
TV had the lower AWC (base-sensitivity annual averages 3.6–4.2
mg m�3), followed by BL (10.5–10.9 mg m�3), while sites in the
lower Po Valley showed annual averages ranging from 18.7 to
19.4 mg m�3 (PD) to 31–32.4 mg m�3 (RO).

The AWC led to an increase of the ambient PM2.5 mass by as
much as a factor of 3.75 under high RH. On average for all the sites,
this increase reached a factor of 1.7. The relationship between total
PM2.5 incuding water and ambient RH was further investigated to
quantify the increase of PM2.5 mass due to AWC in the Veneto
region. The increase was exponential by fitting the data with
least-squares estimates of the parameters of the nonlinear model
(Bates and Chambers, 1992) as:

PM2:5 þ AWC=PM2:5 ¼ a � exp b � RHð Þ ð4Þ



Fig. 2. Aerosol water content (AWC) and PM2.5 mass concentration corrected for AWC (PM2.5
AWC) derived from ISORROPIA-II. Boxplots: distribution of estimated AWC (a) and

PM2.5
AWC (b) at all the single sites and combined (6 cities = Veneto); W = winter, T = transition, S = summer. Scatterplots: (c) relationship between PM2.5 measured under

standard conditions (48 h conditioning at 20 ± 1 �C and 50 ± 5% RH) and corrected for AWC at ambient air temperature and RH; (d) fit of growing PM2.5 mass concentration
with RH. Data refer to the ‘‘average” results.
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where a = 1.23∙10�4, b = 9.84∙10�2. The PM2.5 concentration in the
region approximately doubles at RH�92% (16% of sample exceed
this RH). This analysis reveals that PM2.5 includes a large amount
of water during the transition and winter periods. Under these con-
ditions, biomass burning aerosol can undergo chemical changes in
the aqueous-phase as previously observed in the Po Valley
(Gilardoni et al., 2016).

3.3. Aerosol acidity

The ISORROPIA-II model estimated acidic to moderately acidic
aerosol (pH 1.5–4.5, Fig. 3a) with significantly lower pH values in
summer (average all sites 2.2) than in winter (3.9) (Kruskal-
Wallis ANOVA on Ranks at p < 0.05). The variation of pH values
between the ‘‘base” and ‘‘sensitivity” simulations was around
±0.8 pH units in winter and transition, and ±0.5 in summer. Spa-
tially, BL exhibited the highest pH values (annual average 3.6), fol-
lowed by TV (3.2), and the other sites (3). This finding is related to
the higher concentrations of sulfate found in these two sites
(Fig. 1a). The pH values are computed from the ionic composition
and ISORROPIA-II assuming that particles of all sizes have similar
composition in the PM2.5 range. Because of this, the pH values
reflect an ‘‘average” pH of the aerosol over the PM2.5 range, i.e. in
reality some particles can be more and some less acidic.

A statistically significant linear relationship was found between
pH and air temperature for the ‘‘base”, ‘‘sensitivity”, and ‘‘average”
cases (Fig. 3b) with r2 values in the 0.7–0.91 range. Estimated pH
decreased 0.7–0.9 units for each 10 �C increase of ambient air tem-
perature. A moderate relationship was also found with solar
Fig. 3. Aerosol acidity (pH) derived from ISORROPIA-II. Data refer to the ‘‘average” resul
combined (6 cities = Veneto); W = winter, T = transition, S = summer. Scatterplots show
modelled by ISORROPIA-II) and sulfate to nitrate ratio equivalent ratio (e). Lines in plot
‘‘base” and ‘‘sensitivity” (dotted) simulations.
irradiation (r2 = 0.5–0.6, Fig. S7) due to its correlation with air tem-
perature (r = 0.78). Temperature has a strong effect on nitrate par-
titioning as NO3

– decreases in the aerosol as the temperature rises.
The nitrate partitioning shifts AWC and pH from a nitrate-
dominated regime to a sulfate-dominated regime. Weak correla-
tions were found with RH (r = 0.46–0.59 for the base and sensitiv-
ity cases) and AWC (r = 0.27–0.31; Fig. 3c,d). The strength of these
correlations was likely reduced from the analysis of 24-h inte-
grated samples (and associated noise) not accounting for the wide
range of composition and diel variations in association with air
temperature and RH patterns.

pH showed a logarithmic relationship (r2 = 0.63) with the sul-
fate to nitrate ratio (in equivalents) (Fig. 3e). This finding agrees
with the chemistry of sulfate- and nitrate-dominated pH regimes
discussed by Guo et al. (2017). The reaction of gas-phase ammonia
and nitric acid to form ammonium nitrate aerosol is favored at low
temperature and high RH typical of wintertime. Ammonium
nitrate formation decreases the concentration of H+ in the aerosol
aqueous phase increasing pH as the salts formed are less acidic
than sulfate (Guo et al., 2016). Conversely, nitric acid is almost
completely in the gas-phase in summer (Fig. 1b) allowing for a
lower pH dominated by sulfuric acid, ammonium bisulfate and
ammonium sulfate.

3.4. Estimated solid- and aqueous-phase aerosol

Even if we assume that the aerosol is metastable, ISORROPIA-II
also estimates the presence of solid phase together with the aque-
ous solution. Sulfate can also be present in the solid-phase as
ts. The boxplot (a) shows the distribution of estimated pH at all the single sites and
the relationship between pH and average daily air temperature (b), RH (c), AWC (d;
(b) and (e) show linear regressions with pH estimated from the ‘‘average” (solid),
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CaSO4 at ambient temperature and RH conditions. The predicted
annual mean concentration of solid-phase CaSO4 ranged from
0.4 mg m�3 (BL) to 0.5 mg m�3 (other sites) and showed higher con-
centrations in winter and lower in the transition period at all the
sites (Fig. S8a). The solid-phase fraction of sulfate was higher dur-
ing fall, with annual averages (Fig. S8b) ranging from 17% (RO) to
27% (TV).

Sulfuric acid is a main driver for both pH and AWC. Thus, the
‘‘binding” effect of Ca and its impact on pH through the reduction
of inorganic aerosol water and H+ were investigated further. Fig. S9
shows the scatterplots between the solid-phase fraction of sulfate
and modelled pH with varying AWC and RH segregated into the 3
periods. Statistically significant (p < 0.05) linear fits were found in
summer (r2 = 0.59) and winter (r2 = 0.28) with a higher slope in
summer, indicating an increase of 0.23 pH units for each 10%
increase in the solid-phase fraction of sulfate. The effect of Ca is
more evident during the summer, i.e. the period with the lower
pH that is dominated by ammonium sulfate. The same plot also
shows that AWC and RH affected also this relationship: the lower
solid-phase fraction of sulfate and higher pH are in agreement with
the higher AWC and RH. Similarly, Fig. S10 shows the relationship
between the solid-phase fraction of sulfate with the logarithm of
AWC. Again, higher r2 were obtained in summer (0.58), while sam-
ples collected in the transition and winter seasons exhibited
weaker relationships (r2�0.25). This result indicates that aerosol
water is likely reduced due to the reaction of sulfate with Ca, with
this effect being more evident in summer.
3.5. Source apportionment

K+ was selected over total K as a better tracer for biomass burn-
ing. Bulk Mg and Ca were included because had less samples below
DLs compared to their ionic species. Total sulfur was excluded to
avoid double counting given its high correlation with sulfate
(r = 0.94). PAH congeners were included as ‘‘weak” variables
because of the possible artefacts due to the different gas-to-
particle partitioning and chemical reactivity during different sea-
sons. The PMF analysis was repeated without PAHs and the results
exhibited similar profiles indicating that these semi-volatile spe-
cies do not drive the model. The variables and their signal-to-
noise categories are reported in Table S4.

The optimal solution was found by excluding BL, including 30
(out of original 42) variables, removing only 2 samples, and adding
10% of extra-modeling uncertainty. BL was excluded because it sig-
nificantly worsened the diagnostics even after constraining the
solutions. This result is likely related to the different topography
of the territory (Alpine valley) with respect to the other cities as
well as the different PM2.5 chemical composition previously
pointed out by the nonparametric Dunn’s tests over the mass clo-
sure components. In addition, excluding BL also allowed restricting
the PMF results to cities only in the Po Valley. The two excluded
samples (one in TV and one in VI) showed very high scaled resid-
uals for some species probably due to construction activities close
to the sites or possible sample contamination. The most reasonable
solution for the 5 sites in the Po Valley was derived from 298 sam-
ples. This solution showed just 3 scaled residuals exceeding ±3,
high r2 (0.94, Fig. S11), the absence of unmapped factors in BS,
and minima swaps in DISP. The G-space plots showed no edges.
Thus, the effect of FPEAK was investigated but FPEAK was ulti-
mately set to zero. No constraints (Brown et al., 2015) were applied
to the final solution after extensive exploration found no improve-
ment in the profiles and a degradation in the fits to certain ele-
ments. The six factor profiles are shown in Fig. 4. The annual
source contributions and seasonal cumulative fractions of recon-
structed mass are reported in Fig. 5.
Two secondary sources were identified. The ‘‘secondary nitrate”
(SN) source includes most of nitrate (84%) ammonium (54%), and
chloride (52%), but also has high shares of elements (Pb, Mn, Zn,
Cu; Sb; 18–32%), and OC (18%). The high concentration of chloride
is unusual for an ammonium nitrate factor. This factor could repre-
sent two distinct sources resulting from a poorly resolved PMF
solution due to the similar seasonal variability of nitrate and chlo-
ride. However, the chemical profile remains similar for solutions
up to 8 factors and does not present swaps with other factors.
Reactions of ammonia with both nitric acid and hydrochloric acid
forming the corresponding salts in the same periods is another
explanation. The secondary sulfate (SS) factor contains sulfate
(83%), ammonium (40%), and OC (35%), but also significant
amounts of metals (Ba, Ti, Pb; 36–22%), Na+ (25%), and K+ (23%).
The two secondary factors include secondary organic aerosol that
has condensed on pre-existing particles. Acidic particles may act
as cloud condensation nuclei and may also enhance SOA formation
(Kleindienst et al., 1999; Zhang et al., 2007; Kroll and Seinfeld,
2008; Hallquist et al., 2009; Kuwata et al., 2015). These two sec-
ondary factors are characterized by the highest OC to EC ratios
(8.8 and 17.1, respectively) and have negligible contributions to
PAHs.

On an annual basis, the highest average concentrations of the
secondary nitrate factor ranged between 3.6 lg m�3 at TV (21%
of PM2.5 mass) and 10.6 lg m�3 (37% of PM2.5 mass) at RO. The
average concentration in the 5 sites was 7.7 lg m�3 (30% of
PM2.5 mass). Seasonally, the typical SN pattern was observed
across the sites (Figs. S12 and S13), i.e. highest concentrations dur-
ing colder months and negligible in summer. This pattern was dri-
ven by: (i) the more favorable thermodynamic conditions for
ammonium nitrate formation at lower temperatures and higher
relative humidity (Stelson and Seinfeld, 1982); and (ii) the increase
in NOx emissions due to emissions from space/residential heating.

The average annual concentrations of the secondary sulfate fac-
tor varied from 6.7 lg m�3 (39%) at TV to 10.3 lg m�3 (37%) at RO.
The highest sulfate factor concentrations were detected in sum-
mer, as a result of the enhanced photochemistry that favors the
formation of sulfates (Seinfeld and Pandis, 2016).

The vehicular traffic (TRA) factor is responsible for a significant
fraction of transition metals (Cu, Ni, Mn, Fe, Zn; 33–70%), Pb (28%),
Sb (50%), Ba (29%), EC (19%), and the OC (16%). Metals can be emit-
ted from exhaust-related sources (fuel and lubricant combustion,
catalytic converters, particulate filters, and engine corrosion) as
well as from non-exhaust sources (brake and tire wear, muffler
ablation) (Pant and Harrison, 2013; Padoan and Amato, 2018;
Gustafsson, 2018; Panko et al., 2018; Kukutschová and Filip,
2018). The profile of the factor was characterized by OC/EC�4
and accounted for 1–5% of PAH congeners. Annually, traffic con-
tributed from 0.5 lg m�3 (3%) to 5.8 lg m�3 (20%) of PM2.5 in TV
and PD, respectively. The average contribution over all cities was
2.9 lg m�3 that is 12% of the PM2.5. The TRA factor exhibited higher
contributions during winter (Fig. S12). Since this source is mostly
local, the seasonal pattern was likely linked to the lower mixing
layer heights and lower wind speeds in winter and the consequent
buildup of primary air pollutants.

The factor responsible for a significant fraction of the crustal
elements (Al, Mg, Ca, Ti, Ba; 21–97%) and EC (17%) was interpreted
as re-suspended dust (RD). Road surfaces consist of a mixture of
geological materials with bitumen, and modifiers such as fillers
and adhesives (Thorpe and Harrison, 2008). Particles frommultiple
sources also deposit on road surfaces and may be resuspended
(Amato et al., 2014; Padoan and Amato, 2018; Kukutschová and
Filip, 2018; Panko et al., 2018; Gustafsson, 2018; Denby et al.,
2018). In addition, other sources present in urban areas, such as
construction activities, can contribute to this factor. Although the
DISP ranges showed high variability in the profile for OC, this



Fig. 4. Multiple-site PMF factor profiles. Left y-axis: bars represent mass contribution of base run, open circles represent the mean DISP values with the error bars providing
the range (minima and maxima values) of DISP values. Right y-axis: red filled squares show factor contributions in percent of species sum. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

8 M. Masiol et al. / Science of the Total Environment 704 (2020) 135287
source accounts for more EC than OC in mass contribution with the
lower OC/EC ratio (0.6) among the factors. This factor contributes
5–8% of PAH congeners, i.e. apparently more than TRA. However,
the difference between the two factor profiles for PAHs is almost
negligible when accounting for the upper DISP ranges, as statisti-
cally tested using the Kruskal-Wallis ANOVA on ranks at p < 0.05.
RD contributed about 4–6% of PM2.5 in all the cities, ranging from
0.9 lg m�3 (TV) to 1.7 lg m�3 (RO) on an annual basis. Generally,
RD factor concentrations were higher in spring and summer
(Fig. S12), possibly due to the drier weather conditions favoring
the resuspension from soil and road surfaces. However, the pat-
terns of the daily concentrations were different among sites
(Fig. S13), likely indicating that this is a local source. The BB factor
includes a high percentage of the measured K+ (56%), a major tracer
for this source, as well as other ions (Na+ 39%, Cl- 35%, nitrate 9%),
EC (38%), OC (28%), and accounts for most of PAH congeners (88–
92%). Similar to the secondary nitrate, this factor was further inves-
tigated for being the result of a poorly resolved PMF solution also
including sea-salt aerosol or road salt. However, the chemical pro-
file remains similar for solutions up to 8 factors and did not present
swaps with any other factor indicating its stability. There is little or
no sulfate in this factor (DISP range 0–3%). The OC/EC ratio in the
factor profile was 3.6. BB annual contribution to PM2.5 varied from
2.9 lg m�3 (10%) in RO to 5.8 lg m�3 (34%) of PM2.5 in RO and TV
(average over all cities: 4.4 lg m�3, 17%). The BB factor exhibited
higher concentrations in winter at all sites (Fig. S12) due to the
emissions from residential wood combustion, while it was always
less than 0.2 lg m�3 in summer (Belis et al., 2011; Piazzalunga
et al., 2013; Pietrogrande et al., 2015; Benetello et al., 2017).

The last factor reflects the fossil fuel (FF) combustion. It explains
most of vanadium (93%) and includes high percentages of Ni (19%),
Ti (16%), and sulfate (11%). V and Ni are usually associated with the
petrochemical industry (Bosco et al., 2005; de la Campa et al.,
2011), residual oil combustion (Moreno et al., 2010), coke produc-
tion (Moreno et al., 2007), and shipping emissions (Moldanová
et al., 2009; Becagli et al., 2012). Most of these potential sources
are present in the industrial area of Porto Marghera, close to
Venice-Mestre. Similar factors were previously reported in
Venice-Mestre in PM10 (Masiol et al., 2012), PM2.5 (Masiol et al.,
2014), and PM1 (Squizzato et al., 2016) even if the V-Ni relation-
ship is usually stronger in the coarse particles than in the fine par-
ticles (Moreno et al., 2007). FF accounted for 0.1 lg m�3 (1%) in TV,
0.7–1 2 lg m�3 (3–4%) in VI, PD, RO, and reached 1.2 lg m�3 (5%) in
VE. The higher contribution found in VE was probably related to



Fig. 5. Results of the multiple-site PMF: (a) boxplot of the source contributions at annual basis (all seasons), and (b) cumulative percentage of reconstructed PM2.5 mass
concentrations during the 3 seasons (W = winter; T = transition; S = summer) and during the whole study period (A = annual). Boxplots: line = median, box = inter-quartile
range, whiskers = ±1.5*inter-quartile range; outliers and extremes are not shown. Sources: SN = secondary nitrate; SS = secondary sulfate; TRA = traffic; RD = re-suspended
dust; BB = biomass burning; FF = fossil fuel combustions.
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the additional emissions from cargo and cruise ships. FF showed
higher contributions in summer (Fig. S12). This pattern could be
driven by the peak in energy production from coal power plants
and more intense ship traffic in the cruise harbor in VE. Despite
the clear seasonal patterns of the contributions of FF factor and
the concentrations of vanadium (Fig. S4), the Ni/V diagnostic ratio
(Fig. S14) did not show any seasonal pattern or any difference
among sites. Thus, the Ni/V diagnostic ratio cannot be used to
extract more information about the type of combustion source.

Although a marine aerosol factor can be expected (mainly in the
coastal city, VE), PMF analysis did not identify a clear sea-salt
source. This result agrees with the literature. Studies using recep-
tor modeling in the Easter part of the Po Valley have detected
sea-salt factors only in PM10 (Venice area: Masiol et al., 2012;
Bologna: Tositti et al., 2014), but not in PM2.5 (Venice area:
Masiol et al., 2014; Treviso: Squizzato et al., 2017).
3.6. Source-specific contributions to AWC and aerosol acidity

Stepwise regression analyses adopting the Akaike information
criterion as an estimator of the relative quality of statistical models
were performed to investigate the relationship between the esti-
mated pH, DpH, AWC and DAWC (each one as dependent variable)
and the PMF source contributions (independent variables). The
regressions using the ‘‘deltas” reduce the impact of temperature,
RH, and seasonality (Shi et al., 2017). Conversely, regressions with
pH and AWC include the seasonal variability of T and RH also
accounting for the seasonal differences in the aerosol composition.
Themeasure of predictive ability for multiple linear regressionwith
variables selected by the stepwise process was assessed using the
k-fold cross-validation (Braun and Maindonald, 2010; James et al.,
2013). The k-fold method randomly partitions the original dataset
into k (k = 10, in this case) equal-sized subsamples and recursively
uses k-1 parts to re-fit the regression and 1 part as a testing set.
The cross-validation root mean squared error was used as a quanti-
tative measure of error associated to the estimates. In addition, the
R2
adj shrinkage was assessed via k-fold cross-validation to return a

cross-validated adjusted coefficient of determination (Table 1).
Similar results were obtained for both pH and DpH using the

estimation of the ‘‘base”, ‘‘average” and ‘‘sensitivity” simulations
(Table 1). However, better fits were obtained for pH (adjusted
R2 = 0.67–0.74) than for DpH (0.25–0.58). Conversely, DAWC
shows higher R2

adj (0.61–0.62) than AWC (0.54).
Both pH and DpH were affected more by the nitrate, biomass

burning (increase) and sulfate and fossil fuel combustion
(decrease) factors. The nitrate factor also drives the source depen-
dence of both AWC and DAWC. These results are consistent with
those reported by Shi et al. (2019) in China. The positive correlation
between SN and pH is related to the fact that nitrate formation is
favored at higher pH values (Guo et al., 2017). There is also a sig-
nificant positive association between the SN factor and AWC and
DAWC (Table 1). The negative effect of SS and FF factors on pH
and DpH was related to their chemical fingerprint as both carry
high loadings of sulfate. Shi et al. (2019) reported a similar behav-
ior. SS was negatively correlated with pH during summertime
when the increased temperatures and lower RH lead to a decrease
of the aerosol water and to a subsequent increase of H+ concentra-
tion. Similarly, in Veneto, the highest sulfate concentrations were
recorded during summertime and it is likely that part of that sul-
fate is ammonium bisulfate.
3.7. Potential effect of regional transport

The potential effect of regional transport on PM2.5 and acidity
was investigated using a multiple-site concentration-weighted tra-
jectory analysis. Fig. 6 reports the resulting maps for the factors
more affected by transport as well as for pH and DpH. Air masses
coming from Central and Eastern Europe were associated with the
increased nitrate, sulfate, and biomass burning factors as well as
pH. This pattern was previously observed by Squizzato and
Masiol (2015) considering only a Venice site during winter. High
concentrations of sulfate factor were observed when air masses
come from Eastern Europe, where there are significant sources of



Table 1
Results of the stepwise regressions between pH, DpH (dependent variable) and the PMF source contributions (independent variables). Regressions are repeated using the pH and
DpH values computed with ISORROPIA-II for the ‘‘base”, ‘‘average”, and ‘‘sensitivity” simulations. The table reports the coefficients of the regressions (b) and the b multiplied for
the average independent variables over the whole study period (b � C). Sources: SN = secondary nitrate; SS = secondary sulfate; TRA = traffic; RD = re-suspended dust; BB = biomass
burning; FF = fossil fuel combustion.

pH Model Intercept SN SS TRA RD BB FF R2
adj CV-RMSE CV-R2

adj

b ‘‘base” 2.000 0.024 �0.007 0.012 0.039 0.064 �0.124 0.67 0.415 0.65
‘‘average” 2.786 0.026 �0.019 – – 0.076 �0.151 0.74 0.410 0.73
‘‘sensitivity” 3.485 0.028 �0.030 – – 0.089 �0.176 0.73 0.477 0.72

b�C
� ‘‘base” 2.000 0.188 �0.063 0.034 0.050 0.279 �0.099 0.67 – 0.65

‘‘average” 2.786 0.203 �0.163 – – 0.333 �0.121 0.74 – 0.73
‘‘sensitivity” 3.485 0.219 �0.264 – – 0.388 �0.141 0.73 – 0.72

DpH Model

b ‘‘base” �0.192 0.006 – – 0.036 0.029 �0.053 0.25 0.382 0.21
‘‘average” �0.115 0.006 �0.010 – 0.019 0.030 �0.064 0.43 0.272 0.37
‘‘sensitivity” �0.022 0.006 �0.022 – – 0.031 �0.073 0.58 0.237 0.43

b�C
� ‘‘base” �0.192 0.048 – – 0.046 0.127 �0.043 0.25 – 0.21

‘‘average” �0.115 0.044 �0.086 – 0.025 0.132 �0.052 0.43 – 0.37
‘‘sensitivity” �0.022 0.043 �0.191 – – 0.137 �0.058 0.58 – 0.43

AWC Model Intercept SN SS TRA RD BB FF R2
adj CV-RMSE CV-R2

adj

b ‘‘base” �3.786 2.235 – 1.051 – 0.490 2.095 0.54 24.4 0.51
‘‘average” �3.099 2.263 – 1.063 – 0.434 1.957 0.54 24.4 0.52
‘‘sensitivity” 0.049 2.275 – 1.348 – – – 0.54 24.5 0.52

b�C
� ‘‘base” �3.786 17.913 – 3.188 – 2.149 1.728 0.54 – 0.51

‘‘average” �3.099 18.137 – 3.224 – 1.903 1.614 0.54 – 0.52
‘‘sensitivity” 0.049 18.230 – 4.087 – – – 0.54 – 0.52

DAWC Model

b ‘‘base” �10.163 1.712 – – – – 3.462 0.61 15.0 0.58
‘‘average” �10.409 1.722 – – – – 3.430 0.61 14.9 0.58
‘‘sensitivity” �10.654 1.733 – – – – 3.398 0.62 14.9 0.61

b�C
� ‘‘base” �10.163 13.720 – – – – 2.855 0.61 – 0.58

‘‘average” �10.409 13.803 – – – – 2.829 0.61 – 0.58
‘‘sensitivity” �10.654 13.887 – – – – 2.802 0.62 – 0.61
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SO2 (EEA, 2019), while SO2 concentrations in Veneto were well
below the lower assessment threshold for vegetation protection
during the whole year (Masiol et al., 2017). Alternatively, the high-
est NO2 concentrations, the main precursor of PM nitrate, were
recorded in Northern Italy, Germany, and Eastern Europe countries
(EEA, 2019).
Fig. 6. Results of the MS-CWT analysis. Sources: SN = secondary nitrate; SS = secondary s
m–3 for sources; pH units for pH and DpH. Transparent pixels denote endpoints not m
The regional contributions to the biomass burning factor can be
related both to wildfires and residential biomass burning (wood,
wood chips, and wood pellets) in Central and Northern Europe.
Germany, France, and Poland are top countries in Europe for wood
chips consumption. In addition, Germany, Denmark, and Austria
are amongst the largest consumers of wood pellets for heating
ulfate; BB = biomass burning; FF = fossil fuels combustion. Units are expressed in mg
eeting the criteria in the weighting functions.



M. Masiol et al. / Science of the Total Environment 704 (2020) 135287 11
(AEBIOM, 2015). The high contribution to the fossil fuel combus-
tion factor from North and Central Italy can be attributed to the
emissions from coal and oil-fired power plants and from waste
incinerators located in these areas (CarbonBrief, 2019; Global
Energy Observatory, 2019).

Regional transport affected both pH and DpH. The pH map sug-
gests contributions of the sources in Central and Eastern Europe,
while the DpH shows positive contributions from Germany and
Poland and negative contributions from Northern Italy and the
Mediterranean area. Generally, less acidic aerosol was present
when air masses come from the North and probably linked to
the higher concentrations of nitrate factor that had a positive effect
on the pH. The more acidic particles were present when the air
originated in the Tyrrhenian Sea area and were likely related to
the fossil fuel source (FF and DpH have similar spatial patterns;
Fig. 6). The loss of fine nitrate due to reaction with larger sea-salt
particles may also contribute to lower the fine PM DpH.
4. Conclusions

This study integrates various tools to investigate the PM2.5

chemical composition, sources, acidity, aerosol water content,
and their relationships across a European air pollution hotspot.

The combination of the traditional mass closure approach with
the inorganic aerosol water content estimated by a thermody-
namic model help to better reconstruct the absolute PM2.5 mass
concentration. The hybrid mass closure approach showed that
the concentrations of the reconstructed chemical components
were statistically non-different among sites in the Valley, suggest-
ing a quite homogeneous PM2.5 chemical composition in the lower
end of the Po Valley. At all sites, organic matter represented 31–
45% of the PM2.5 mass followed by nitrate (10–19%), crustal mate-
rial (10–14%), sulfate (8–10%), ammonium (5–9%), elemental car-
bon (4–7%), other inorganic ions and trace elements (3–4%).

The all-site average PM2.5 inorganic water content at ambient
conditions was 19.5 mg m�3 with significantly higher concentra-
tions in winter (following the pattern of ambient RH). The
increased PM2.5 mass due to the aerosol water showed an expo-
nential relationship with RH, increasing on average by a factor of
1.7 the ambient PM2.5 mass concentration.

A multiple-site receptor model performed over 5 cities indi-
cated that the lower end of the Po Valley is affected by 6 main
sources with similar profiles across the region. The largest contrib-
utor to PM2.5 mass was the secondary sulfate factor (average 34%)
followed by a secondary nitrate factor (30%), biomass burning
(17%), traffic (11%), re-suspended dust (5%), and fossil fuel combus-
tions (3%). Biomass burning accounted for ~ 90% of total PAHs.

The PM2.5 was generally acidic to moderately acidic (pH 1.5–
4.5) throughout the year with lower pH in summer. Estimated
pH decreased 0.7–0.9 units for each 10 �C increase of ambient air
temperature at all the sites. Aerosol acidity was mostly driven by
secondary sulfate, fossil fuel combustions (decreasing pH), sec-
ondary nitrate and biomass burning (increasing pH). Secondary
nitrate was also found to be the main driver of the aerosol water
content.

CaSO4 was the only salt estimated to exist in the solid
‘‘metastable” form under ambient conditions. Calcium ‘‘binding”
sulfate to form CaSO4 had an impact on pH through the reduction
of inorganic aerosol water and H+ with an increase of 0.23 pH units
for each 10% increase in the solid-phase fraction of sulfate.

The application of a trajectory ensemble method showed simi-
lar results over the 5 sites in the Po Valley. Eastern and Central Eur-
ope were the main source areas of the secondary aerosol
components. Less acidic aerosol was found when air masses come
from Northern Europe due to higher contributions of the nitrate
factor. More acidic particles were present when air masses passed
over the Po Valley and the Tyrrhenian Sea possibly due to the
higher contributions of fossil fuel combustion source and less
available fine nitrate aerosol due to interactions with coarse sea-
salt particles.
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