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h i g h l i g h t s

! Receptor (PMF) and Chemical Transport (CAMx) Models were used in the same study area.
! Major PM2.5 emission sources were singled out using both the approaches.
! A critical revision of PMF profiles provided the apportionment of secondary aerosol.
! Criteria for classification of PM2.5 sources with both the approaches were harmonised.
! Source apportionment by PMF and CAMx turned out to be in fair agreement.
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a b s t r a c t

Receptor and Chemical Transport Models are commonly used tools in source apportionment studies,
even if different expertise is required. We describe an experiment using both approaches to apportion
the PM2.5 (i.e., particulate matter with aerodynamic diameters below 2.5 mm) sources in the city of Genoa
(Italy). A sampling campaign was carried out to collect PM2.5 samples daily for approximately six month
during 2011 in three sites. The subsequent compositional analyses included the speciation of elements,
major ions and both organic and elemental carbon; these data produced a large database for receptor
modelling through Positive Matrix Factorisation (PMF). In the same period, a meteorological and air
quality modelling systemwas implemented based on the mesoscale numerical weather prediction model
WRF and the chemical transport model CAMx to obtain meteorological and pollutant concentrations up
to a resolution of 1.1 km. The source apportionment was evaluated by CAMx over the same period that
was used for the monitoring campaign using the Particulate Source Apportionment Technology tool.
Even if the source categorisations were changed (i.e., groups of time-correlated compounds in PMF vs.
activity categories in CAMx), the PM2.5 source apportionment by PMF and CAMx produced comparable
results. The different information provided by the two approaches (e.g., real-world factor profile by PMF
and apportionment of a secondary aerosol by CAMx) was used jointly to elucidate the composition and
origin of PM2.5 and to develop a more general methodology. When studying the primary and secondary
components of PM, the main anthropogenic sources in the area were road transportation, energy pro-
duction/industry and maritime emissions, accounting for 40%e50%, 20%e30% and 10%e15%, of PM2.5,
respectively.

! 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The characterisation of emission sources is one of the most
important issues affecting the assessment of efficient abatement

strategies for PM pollution and the verification of their effective-
ness. Anthropogenic and natural emissions contribute to PM levels,
and these contributions can be highlighted through several source
apportionment strategies. Receptor models (Gordon, 1988) recon-
struct the contribution of each source by processing time series of
PM compositional values that are measured at specific monitoring
sites. However, because a mass balance equation must be resolved
to identify and apportion sources of PM in the atmosphere, these* Corresponding author.
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models can fail with reactive species and perform better in areas
relatively close to the sources. Various approaches for source
apportionment are currently available in the literature (Viana et al.,
2008); each requires a different degree of a priori knowledge
regarding the pollution sources. While the Chemical Mass Balance
(CMB) model (Miller et al., 1972) requires a detailed chemical
characterisation of the PM sources, multivariate models are useful
when the information regarding the number and composition of
the PM sources is scarce or absent. In this case, large data sets are
required to obtain a reliable source apportionment. Positive Matrix
Factorisation (PMF) (Paatero and Tapper, 1994) belongs to the latter
category and has rapidly become a reference tool in this research
field (e.g., Qin et al., 2006; Escrig et al., 2009; Contini et al., 2012;
Cuccia et al., 2013).

Chemical Transport Models (CTMs) are a different approach;
they are extensively used while investigating and assessing
ambient air quality at various spatial and temporal scales (e.g.,
Russell and Dennis, 2000; Seigneur, 2001; Pirovano et al., 2012).
Source apportionment tools are implemented in numerous models
to understand the contributions from particular emission sources,
specific processes, or individual chemical pathways to specific
geographic receptor locations (Zhang et al., 2005; Wagstrom et al.,
2008; Burr and Zhang, 2011). These tools also assess the formation
of secondary aerosols because they apportion the gas precursor
emissions.

Receptor and chemical transport models are rarely adoptedwith
a synergic approach. This work describes a field experiment
designed to compare and to integrate receptor models and CTMs.
The study area is Genoa, Italy. Previous studies (Mazzei et al., 2008;
Cuccia et al., 2013) provided profiles and apportioned the PM10,
PM2.5 and PM1 sources in several urban sites by processing the field
data using only receptor models. The current experiment has been
carried out as part of the MED-APICE project (http://www.apice-
project.eu/); in this project, the Department of Physics of the Uni-
versity of Genoa evaluated the impact of harbour activities on the
air quality. The monitoring activities were addressed to identify the
major pollution sources and to set-up numerical tools that can
reproduce the experimental results. During a dedicated field
campaign, a near-complete characterisation of PM2.5 was achieved,
and significant amounts of data were collected in a large database

for a PMF analysis. Simulations using the mesoscale Numerical
Weather Prediction (NWP) model Weather Research and Fore-
casting (hereafter WRF; Skamarock et al., 2008) and the Eulerian
CTM Comprehensive Air Quality model with Extensions (hereafter
CAMx; ENVIRON, 2010) have been run over the entire monitoring
period. The meteorological and pollutant concentration fields were
obtained up to an approximately 1-km resolution. The source
apportionment for PM2.5 was evaluated by CAMx during the same
period through a specific Particulate Source Apportionment Tech-
nology (PSAT) tool.

In this article, we introduce an integrated approach toward
source apportionment techniques and their validation as a step
toward a more general methodology.

2. Material and methods

2.1. Field equipment

The PM2.5 samples were collected using low-volume samplers
(Skypost by TRC TECORA), which were designed according to the
CEN standards, at three sites (Fig. 1) selected based on the direction
of the prevailing winds. Two sites (Corso Firenze and Multedo) are
key nodes of the municipal air quality monitoring network; they
are located immediately outside of the harbour area: the samplers
were positioned with the inlets at approximately 3 m above
ground. The third site was located in Bolzaneto, which is a northern
district located approximately 7 km inland: the sampler was on a
terrace approximately 12 m above ground. Briefly, Corso Firenze is
in a residential area near a road with moderate traffic, the Multedo
station lies along a private road with a very limited traffic, and the
Bolzaneto station is located approximately 400 m from the high-
way connecting Genoa to Milan in a suburb with some industrial
activities. The samplers were operated almost continuously and
simultaneously from May 2011 to October 2011 with Teflon (PTFE,
Pall: R2PJ047) and quartz fibres (Pallflex, 2500QAO UP) filter
membranes (diameter ¼ 47 mm, pore size ¼ 2 mm). At each site,
PTFE and quartz filters were alternated (i.e., one day PTFE was used,
and quartz was used the next) every 24 h beginning at midnight.
The number of collected samples was 122, 137 and 117, in Corso
Firenze, Multedo and Bolzaneto, respectively.

Fig. 1. Map of the urban area of Genoa with the position of the three sampling sites.
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2.2. Laboratory analyses

All filters were pre-conditioned for two days in a controlled
room (temperature: 20 # 1 $C, relative humidity: 50 # 5%) before
and after the sampling before being weighed using an analytical
balance (sensitivity: 1 mg). The compositional analyses were con-
ducted using differentmethods, depending on the characteristics of
each filtering membrane. In particular, the PTFE filters are very
clean and thin; therefore, they are ideal for compositional studies,
including Energy-Dispersive X ray Fluorescence (ED-XRF) analyses
(Ariola et al., 2006). They are also suitable for obtaining the ion
concentrations via ion-chromatography (Chow and Watson, 1999).
The quartz fibre filters can cause problems during elemental/
chemical analyses due to their thickness, composition and internal
contamination, but are required to determine the organic (OC) and
elemental carbon (EC) through thermal-optical methods
(Huntzicker et al., 1982; Chow et al., 1993). The quartz fibre filters
were not treated before sampling; any possible contamination was
assessed in each batch before sampling (maximum OC contami-
nation was 1.7 # 0.3 mg C cm%2). Field blank filters were used to
monitor any possible artefacts.

The elemental compositions of the PM2.5 samples collected on
both quartz and PTFE filters weremeasured by ED-XRF using an ED-
2000 spectrometer by Oxford Instruments (Ariola et al., 2006).
Before the field campaign, the PM2.5 samples were collected side-
by-side on Teflon and quartz fibre filters before the ED-XRF ana-
lyses: no discrepancies were observed between the elemental
concentrations for elements heavier than K measured during the
same day with the two collection membranes (Fig. E1 in the Elec-
tronic Supplementary Material, ESM). In addition, the S and K
concentration values determined using ED-XRF in the PM collected
on the quartz fibre filters were corrected for an average attenuation
factor (Fig. E1) to determine their mean concentrations (more de-
tails in Table 1); this correction was not included in the PMF anal-
ysis. The water-soluble inorganic components of all of the samples
were determined by ion chromatography (IC) using an ICS-1000 Ion
Chromatography System (Dionex). The PM was extracted from the
filters analysed previously by ED-XRF (or the portion remaining
after the EC/OC determination, see below). A quarter of each filter
had been wetted previously with 50 mL methanol; three successive
extractions with MilliQ water of 20 min in an ultrasonic bath were
required for a nearly complete recovery (approximately 98% # 3%)
renewing the water at each step. The extracts were analysed using
IC to identify the major ionic species (i.e., Naþ, NH4

þ, Kþ, Mg2þ, Ca2þ,
Cl%, SO4

2%, NO3
%) with an overall 10% uncertainty for the ionic con-

centrations. The possible systematic differences during the IC
analysis of PM collected on PTFE and quartz fibre filters had been
determined previously; these differences fell within the overall
accuracy of the techniques (Cuccia et al., 2013). The MSA (meth-
anesulphonic acid) concentrations were also obtained through IC.

The OC and EC fractions collected on quartz fibre filters were
directly quantified using the Thermal-Optical Transmittance (TOT)
method (Birch and Cary, 1996) with a SUNSET EC/OC instrument
while following the EUSAAR_2 protocol (Cavalli et al., 2010).

Alternating the two filter media during sampling affected the
laboratory analyses. Some low-Z elements (Na to P) were not
quantifiable via ED-XRF on the quartz filters due to the X-ray self-
absorption of the filter and the high Si concentration in the mem-
brane. This lack of information was partially recovered via IC.
Conversely, the EC and OC concentrations were directly measurable
every other day. Themissing EC values were recovered by analysing
the PTFE filters with a Multi Wavelength Absorbance Analyser
(MWAA) (Massabò et al., 2013). In this case, the average mass ab-
sorption coefficient was deduced in each site from a correlation
study between the absorbance and EC measured using TOT in the

sub-set of quartz fibre filters; afterwards, it was used to convert the
absorbance measured for each PTFE sample to an equivalent EC
concentration value (Massabò et al., 2013).

2.3. Receptor model-PMF

The PMF methodology was described by its developers (Paatero
and Tapper, 1994; Paatero, 1997). The important advantage of PMF
is its ability to handle missing data, values below the detection
limits and outliers by adjusting the error estimates of each data
point. In this work, the PMF2 program (Paatero, 2010) was used in
robust mode to reduce the influence of any numerical outliers.

The PMF analyses were carried out separately using the data sets
from each sampling site. The variables were selected according to
the signal-to-noise criterion (Paatero and Hopke, 2003), and 18
variables were finally retained during the analyses: Al, Si, K, Ca, Ti,
V, Mn, Fe, Ni, Cu, Zn, Pb, SO4

2%, NO3
%, NH4

þ, Naþ, OC and EC. The
number of samples considered in the PMF runs (122,134 and 114, in
Corso Firenze, Multedo and Bolzaneto, respectively) is sufficient for
an accurate source apportionment study (Thurston and Spengler,
1985). All of the concentration values and their associated errors
were treated according to Polissar et al. (1998). The OC missing
values, which correspond to the PM samples collected on the PTFE
filters, were calculated from the EC concentration values measured
in each sample by the MWAA and adopting the mean OC to EC ratio

Table 1
PM2.5 composition for the whole campaign (MayeOctober 2011) in the three sites:
Mean and standard deviation of concentration values are given in ng m%3 and have
been calculated considering the samples (reported as percentage frequency, F) with
concentration values above their Minimum Detection Limit (MDL) only. For some
species (i.e. Na,Mg, K and Ca) both the total concentration by ED-XRF and the soluble
fraction by IC are reported. Na Mg, Al, Si, P concentration values on Quartz filters
affected by self-attenuation effects with ED-XRF, have been not included in the re-
sults whereas the values on PTFE filters only are reported here. Finally, concentration
values for S and K measured by ED-XRF with Quartz fibre filters were recovered
through average correction factors (1.7 and 1.4, respectively) and included in the
data set.

Corso Firenze (ng m%3) Multedo (ng m%3) Bolzaneto (ng m%3)

Mean St. Dev F Mean St. Dev F Mean St. Dev F

PM2.5 13,113 4778 100% 12,657 4828 100% 14,031 5403 100%
Na 166 137 46% 197 175 52% 174 134 47%
Mg 39 21 46% 48 24 50% 45 32 46%
Al 40 49 51% 44 54 50% 48 48 49%
Si 112 108 50% 110 119 50% 151 127 49%
P 6 2 50% 7 2 50% 8 3 48%
S 1266 753 99% 1284 798 100% 1367 745 100%
K 95 55 97% 86 52 99% 172 188 100%
Ca 88 55 99% 68 38 98% 123 188 100%
Ti 7 4 80% 7 4 83% 17 25 92%
V 15 11 91% 14 11 91% 10 5 89%
Mn 4 3 77% 5 5 81% 109 209 91%
Fe 120 55 99% 111 55 98% 524 783 99%
Ni 7 4 95% 6 4 92% 5 3 89%
Cu 6 5 96% 4 2 93% 28 36 99%
Zn 16 12 94% 20 17 96% 74 121 98%
Br 4 2 93% 4 2 96% 4 2 97%
Mo 4 4 48% 2 1 46% 3 2 49%
Pb 5 3 79% 6 5 75% 28 72 92%
OC 2463 1140 100% 2148 1294 100% 2163 1129 100%
EC 1340 686 100% 904 343 100% 1503 725 100%
MSA 80 138 53% 60 43 50% 50 37 49%
Cl% 36 28 51% 45 64 57% 36 31 58%
NO3% 325 644 84% 207 216 67% 244 229 74%
SO4

2% 3770 2011 98% 3759 2106 99% 3307 1890 100%
Naþ 222 336 49% 268 201 76% 201 157 67%
NH4

þ 1419 730 100% 1376 767 100% 1175 720 100%
Kþ 58 42 75% 70 52 86% 115 144 91%
Mg2þ 34 22 100% 38 27 100% 40 25 100%
Ca2þ 79 63 60% 63 40 61% 105 174 67%
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measured using the sub-set of quartz filters sampled at the same
site. These estimated OC concentration values were included in the
PMF data sets as missing data and, according to Polissar et al.
(1998), with a large uncertainty (400% relative error). Similarly,
themissing Al and Si concentration values, which correspond to PM
samples collected on the quartz fibre filters, were treated as
missing data by adopting the mean values measured with the
subset of PTFE filters sampled at the same site and applying a 400%
uncertainty. The procedurewas tested by running the PMFwith the
entire data set and with a sub-set containing only the quartz filter
samples: this procedure produced globally well-compatible results
in terms of the factor numbers, profiles and apportionment (see
Section 3.3 and details on PM2.5, OC and EC in Table E1 in ESM).
Because PMF is affected by the rotational ambiguity (Lee et al.,
1999; Paatero et al., 2002), it directly implements rotations in the
minimisation algorithm controlled using the FPEAK parameter
(Paatero, 1997). The best rotation for each factor was chosen in the
FPEAK range from %2 to þ2 while discarding the rotations that
correspond to profiles without physical meaning (i.e., the sum of
elemental concentrations exceeded 100%) and selecting those
generating concentration ratios between the tracer elements of the
natural sources (e.g., crustal matter) that are comparable to the
literature values. To consider the effect of the rotational ambiguity,
we used the standard deviation calculated for the rotations (i.e., for
each element, the distribution of its weights in the factor profiles
corresponding to different rotations) to reveal the variability of
factor profiles (Mazzei et al., 2008; Cuccia et al., 2010).

2.4. The chemical transport model setup

The source apportionments were also obtained through an in-
tegrated air quality forecasting system, which was implemented
while the PM2.5 sampling campaign was underway. The meteoro-
logical fields were provided by the non-hydrostatic mesoscale
model WRF-ARW (Skamarock et al., 2008), version 3.2.1, while the
air quality simulations were performed using the photochemical
dispersion model CAMx (ENVIRON, 2010).

Three nested computational domains in a Lambert Conic
Conformal projection were defined for the WRF model, which
covered Western and Central Europe with a 10-km horizontal
resolution, Northern Italy with a 3.3-km horizontal resolution and
the urban area of Genoa with a grid spacing of 1.1 km (Fig. 2).

Thirty-five terrain-following vertical levels were adopted, with
higher resolutions closer to the surface. The topography, land use
and land-water mask data sets for the aforementioned domains
were interpolated from the 50-, 20- and 3000-resolution USGS data
sets, respectively. A full set of well-known andwidely used physical
parameterisation schemes was adopted. For the long-wave radia-
tion, the Rapid Radiation Transfer Model (RRTM) scheme (Mlawer
et al., 1997) was selected, while for the short-wave solar radia-
tion, the Goddard scheme (Chou and Suarez, 1994) was adopted.
The Kain-Fritsch parameterisation (Kain, 2004) was used for the
cumulus (in the parent domain only, while in the higher-resolution
domains, the convection could be explicitly resolved), the Mellor-
Yamada-Janjic (MYJ PBL) scheme (Janjic, 2002) was used for the
boundary layer, and the Thompson scheme (Thompson et al., 2008)
was used for the microphysics. Finally, the Eta similarity surface
layer scheme (Janjic, 2002) and the Noah land surface model (Chen
and Dudhia, 2001) were adopted.

The initial and boundary conditions for the atmospheric simu-
lations with WRF were generated from the operational global
model GFS (Environmental Modeling Center, 2003) outputs
(0.5$ ' 0.5$ resolution). Twenty-four-hour-long WRF simulations
were performed while saving the outputs every hour and updating
the analysis every 24 h; the boundary conditions were upgraded
every three hours. This type of approach generates unavoidable
discontinuities in the simulated fields every 24 h. However, these
discontinuities are a minor drawback in the present context; their
influence on the concentration fields is reasonably small due to the
delayed response to meteorological forcing.

CAMx is a Eulerian chemistry transport model that includes gas
and aerosol chemistry, wet and dry deposition processes, aqueous
phase processes, thermodynamic partitioning of the inorganic
aerosols and secondary organic aerosol formation/partitioning.
Particulate matter Source Apportionment Technology (PSAT) has
been implemented in the CAMx model and is publicly available
(Wagstrom et al., 2008; ENVIRON, 2010). The PSAT estimates the
contributions of specific emissions source groups, emissions source
regions, initial and boundary conditions to the PM using reactive
tracers. The PSAT tracks the contributions to mercury and PM sul-
phate, nitrate, ammonium, secondary organic aerosol, and inert
species. Nonlinear processes, including gas and aqueous phase
chemistry, are solved for bulk species and apportioned to the tag-
ged species.

Fig. 2. Topography (m) of the outermost WRF computational domain and location of the nested domains: Western and Central Europe (grey area), Northern Italy (larger box) and
the urban area of Genoa (smaller box). For CAMx simulations the outermost and the innermost domain only have been used.
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In this study, we used CAMx version 5.2 with the Carbon Bond
2005 (CB05) gas phase chemistry mechanism (Yarwood et al.,
2005). The PPM advection solver by Colella and Woodward was
used to determine the horizontal advection (Odman and Ingram,
1993), while a simple K-theory approach was used to describe the
turbulent vertical diffusion. Hertel’s EBI solver was adopted to solve
the gas-phase evolution over time (Hertel et al., 1993), while the
aerosol chemistry was described using a coarse-fine (CF) scheme.
To limit the computing time, only two 2-way nested CAMx
modelling domains were defined: an outer domain with a 10-km
horizontal resolution and an inner domain coincident with the
1.1-km resolutionWRF finest domain (Fig. 2). Sixteen vertical levels
were defined, and the ten lowest CAMx layers matched the WRF
layers exactly; the surface layer was approximately 30 m above the
ground.

The large-scale anthropogenic emissions data for gaseous (NOx,
SOx, NH3, CO, NMVOCs) and particulate (PM10, PM2.5) pollutants
were provided by the Aristotle University of Thessaloniki (AUTH)
after processing the 2005 European data set collected by The
Netherlands Organisation (TNO) with the MOSESS (MOdel for the
Spatial and tEmporal diStribution of emissionS) code (Markakis
et al., 2013). MOSESS is designed to create model-ready emission
inventories and is capable of handling temporal disaggregation
(annual/daily and diurnal processing), chemical speciation of the
NMVOCs and particles, vertical distributions and point source
treatments, as well as the spatial disaggregation of the emissions,
by utilising numerous spatial proxies including high-resolution
land uses.

High-resolution (1 km) gridded emission data were obtained
from the Liguria Region inventory for the reference year 2008 (with
harbour emissions updated to 2010). Finally, the biogenic and
natural emissions (Isoprene, Monoterpenes, biogenic other
NMVOCs, sea salt and wind-blown dust) were computed from the
WRF outputs using the NEMO (Natural Emission MOdel) model,
developed by AUTH (Poupkou et al., 2010).

3. Results

3.1. PM2.5 composition

In Table 1, the average PM2.5 compositions of the three sites are
reported. The PM2.5 levels were very similar, exhibiting high
regression coefficients among their concentration time series
(R2 ¼ 0.7 and 0.5 for time series of Multedo and Bolzaneto vs. Corso
Firenze, respectively, slope w1 in both cases). The concentration
time series for the major PM2.5 components (see Table 1) were even
more highly correlated; the regression coefficients for SO4

2%

(R2 w 0.8), NH4
þ (R2 w 0.8) and OC (R2 w 0.7) were high, and the

slopes were always approximately 1. Instead, EC showed larger
variability with higher concentrations in the sites exposed to
intense vehicular traffic (i.e., Corso Firenze and Bolzaneto, see
Table 1).

The mean concentration ratios for S:SO4
2% (0.4 # 0.1, 0.4 # 0.2,

0.4 # 0.2 in Corso Firenze, Multedo and Bolzaneto, respectively)
and SO4

2%:NH4
þ (2.7 # 0.9, 2.7 # 1.0 and 2.7 # 1.0 in Corso Firenze,

Multedo and Bolzaneto) indicated that the sulphur in PM2.5 was
almost exclusively in the sulphate form; furthermore, (NH4)2SO4
was the more abundant inorganic secondary compound (see
Table 1), accounting for approximately 40%, 41% and 32% of the
PM2.5, in Corso Firenze, Multedo and Bolzaneto, respectively. The
MSA concentration values can be used to roughly estimate the
fraction of SO4

2% due to biogenic activities through the relation
described by Bates et al. (1992): when assuming the average
ambient temperature is 22 $C, the mass ratio was 0.09 for
MSA:SO4

2%; SO4
2% refers to the sulphate formed after oxidising

dimethylsulphide. Considering that the MSA concentrations were
above the MDL in approximately 50% of samples, Table 1 reveals
that the biogenic sulphate could be estimated to account for less
than 10% of the total SO4

2%. According to the measured Na con-
centrations and the Na:SO4

2% concentration ratios in the seawater
(Seinfeld and Pandis, 1986), the fraction of sulphate with a marine
origin was even smaller (<1%), indicating that the measured
ammonium sulphate concentrations had a near-exclusive anthro-
pogenic origin.

3.2. CTM validation

The modelling system was thoroughly validated versus the
meteorological (Fig. E2 in ESM) and air quality observational data.
The concentration values predicted by CAMx have been compared
to the results of the PM2.5 monitoring campaign and data from the
municipal air quality monitoring network (PM and gaseous pol-
lutants). In Fig. 3, the time series for the predicted and measured
daily PM2.5 concentrations in the three monitoring sites are shown.

Fig. 3. Time series of predicted (grey) and measured (black) daily PM2.5 concentration
values in the three monitoring sites. Missing data are due to technical problems during
the sampling.

M.C. Bove et al. / Atmospheric Environment 94 (2014) 274e286278



A bilinear interpolation was used to compute the concentrations at
the exact locations of the sampling stations. The model predictions
reproduced the observational data satisfactorily in terms of
magnitude (though a tendency toward slight underestimation
appeared, particularly at Bolzaneto) and evolution over time. The
correlation values and regression results were comparable with the
outcomes of the other studies conducted throughout Europe and
Northern Italy (see Table E2 in ESM and the references therein).

In Fig. 4 (top and central panels), the time series for the pre-
dicted andmeasured sulphate and ammonium daily concentrations
at the three monitoring sites are presented. Despite some local
discrepancies that lowered the correlation values (Table E2), the
overall agreement is remarkable, revealing that the model could
reproduce the major components of the PM2.5 and adequately
describe the processes leading to the formation of secondary sul-
phates. In contrast, the agreement is quite poor for secondary ni-
trate, as shown in Fig. 4 (bottom panels). This mismatch is
consistent with an analogous comparison of NOx concentration
data, revealing that the model cannot reproduce NOx chemistry (in
particular NO) properly or that the emission inventory is
inaccurate.

Finally, even though the model for the OC tends toward un-
derestimation, the predictions and measurements agree (Fig. 5,
upper panels), especially at Bolzaneto (see also Table E2). The
measured EC concentration values are poorly reproduced by CAMx;
the model tends toward overestimation, and a lower correlation is
apparent between the predicted and observed evolution over time,
particularly at Corso Firenze and Multedo (Fig. 5, lower panels).

3.3. Source apportionment by PMF

The PMF analysis was performed separately for the three data
sets; however, five factors were resolved everywhere and labelled
according to their characteristic tracers (Viana et al., 2008): Traffic

(Cu, Zn, Pb), Soil Dust (Al, Ti), Heavy Oil Combustion (V, Ni), Sec-
ondary Sulphates (SO4

2%, NH4
þ), and Secondary Nitrates (NO3

%).
Sea salt, which was observed quantitatively in PM2.5 during

previous studies in the same area (Cuccia et al., 2013), was not
resolved in this experiment because Cl was not included in the PMF
analysis, and the Na was associated with the NO3

% (see discussion
below). The MSA concentration values were often below the MDL
and were not included in the PMF data set, preventing the reso-
lution of the biogenic PM. In addition, the biomass-burning tracers
were not resolved during the laboratory analyses, and a factor
attributable to Secondary Organic Aerosols was not identified by
PMF. Additional “local” sources have been singled out by PMF in
some sites, but a discussion of their profiles is beyond the scope of
this work: their small contribution to the PM2.5 levels is shown in
Table 2.

The PMF profiles of the five common factors are reported in
Fig. 6.

The average concentration ratio for SO4
2%:NH4

þ in the Secondary
Sulphates factor was 2.9 # 0.1, which is consistent with the stoi-
chiometric ratio for (NH4)2SO4.

In the coastal regions, Secondary Nitrates, which were traced by
NO3

%, can be linked to the formation of NH4NO3 and NaNO3 (Cuccia
et al., 2013); the concentration ratio for Na:NO3

% in the Nitrates
profile are consistent with the NaNO3 stoichiometry at two sites
(Corso Firenze and Bolzaneto).

The Heavy Oil Combustion factor profiles obtained at the three
sites are characterised by an average V:Ni concentration ratio of
2.8 # 0.3, agreeing with the city mean of V:Ni ¼ 3.0 # 0.7 (Mazzei
et al., 2008). These profiles present a high concentration of SO4

2%

and NH4
þ (average SO4

2%:NH4
þ concentration ratio ¼ 3.8 # 0.6,

enriched in sulphates relative to the Secondary Sulphates factor);
the presence of NH4

þ is likely due to the incomplete separation of
the major sources during the PMF analysis.

Fig. 4. Time series of predicted (grey) and measured (black) SO4
2%, NH4

þ and NO3
% concentration values (daily averages) in the three monitoring sites.
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In the Traffic factor, the average concentration ratios of the tracer
elements were as follows: Cu:Pb ¼ 1.6 # 0.5 and
Cu:Zn ¼ 0.45 # 0.05. These values are comparable to those
measured previously (Mazzei et al., 2008; Cuccia et al., 2013) in
Genoa. The average ratio between the OC and EC was 1.5 # 0.3,
which is consistent with the literature values for PM2.5 (Ho et al.,
2006).

The Soil Dust factor profiles are characterised by average Al:Si
and Al:Ca ratios of 0.43# 0.04 and 1.9# 0.5, respectively, which are
comparable to the average figures (0.3 and 2, according to Mason,
1966).

The profiles of the five factors separated in the three sites
showed different levels of similarity. The Sulphates profile was very
comparable, as shown in Fig. E3 in ESM (R2 w 1). Traffic and Soil
Dust had very highly correlated profiles in the three sites (R2 w 1
and 0.9, respectively for Traffic and Soil Dust). The Nitrates and
Heavy Oil Combustion profiles were different between Corso Firenze
and the other sites; we obtained very similar figures for Multedo
and Bolzaneto (R2 w 0.8 and 1, respectively for Nitrates and Heavy
Oil Combustion).

In Table 2, the average PM2.5 apportionment in the three sites is
compared. The major components of PM2.5 were secondary inor-
ganic compounds (on average: Sulphates w50%, Nitrates w7% of
PM2.5, respectively) with very similar percentages across the three
sites. The concentration of ammonium sulphate, as deduced by the
raw statistics given in Table 1, was approximately 30%e40% of PM2.5
at each site (see section 3.1). The difference between this percent-
ages and the figure obtained through PMF (w50% of PM2.5) can be

almost completely ascribed to the OC contamination present in the
Sulphates profiles (see Fig. 6): this contamination ranges from 10%
to 20% of the Sulphates mass, and therefore from 20% to 40% when
assuming a OM:OC ratio (OM ¼ Organic Matter) of 1.8, which is
typical of aged organic aerosols (Favez et al., 2010). A similar
consideration holds for the Nitrates factor; these profiles include
sea-spray elements (approximately 15%, Fig. 6) and carbonaceous
compounds (approximately 20%, Fig. 6). Traffic affected every site as
the major source of PM2.5, while the variability was related to the
location (w27%, 22% and 18% of PM2.5, respectively in Bolzaneto,
Corso Firenze and Multedo). The effect of Heavy Oil Combustion on
PM2.5 was higher in the sites closer to the harbour, but still signif-
icant at the inland site (w13%, 11% and 9%, respectively in Corso
Firenze, Multedo and Bolzaneto). No major resident sources (e.g.,
oil-fuelled power plant) were active in the area, and the ship
emissions were likely the predominant source of Heavy Oil Com-
bustion. The seasonal trends in the passenger traffic in the harbour
(Fig. E4 in ESM) support these results; an increase occurs in the
summer when many ferries connect Genoa to tourism destinations
in the Mediterranean Sea.

The apportionment of single elements and compounds is given
in Fig. 7. Notably, the SO4

2% and NO3
% concentrations were mainly

associated with the Secondary Sulphates and Nitrates (on average
82% and 80%, respectively). NH4

þ was primarily associated with one
of the secondary components of PM2.5 (on average: 86% in Sul-
phates). Approximately 60% of the EC was attributed to Traffic, 25%
was attributed to Heavy Oil Combustion and the remainder was
shared among the other factors. The figure is slightly different for
OC, the concentration of which was attributed for approximately
50%, 40%, and 10%, respectively, to the Traffic, Secondary Sulphates,
and Secondary Nitrates.

3.4. Source apportionment by CAMx-PSAT

The source apportionments for PM10 and PM2.5 have been
evaluated by CAMx over two periods: Summer (JuneeAugust 2011)
and late Autumn (November, 15eDecember, 15 2011). The appor-
tioned categories have been defined following the SNAP declaration
(Selected Nomenclature for Air Pollution) sectors (EEA, 2009) and
have been chosen according to an analysis of the local emission
inventory, in which sources expected to have high impacts on the
air quality in Genoa can be identified. In particular, five PM source

Fig. 5. Time series of predicted (grey) and measured (black) daily-averaged OC and EC concentration values in the three monitoring sites.

Table 2
Average source apportionment obtained by the PMF analysis of the PM2.5 data sets
collected during the whole campaign (MayeOctober 2011) in the three sites. The
contributes of the two different local sources singled out in two sites are also
reported.

Corso Firenze
(ng m%3)

Multedo
(ng m%3)

Bolzaneto
(ng m%3)

Traffic 2860 # 310 2190 # 300 3970 # 570
Heavy Oil Combustion 1710 # 260 1410 # 210 1290 # 140
Nitrates 780 # 140 890 # 160 1140 # 230
Sulphates 6500 # 450 6460 # 620 6770 # 590
Soil Dust 880 # 180 870 # 140 810 # 210
Local Source e 560 # 100 670 # 460
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categories were considered: Maritime and Harbour activities (SNAP
code 0804), Road Transport (SNAP code 07), Energy production e
Industry (SNAP codes 01, 03, 04), Non-industrial combustion plants
(SNAP code 02, in Genoa area mainly residential sources, hence
labelled as “Residential” hereafter) and Other sources (including
boundary conditions). Even if the PSAT results are available for the
entire domain, the source apportionment outcomes are here
focused for the three sites where the PM2.5 monitoring campaign
was performed: Corso Firenze, Multedo and Bolzaneto.

In Table 3, we report the average of the predicted contributions
of the listed sources to the PM2.5 levels in the two periods. The
primary impact is related to road traffic, and the minor contribu-
tions are provided by industrial and maritime activities. A seasonal
trend can be identified in both the coastal and inland sites. During
thewinter, a strong increase in the contribution of the “Residential”

sources is observed, which can be ascribed to the presence of res-
idential heating emissions. Moreover, in the coastal sites, a strong
reduction in the contribution of maritime activities is observed
because the passenger traffic in the harbour is much lower than
during the summer. The maritime contributions to PM2.5 vary
among the three sites: between 4% and 11% in the summer and
decreasing to 3%e5% in the winter.

3.5. Source apportionment comparison: PMF vs. CAMx-PSAT

The PM2.5 apportionment obtained through the two approaches
(i.e., PMF and CAMx-PSAT) was compared for the period shared by
the two data sets, i.e., JuneeAugust 2011. For PMF, we extracted the
factor profiles while processing the entire data sets; we calculated

a

Fig. 6. PMF profiles (left axis, white bars) and evaluation factors, EVF (right axis, black circles) of the PM2.5 sources resolved in all the sampling sites: a) Corso Firenze, b) Multedo, c)
Bolzaneto.
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the average PM2.5 apportionment for the overlapping three months
only. This comparison caused two major problems:

a) The methods used to single out PM sources are completely
different: with the receptor model approach, a “source” (“fac-
tor”, with the PMF terminology) is essentially a group of PM
components for which the concentration values remain con-
stant over time or, alternately, show correlated time trends. The
identification of the sources by the CTMs is based on the
structure of the emission inventory categories, which is defined
by the user through a bottom-up approach with each activity
associated with a specific emission pattern.

b) The secondary PM components are resolved and treated simi-
larly to the other primary PM sources in the receptor model
approach (i.e., they have a specific profile that corresponds to a
certain fraction of thewhole PM); with CTMs, the impact of each

source/activity on the PM level is calculated to include both the
primary and secondary components of the emission pattern;
therefore, the CTM does not and cannot resolve any type of
“secondary” source for comparison with a PMF factor.

When trying to overcome these two problems, we rearranged
the PM2.5 sources singled out by PMF and considered the factor
profiles given in Fig. 6 to redistribute the PM associated to Sec-
ondary Sulphates and Nitrates to the other primary sources. While
following the arguments provided in Section 3.3, we subtracted the
OM contamination (which turned out to be in the JuneeAugust
period w20%, w36% and w22% of the Sulphates mass, in Corso
Firenze, Multedo and Bolzaneto, respectively) from the PM2.5 mass
attributed by PMF to Sulphates, and we added the same amount to
the Traffic impact, as suggested by the mean OC apportionment
discussed in Section 3.3 (i.e., the only primary source that

b

Fig. 6. (continued).
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contributed to the OC concentration significantly was Traffic).
Consequently, we neglected a possible OC regional background
generated by the other PM sources: conservatively, we attributed a
large uncertainty (i.e., a percentage error of 50%) to the PM amount
“moved” from Sulphates to Traffic. With this correction, we
attempted to redistribute the secondary organic aerosol to the
primary processes that introduce OC into the atmosphere, even
with a very crude approximation that charges the entire budget to
Traffic. While using the same approach, we redistributed the mass
attributed to Nitrates by PMF: in this case, we processed the data by
sharing the Nitrates mass between the Traffic (6:10), Heavy Oil
Combustion (3:10) and natural sources (1:10, sea spray). The
sharing process was suggested by the factor profiles in Fig. 6 and by
the average Traffic to Heavy Oil Combustion apportionment
(approximately 2:1, see Table 2); it was adopted with a 50%

uncertainty on each correction factor. Furthermore, approximately
10% of the Secondary Sulphates were attributed to the biogenic
emissions quoted in Section 3.1: this mass was included in the
Other Sources that were collectively sized by the CAMx-PSAT.

Finally, the source names were unified to the PSATclassification:
Traffic was renamed Road Transport, Heavy Oil Combustion was
treated as entirely related to the Maritime sector, the remaining
Sulphates (i.e., after the corrections above described) were included
in the Energy Production e Industry sector (according to the emis-
sion inventory, the 340 MW coal-fuelled power plant located in the
harbour area was the major source of SOx and sulphates in the
study area). This approximation is quite crude because part of the
Secondary Sulphates concentration might be attributed to other
source categories (in particular: the relative SO4

2% concentration in
the Heavy Oil Combustion profile could not incorporate the total

c

Fig. 6. (continued).
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secondary PM attributed to ship emissions). Therefore, the figure
obtained for Energy production e Industry (see below) should be
considered an upper limit. However, because CAMx predicted the
trends in the SO4

2% and NH4
þ concentrations over time with

considerable accuracy (see Fig. 4), we considered our approxima-
tion reasonable. Soil Dust and the “local” sources resolved in some
sites were added and labelled with the natural Sulphates and Ni-
trates sources as Other sources.

The results of this exercise are provided in Table 4: the overall
picture moderately agrees with the apportionment obtained by

CAMx-PSAT. The PSAT underestimated the maritime emissions;
this underestimation might be due to the missing contributes of
ships emissions approaching the harbour because the regional
source inventory does not include this information. However, the
Other sources group in the PSAT is the sum of the contributions from
the many small activities that the PMF cannot distinguish individ-
ually, as well as the boundary conditions that account for less than
1% of PM2.5 on average in the considered period. The global picture
obtained when repartitioning the secondary PM2.5, quantified by
the field campaigns and associated with two main secondary

Fig. 7. Average apportionment of elements/compounds concentration in each sampling site calculated with the PM2.5 data sets of the whole field campaign (MayeOctober 2011).
The contributes of the two local sources singled out in Multedo and Corso Firenze, likely related to specific industrial activities, are also reported.
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sources by PMF, was basically confirmed by the CAMx-PSAT anal-
ysis, revealing that the emissions related to traffic, energy pro-
duction and maritime activities contributed approximately 40%e
50%, 20%e30% and 15% of the total PM2.5 in the summer of 2011,
respectively.

4. Conclusions

A source apportionment exercise was performed in Genoa using
field data processed by PMF and by exploiting the PSAT tool
implemented in the CAMx model. Combining these approaches is
not common, and a firm methodology comparing their results is
still missing.

We have attempted to overcome the difficulties affecting com-
parisons between receptor and chemical transport models, partic-
ularly for the grouping/classification of PM sources and the
apportionment of the secondary components, through a critical
analysis of the PMF factor profiles and a limited number of
empirical assumptions. Even if the PM2.5 apportionment was
conservatively considered with quite large uncertainties, it agreed
with the CAMx-PSAT estimates. Moreover, the satisfactory perfor-
mance of the CAMx-PSAT model during the source apportionment
exercise revealed that this chemical transport model can be
considered a reliable predictive tool.

The methodology presented here is a preliminary approach to
the problem; however, it has established that both receptor models
for processing field data and chemical transport models based on
bottom-up emission inventories might be used synergistically in
the future.
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