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HIGHLIGHTS

e A methodology to build a nation-wide
PM,; dataset is provided.

e An unprecedented reference repository
of PM;o composition for Italy is
obtained.

e The dataset with atypical time resolu-
tion is successfully exploited as input for
PMF.

o Country-scale chemical profiles
retrieved by PMF contribute to profiles
repositories.

e The approach can be employed with
datasets typically available in the AQ
networks.
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GRAPHICAL ABSTRACT

PM,, chemical speciated data from 21 Italian cities (years 2005-2016)
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ABSTRACT

Urban textures of the Italian cities are peculiarly shaped by the local geography generating similarities among
cities placed in different regions but comparable topographical districts. This suggested the following scientific
question: can different topographies generate significant differences on the PM;( chemical composition at Italian
urban sites that share similar geography despite being in different regions? To investigate whether such com-
munalities can be found and are applicable at Country-scale, we propose here a novel methodological approach.
A dataset comprising season-averages of PM;o mass concentration and chemical composition data was built,
covering the decade 2005-2016 and referring to urban sites only (21 cities). Statistical analyses, estimation of
missing data, identification of latent clusters and source apportionment modeling by Positive Matrix Factor-
ization (PMF) were performed on this unique dataset. The first original result is the demonstration that a dataset
with atypical time resolution can be successfully exploited as an input matrix for PMF obtaining Country-scale
representative chemical profiles, whose physical consistency has been assessed by different tests of modeling

performance.

Secondly, this dataset can be considered a reference repository of season averages of chemical species over the
Italian territory and the chemical profiles obtained by PMF for urban Italian agglomerations could contribute to

emission repositories.

These findings indicate that our approach is powerful, and it could be further employed with datasets typically
available in the air pollution monitoring networks.

1. Introduction

It is widely recognized that the chemical composition of airborne
particulate matter (PM) affects a number of human and environmental
key aspects like health, climate changes, ecosystems, and cultural her-
itage (see e.g., Krumbein and Gorbushina, 2009; Grau-Bové and Strlic,
2013; Amato-Lourenco et al., 2017; Kinney, 2018; Park et al., 2018;
Corsini et al., 2019; Fang et al., 2019; Tuet et al., 2019; Bellouin et al.,
2020; Arias et al., 2021; Vidovic et al., 2022; and references therein).

The variability in PM composition is tuned by the site-related
physical system, e.g. activity of point and diffuse sources, local and
synoptic meteorology, mixing efficiency of the lower troposphere,
strength of gas-to-particle conversion processes forming secondary
aerosol, seasonal frequency of advection episodes (Belis et al., 2019).
Moreover, peculiar orography and geography of the investigated area,
such as large plains or the proximity to mountains and/or large water
bodies, may univocally impact one site with respect to others pertaining
to the same classification, especially as for the atmospheric dispersion of
pollutants and the frequency of advection episodes. In Italy, extremely
different geographical areas, like the Po plain, the extended coastline
facing the Mediterranean Sea, and the mountain valleys of Alps and
Apennines extending along the peninsula, closely alternate within a
narrow territory, being the seventh largest EU country (Eurostat, 2022a)
by total surface area, but having average width lower than 500 km only
(Isprambiente, 2011).

More details about the features of these territories are reported in the

Supplementary Material, Section S1. Many Italian regions include more
different geographical systems. Therefore, the specific location of cities
in the same regional entity is an important feature that can drive
different efficiencies in pollution. Extended research has been carried
out in Italy in the last decades focusing on the chemical speciation and
source apportionment of PM at city level and carried out in the frame of
multi-city/multi-year projects at regional scale (Perrino et al., 2008;
Carbone et al., 2010; Bove et al., 2014; Sandrini et al., 2014; Masiol
et al., 2020; Cesari et al., 2021; ARPA Umbria, 2016; PREPAIR Lifel5
Project). Many urban sites have been individually characterized by main
factors responsible for local air pollution, including site-related geog-
raphy and topography (Moroni et al., 2012; Cesari et al., 2014; Amato
et al., 2016; Massimi et al., 2017; Merico et al., 2021; Tositti et al., 2022;
Daellenbach et al., 2023).

It is noteworthy that a nation-wide linkage among cities influenced
by the same geographical system, beyond their regional boundaries, is
still missing, whereas it would support identifying mitigation measures
more targeted at specific city-geography features.

To fill this gap, in this work we propose a novel methodology based
on the estimation of missing data and the identification of latent clusters
followed by receptor modeling, to investigate if different topographies
are able to generate significant differences on the PM chemical
composition at Italian urban sites that share similar geography despite
being in different regions and if such communalities can be applicable at
Country-scale. In details, the novel methodology is aimed at:
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1. Identifying the main city-geography relationships, considered for
city size (large or medium agglomerations) and geographical-
topographical system (Po plain, other inland areas, coastline with/
without commercial port), with respect to the variability of urban
PM; composition across Italy;

2. assessing if PM;( compositional profiles representative of different
city-geography relationships show significant differences among
each other;

3. exploring the potential of the dataset as a reference repository of
season-averages of PMjo chemical species by city-geography,
particularly for trace elements scarcely available from routine mea-
surements, to be employed in cases where replacement of missing
data is required;

4. evaluating the suitability of employing average values of PM
composition as input for source apportionment modeling, e.g., by
Positive Matrix Factorization (PMF).

To investigate such points, the Working Group on Sources and
Environmental Impact of Aerosol of the Italian Aerosol Society (IAS.
https://www.iasaerosol.it/) collected PM;( data of mass concentration
and chemical composition by voluntary contribution of many research
groups from Italian universities, research institutions, and regional
environmental protection agencies.

A dataset (hereafter called IAS dataset of PM;o) has been built,
covering the 2005-2016 period and comprising season-averaged
chemical speciation data directly provided by the participating in-
stitutions; chemical composition PM;( data (both major species and
trace elements) refer to urban sites of large or medium cities in the Po
plain, inland areas or coastlines, across the Italian territory.
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To the authors' knowledge, there are no previous literature works
documenting latent clustering related to aerosol chemical speciation
data and PMF applications to datasets with such time resolution and
spatialization as extensively reported in this work.

2. Materials and methods
2.1. Dataset description

An array of average PMjo mass and its chemical composition was
compiled, providing 110 cases by 40 chemical variables in the
2005-2016 period. In this work, a case in the dataset is defined as the
average values of PM;( mass and composition referring to one site for
one season and one year; each different combination of site-season-year
identifies univocally a different case, as well as different sites in the same
city. The cases were grouped by the season(s) (winter (W), spring (S),
summer (SU), fall (F)) indicated for each average value by the contrib-
uting authors and ranked from less to more recent years within each
season; each case is thus identified by the combination of season
abbreviation and ranking number within the season group. While the
PM;( mass concentration was provided for all cases, a few species (i.e.,
PAHs, levoglucosan, and some trace elements) were poorly available.
Minimum data coverage for any chemical variable, to be considered for
the goal of subsequent investigations, was set to 60 % of total cases.

Locations included in this dataset reflect siting criteria of the urban
background type, under the 2008/50/EC Ambient Air Quality Directive
(AAQD) requirements (Nagl et al., 2019). The sites are referred to 21
urban agglomerations of the Italian territory, namely (from North to
South): Torino, Varese, Monza, Milano, Venezia, Ferrara, Bologna,

Videocamera: 1.802 km 46°27'27°N 3°36'25°E  1.159 m

Fig. 1. Map of the cities of this study. Placemarks color indicates inland (orange) or coastal (blue) cities.


https://www.iasaerosol.it/
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Genova, Rimini, Riccione, Pistoia, Sesto Fiorentino, Firenze, Perugia,
Terni, Civitavecchia, Montelibretti, Roma, Napoli, Bari, Lecce (Fig. 1). A
short description of the locations (geography, landscape, urban context,
population density) and of cases (site name, coordinates, sampling
years/seasons) is reported in Table 1 and more details can be found in
the related literature.

First, a preliminary survey was carried out on data availability; an
ad-hoc prepared questionnaire was supplied to this aim. Then, calls for
data submission were launched: participants were asked to compile a
form with chemical speciation data available from previous measure-
ments and field studies, on a voluntary basis. Time resolution estab-
lished for data of both PM;o, mass concentration and chemical
composition is season average and standard deviation, referring to an
individual site by year and including at least two analytical de-
terminations among inorganic ions, major elements, EC, OC, TC, levo-
glucosan, minor-trace elements, PAHs, in addition to PMjy mass.
Participants were requested to directly provide season averages calcu-
lated by their respective laboratories, instead of data series. By this way,
pre-existing awareness of site peculiarities was intrinsically included in
calculation by the responsible for data, thus enhancing both the site-
related representativeness and the overall signal-to-noise ratio of the
chemical information. All average values of PM;o mass and chemical
composition of the dataset refer to 24-h time resolution, corresponding
to that of sample collection for most field campaigns where data origi-
nate from. In a few cases, sampling time was lower than 24-h; these data
were thus aggregated to 24-h. A summary on the sampling techniques
and the analytical methods can be found in the Supplementary Material
(Section S2) and details on the experimental design of the original
research studies contributing to this dataset can be found in references
reported in Table 1 and in the Supplementary Material, Section S2.

2.2. Quality assurance and quality control

Average values of chemical composition and PM;o mass reported in
this dataset have heterogeneous origins, differing - with respect to the
aims of the original field study - for sampling period, duration and year,
laboratory protocols of sample pre-treatment, and analytical de-
terminations. Therefore, the physical soundness of the overall data array
is less predictable than considering arrays of measured data obtained by
ad-hoc sampling and experimental design. Physical consistency was thus
investigated by three different modalities: within a single case, within
individual species (variability range and seasonal behaviour), and for
species-to-species relationships compared to those expected at urban
sites. Results of data quality control were used to address the issue of
missing data.

First, the within-case consistency was checked. Mass contributions of
aerosol macro-components (mineral dust, sea spray, secondary inor-
ganic aerosol, organic matter, and fossil fuel combustion) were calcu-
lated by empirical mass closure (Perrino et al., 2014) using the mean
values provided by case; the sum of estimated mass contributions was
matched against the corresponding mean value of measured PM; mass.
Concerning the assessment of individual chemical variables, ammo-
nium, nitrate and sulphate ions were checked for soundness with the
season evolution commonly expected for secondary inorganic aerosol;
prior to this, total sulphate was empirically apportioned to sea-salt and
non-sea salt fractions (Chow et al., 2015). Further, in a number of cases
in the dataset both ion and total determinations of element were pro-
vided, in particular for Na (Na™), Mg (Mg?"), K (K"), Ca (Ca"), and S
(SOz). Ordinary least square regression analysis (OLS) was thus
employed to control that the relationship between the ion and the total
content was consistent.

Consistency checks across the dataset structure included the
following: mass contributions obtained by empirical mass closure were
ranked by decreasing values, to assess the coherence of trends with
respect to size of urban agglomeration, season and geographical loca-
tion; OLS regressions between different chemical variables were
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evaluated with respect to variability typical of urban sites; selected
diagnostic ratios were compared to those of suitable literature source
profiles; chemical equivalents of anions and cations were calculated, and
ion balance analysis was carried out by anions-to-cations regression
(Fig. S1).

As previously stated, with the purpose of selecting the chemical
variables to be subjected to further investigations, a 60 % threshold of
minimum data coverage was imposed. This led to a final data matrix
with a 23 x 110 size. Nevertheless, missing values also affected variables
which passed this selection, due to the different origins of data. In this
work, the need of having a dataset with no missing values is driven by
the purpose of exploring its potential both as reference repository of
city-geography specific season averages of chemical species in PM;, and
as unconventional input dataset for PMF analyses, as done here for the
first time. For Na, K and Ca, the OLS analysis between total and ion
determination (as previously reported) shows linearity along the whole
variability range and R? (Pearson) above 0.85; therefore, missing values
of the total variable were estimated by the linear regression with the
corresponding ion species, and vice versa.

This approach was also used for missing data of S or SOz, by recip-
rocal stoichiometric conversion. In the case of Mg and Mg?" the
regression parameters were not satisfying. In this case, and for all other
chemical species included in the dataset, missing values were replaced
by season averages calculated over available data, excluding outliers.

2.3. Data analysis

2.3.1. Latent clustering

Cases included in the IAS PM;y dataset form clusters of non-
independent - nested or hierarchical — observations that, in principle,
are not traceable to season or anthropogenic impact differences.

This kind of data structure is commonly described as a problem of
linear mixed effects (Harrison et al., 2018). Latent clustering can be due
to the grouping influence by environmental factors others than those
expected (e.g. emitting sources), i.e. the geographic location, the sea-
sonal and meteorological evolution, the annual variability, the local and
regional land-use, the experimental protocols followed to produce the
data, etc., and it has been previously observed in datasets of aerosol
measurements (Mikkonen et al., 2011; Li et al., 2017; Harrison et al.,
2018). However, in this work the latent clustering is documented for the
first time, to the authors' knowledge, related to aerosol chemical
speciation data. The investigation of latent clusters requires employing
mathematical treatments that specifically address the nested structures
of the dataset (Sun et al., 2004; Li et al., 2010), but currently none of the
existing methods has been tested on aerosol chemical data. Therefore, a
novel methodology was developed (Pietrodangelo et al., Personal
communication) to identify latent clusters in the IAS PM;, dataset,
assess their statistical and physical soundness, and disaggregate signif-
icant clusters from each other to the goal of investigating for the hidden
presence of unexpected grouping factors (environmental predictors)
among cases and chemical variables.

While addressing the hierarchical structure of chemical speciation
data is not within the scopes of this work, the improved information
obtained by investigating some basic cases of latent clusters in the IAS
PM,; o dataset is discussed in Section 3.4.

2.3.2. Positive matrix factorization

Positive matrix factorization (PMF) (Paatero and Tapper, 1994) is a
well-known receptor model which exploits the principle of mass con-
servation (see Section S4 for details) and relies on the statistical multi-
variate analysis approach. The input data consist in chemically
characterized PM datasets containing key species tracing specific sour-
ces (typically primary aerosol species not subjected to chemical trans-
formations in the atmosphere) and the output result is the attribution of
PM mass to the different sources identified by the model. It is note-
worthy that the main disadvantage of such approach is related to
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Table 1

Brief description of the cities, sites, and years/seasons which cases of the IAS PM;, dataset refer to. Abbreviations: sme: small and medium enterprises; S: summer; W:
winter. (*) Population density refers to years of sample collection by city. For multi-year periods, population density is reported for the first and last year of the period,

respectively (Istat, 2023).

City Geography Landscape and urban context Site name Coordinates Year(s)/seasons Population Literature

density (*)
(inhab/km"2)

Torino North-west/Italian Flat/hilly, pre-alpine, business Consolata 45° 4'31.79'N, 2007, 2011/all 128-130 Padoan et al., 2016;
Alps, Northern Po city, industries in the outskirts 7°40'42.35'E seasons Diana et al., 2023
Valley (foundries, automotive) Grassi 45° 6'29.37'N,

7°40'39.39'E

Varese North-west/Alpine Hilly/pre-alpine, industries in Vidoletti 45°50'15.07'N, 2012/S, W 1464 Air quality network
foothills, lakes the outskirts (food, 8°4817.35'E data (not published)

automotive)

Monza North-west/ Flat/country, industries in the Monza Parco 45°36'8.58'N, 2007-2009 368 (year: Air quality network
Northern Po Valley, outskirts (sme) 9°16'31.26'E (average)/S, W 2008) data (not published)
rivers

Milano North-west/ Flat, business city, tertiary Citta Studi, 45°28'35.49'N, 2006/S, W 6948-7045 Bernardoni et al.,
Northern Po Valley sector, industries in the University 9°13'50.95'E 2011

outskirts (pharmaceutical, campus Air quality network

manufacturing) Citta Studi, air 45°28'43.66"N, 2012/S, W data (Amato et al.,
quality station 9°13'52.13'E 2016; Daellenbach
Pascal et al., 2023)

Venezia North-east/Gulf of Lagoon, small island and Punta Sabbioni 45°25'36.13"N, 2007 /all 636 Masiol et al., 2010;
Venice, Adriatic canals, commercial and 12°26'1.26'E seasons Masiol et al., 2012
coastline touristic harbours

Ferrara North-east/Eastern Flat/country, agriculture, Porotto-Cassana 44°51'10.04"N, 2007, 2011, 326-330 Perrino et al., 2014
Po Valley, Adriatic industrial area in the outskirts 11°33'11.41'E 2014, 2015/S,
coastline (power plant, waste w

incinerator)

Bologna North-east/ Flat/country, intensive Universita 44°29'46.60"N, 2006/S, W 2608 Tositti et al., 2014
Southeastern Po agriculture, industries in the 11°21'14.72'E
Valley, Northern outskirts (waste incinerator)

Apennines

Genova North-west/Gulf of Hilly/coast, commercial Corso Firenze 44°25'10.65"N, 2009, 2010, 2490-2433 Cuccia et al., 2010;
Genoa, Ligurian harbour, business city, 8°55'38.1"E 2015/all Bove et al., 2018
coastline, Ligurian industrial area in the outskirts seasons
Apennines

Rimini North-east/Adriatic Flat/seaside, touristic harbour,  Stadio 44° 3'13.38'N, 2009, S 1014 Air quality network
coastline, Southern tourism business 12°34'34.88'E data (not published)
Po Valley

Riccione North-east/Adriatic Flat/seaside, touristic harbour, Parco Agolanti 43°59'13.09'N, From 2006 to 1973-2016 Vassura et al., 2014
coastline, Southern tourism business 12°39'25.19'E 2011/all
Po Valley seasons (not all

years)
Pistoia Central/Florence Flat/country, plant nursery Montale 43°54'55.06'N, 2014/all 381 Barrera et al., 2015
plain, Chianti hills business, industries in the 11° 0'20.78'E seasons
outskirts (waste incinerator)
Sesto Central/Florence Flat/country, agriculture, Villa San 43°49'40.30'N, 2006/all 955 Traversi et al., 2014
Fiorentino plain, rivers, manufacturing industry Lorenzo 11°11'39.30'E seasons
Morello mountain

Firenze Central/Florence Flat, business city, industrial Bassi 43°47'8.33'N, 2006, 2013/all 3484-3632 Nava et al., 2020
plain, rivers, Central  area in the outskirts 11°17'13.19'E seasons
Apennines (engineering, chemical,

pharmaceutical,
manufacturing)

Perugia Central/hills, Hilly/country, agriculture, Parco Cortonese  43° 6'23.05'N, 2013/all 368 Crocchianti et al.,
Central Apennines tertiary sector, industries in the 12°21'48.70'E seasons 2021

outskirts (manufacturing,
food)

Terni Central/Nera river Hilly, large industrial area in Carrara 42°33'37.97'N, 2016/all 523 Moroni et al., 2012
basin, Central the outskirts (AST steel plant, 12°39'1.66"E seasons
Apennines energy production)

Civitavecchia Central/Tirrenian Flat/coast, commercial and Borgo Aurelia 42° 8'5.52'N, From 2008 to 702-705 Air quality network
coastline touristic harbour, large 11°47'10.36'E 2011/S, W (not data (not published)

industrial area in the outskirts Parco Antonelli 42° 5'28.63'N, all years)
(energy production plants) 11°48'6.71'E

Montelibretti Central/hills, Hilly/country, agriculture Montelibretti 42° 6'20.22'N, From 2005 to 110-113 Perrino et al., 2002;
Central Apennines 12°38'24.34'E 2010/all Yttri et al., 2019

seasons

Roma Central/Tevere Hilly, business city, tertiary Villa Ada 41°56'2.75'N, From 2005 to 1994-2009 Perrino et al., 2002
valley, hills, sector, industries in the 12°30'25.27'E 2007/all
Tirrennian coastline outskirts (engineering, seasons

pharmaceutical, food)

Bari South/plain, Coast, commercial and Pane e N 41° 7' 4.446", E 2007/S, W 2722 Amodio et al., 2010;
Adriatic coastline touristic harbour, business city, =~ pomodoro 16° 53' 32.599" Ielpo et al., 2011

beach

(continued on next page)
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Table 1 (continued)
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City Geography Landscape and urban context Site name Coordinates Year(s)/seasons Population Literature
density (*)
(inhab/km"2)
tertiary sector, industries in the ~ San Nicola sport N 41° 5'5.019", E
outskirts stadium 16° 50' 24.305"
Casamassima N 40° 57’ 25.672",
E 16° 55 13.396"
Napoli South/Gulf of Hilly/coast, commercial and San Marcellino 40°50'50.80"N, 2015/S, W 8216 Chianese et al., 2019

Naples, hills,
Tirrenian coastline

touristic harbour, business city,
tertiary sector, industries in the
outskirts (manufacturing)

Lecce South/Salentine Flat/country, tourism business, =~ University
plain, Adriatic agriculture, sme Campus
coastline

Olivetani

Codacci- Pisanelli
40°21'22.12"N, 18°10'1.66'E

14°1529.14'E

40°20'0.63'N, 18° 2007, 2012/S,
7'17.91'E w

373-394 Contini et al., 2010

Air quality network
data (not published)

40°21'40.95'N,18° 9'55.90'E

Beni Culturali

40°21'5.93'N, 18° 9'45.14'E

secondary aerosol species (e.g., sulphate, nitrate, ammonium) which
cannot be traced back to the original sources of the gaseous precursors
(e.g. SOz, NOy, and NHj for sulphate, nitrate, and ammonium, respec-
tively); as a consequence, for those species receptor models apportion
the PM mass to the chemical components and not to the emission
sources.

In this work, the PMF analysis has been carried out on the original
dataset of PM;o mass and chemical species mean values, with the goals
of 1) describing the average chemical profile of main source contribu-
tions affecting the urban PM; ¢ composition at representativeness level of
the Italian territory; 2) quantitatively estimating the influence of
different urban textures on the same profiles.

The U.S. EPA-PMF v5.0 software (Norris et al., 2014) was used in this
work; it is accomplished by the Multilinear Engine (ME-2) platform
(Paatero, 1999).

Season average values for PM;( mass and chemical species provided
by participants were used as input data in the PMF analysis. As already
mentioned, only variables with a threshold of 60 % for the minimum
data coverage were considered, and missing data were estimated as
described in Section 2.2 with an associated uncertainty set at four times
the calculated value. Cr and As were excluded from the analysis: the first
due to the high amount of missing data (around 40 %), the latter since it
gave rise to a noisy unique factor during the first runs of the model. In
the end, 110 samples and 21 variables (PM;o mass, Cl~, NO3, SO,
Na®, NHj, K", Mg*™, OC, EC, Al, Si, Ca, Fe, Mn, Ni, Pb, Cu, Ti, V, and
Zn) were used as input in the PMF model. PM;( mass was introduced as a
total variable with an uncertainty set at four times its value (Kim et al.,
2003). The final choice — optimized iteratively during the analysis - for
uncertainty associated to each variable was: 20 % for Cl~, NO3, SOz,
Na™, NHZ, Kt, Mg™™", OC; 15 % for EC; 10 % for Al, Si, Fe, Mn, Cu, Ti; 40
% for Ca, Ni, Pb, V, Zn (these variables were downweighted starting
from the 10 % initial uncertainty). Extra modeling uncertainty was set to
10 %. The number of model runs was 30. Bootstrap analysis (BS) and
displacement of factor elements (DISP) were also performed to check the
robustness of the solution retrieved by PMF (Norris et al., 2014; Paatero
et al., 2014).

3. Results and discussion
3.1. Physical soundness of the PM;¢ dataset

In Fig. 2 the apportionment of PM;¢ mass to major contributions
(mineral dust, sea spray, secondary inorganic aerosol, organic matter,
and fossil fuel combustion) calculated by empirical mass closure is
matched against average PM;( values from the dataset. When the mass
closure is calculated by the originally submitted data (Fig. 2a), for about
70 % of total cases the sum of mass contributions falls within the PM;q

standard deviation, indicating that the average chemical composition is
overall physically consistent with PM;, with underestimation of PM;q
mass below 30 %. This is also evident by the regression plot reporting
the sum of mass contributions against the average PM;, in the same
figure. Thus, for these cases, the average chemical composition data
allows an almost complete, while being only qualitative, reconstruction
of the PM;( mass. For the remaining cases the information on chemical
composition and on PM;y mass are only partially consistent; average
composition is indeed underestimated by 30-70 %, but only three cases
strongly underestimate the PMjq. It is worth noting that cases with
larger discrepancies between PM;( and chemical composition data are
those totally or partially missing (at data submission) of at least two
species among ions, EC/OC, and major elements. Nevertheless, data
replacement (Section 2.2) allowed us to consider these cases too, for
further data analysis. As shown in Fig. 2b, the mass reconstruction
calculated by empirical mass closure after replacement of missing data
improved significantly, also driving cases with original incomplete
chemical information to a sound regression with the PM;y mass con-
centration, as far as the apportionment to major mass contributions is
concerned. Indeed, cases formerly showing reconstruction below 30 %
of average PMq (Fig. 2a) improved mass closure results, having been
thus finally included in one of the two other groups. Ion balance analysis
based on the sum of chemical equivalents of anions and cations, calcu-
lated after replacement of missing values, shows mean and median an-
ions/cations ratio of 1.2 with 13 % relative standard deviation. This
result confirms that missing data replacement was physically coherent
with the original chemical speciation of cases, as also indicated by the
parameters of regression between anions and cations (Fig. S1).

3.2. Season differences and the influence of geography

The statistical significance of data was assessed either by season and
by anthropogenic impact, prior to further evaluation, as reported in
Section S3. In general, differences of season average values resulted
statistically significant under the two-tailed Welch's t-test for fall and
winter, while spring and summer groups share the same distribution for
most species in the dataset. Statistical discrepancies of spring-summer
with respect to fall-winter data cannot be explained by the size of
groups, since both spring and fall include 20 cases, while summer and
winter include 36 and 34 cases, respectively. It was thus chosen, for the
rest of the work, to discuss results combined into two main seasons,
warm (spring-summer) and cold (fall-winter). Since species means were
mostly provided for a cold and a warm period related to the same site,
the number of cases in the two periods is almost equal. From data in
Table 2, it is evident that season differences are not significant for all
species.
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Fig. 2. Apportionment of average PM;o to major mass contributions (mineral dust, sea spray, secondary inorganic aerosol (SIA), organic matter and fossil fuel
combustion). a: Calculated by using speciation data as originally submitted (including missing values); b: calculated by using speciation data after replacement of
missing values. Error bars are given by PM; standard deviation (which here represents the concentration variability not the uncertainties on PM;). The regression
between the sum of contributions and PM is also shown, separately for cases for which mass closure reconstruction is above 70 %, within 30-70 % and below 30 %
of average PM; (black, light grey and dark grey dots, respectively). S: spring; SU: summer; F: fall; W: winter.

3.2.1. PMjp and mass components

Considering the totality of urban sites and years of this study, the
PM;( mass concentration in the cold season is about 10 pg m~ higher
than in the warm period; the p-value (Table 2) indicates that the season
difference is significant (p < 0.01). As previously observed, differences
are negligible between spring and summer while those between autumn
and winter cases are appreciable. However, a sounder differentiation is
obtained by combining season with geographical features, i.e., by
assigning cases to an ‘inland’ or ‘coast’ category based on the distance
from coastline, as it is reported in Fig. 3. Since coastlines represent about
80 % of the total perimeter of Italy, the proximity to coast was chosen as
the discriminating criterion of geography to be considered. By doing so,
it appears evident that only the group of inland cities in the cold season
show clearly higher PMj;o mean values than the other groups,

irrespective of city size.

Furthermore, applying the same combination of criteria to PM;g
contributions calculated by mass closure, inland cities in the cold season
show higher organic matter levels than coastal cities, as it is shown in
the inner plot of Fig. 3, although both inland and coastal winter values of
this contribution are higher than in the warm season, as expected. This
could be likely due to the different strength of biomass burning in the
coastal and in the inland areas, being more diffused in the latter, either
for domestic heating or farming activities. Concerning other PM;( mass
components, results obtained by combining season and proximity to
coastline do not improve the resolution of differences between inland
and coastal urban sites; fossil fuel combustion, mineral dust, sea spray,
and SIA show the expected seasonal behaviour as yet previously argued.
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Table 2

Season average (standard deviation), warm-cold season difference (standard
deviation) and results of the two-tailed Welch's t-test of all species of the PM; ¢
dataset. Lower p-values are associated with a small chance of rejecting the
correct null hypothesis of significant season differences. Concentration values
are in pg m > for major species and in ng m~° for minor and trace elements (from
As to Zn, as listed in the table).
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3.2.2. Trace elements

From Table 2, season differences are significant for Cu, Pb, Ti, V and
Zn. To assess if these differences are influenced by the geography of
cities, the highest values of these species (each individually ordered by
decreasing value) at the 50th percentile were evaluated with respect to
percent abundance of the season-versus-proximity to coastline combi-
nation, which was previously explored in Section 3.2.1; results are re-
ported in Table S1. The 50th percentile value corresponds to an overall
flattening of the decreasing curve of elemental concentrations, with the
only exception of Ti. Concerning Cu, Pb and Zn, in the cold period their
mean concentration is far higher in the inland cities; nevertheless, in the
same season Rome also shows high values of Cu and Zn, despite its
closeness to coastline. Most of the cities in the ‘cold-in’ group and the
city of Rome are both located in flat or hilly areas included in valleys
(see Table 1 for details), that is, a topographical context that aids the
triggering of atmospheric stability and thermal inversions episodes in
the cold season, favouring the accumulation of pollutants. For Ti and V,
as source tracers of desert dust and shipping emissions, respectively, the
differences among the four groups (cold -in/co and warm -in/co) seem
to be only modulated by the season, aside from the distance from the
coastline. Most of the highest mean values occur in the warm period,
coherently with the more frequent events registered in this season for
medium-long range transport of desert dust to the Italian territory and
stronger emissions from shipping activities, either local (high V values
are indeed associated to cities with commercial ports, in Table S1) or
transported.

3.3. Variability of the urban PM;, chemical composition with city size
and anthropogenic impact

3.3.1. City size

Population density of cities was used as a proxy of the city size and it
was calculated for the respective years which cases refer to (Istat, 2023).
Cases were grouped into three clusters, under the criteria of the OECD
categorization by size of urban agglomerations (OECD, 2021). This
produced clusters of similar numerosity (ranging 34-40 cases) within

—Warm season (inland)_moving aver.
—Warm season (coast)_moving aver.
—~Cold season (inland)_moving aver.

—Cold season (coast)_moving aver.

Species Warm Cold season  Test t P-value Season
season aver. aver. (sd) statistic difference
(sd) (sd)
PM10 26 (6.4) 34 (15) -3.7 4.4E-04 -8.1(2.2)
Cl™ 0.39 (0.33) 0.61 (0.71) -2.1 4.3E-02  —-0.22(0.11)
NO3 1.6 (0.98) 3.7 (3.3) —4.4 3.8E-05 —2.1(0.46)
ss_.SO7 0.16 0.15 (0.13) 0.16 8.8E-01 0.0032
(0.073) (0.021)
nss SOz 3.4 (1.1) 2.5(1.1) 4.4 2.2E-05  0.95 (0.22)
Na™ 0.62 (0.29) 0.61 (0.53) 0.16 8.8E-01 0.013 (0.082)
NHj 0.96 (0.38) 1.2(1.1) -1.8 7.0E-02  —0.28 (0.16)
K' 0.21 (0.10) 0.34 (0.17) —4.8 5.6E-06  —0.13(0.027)
Mg*" 0.10 0.095 0.45 6.6E—01  0.051 (0.011)
(0.038) (0.074)
ocC 5.2 (1.9) 9.4 (4.0) —6.8 2.1E-09 —4.1(0.61)
EC 1.0 (0.42) 1.8 (0.90) -5.7 2.6E-07  —0.76 (0.14)
Al 0.30 (0.14) 0.19 (0.10) 4.8 4.9E—-06 0.11 (0.024)
Si 0.97 (0.36) 0.61 (0.28) 5.9 5.9E-08  0.36 (0.063)
Ca 1.3 (0.59) 0.95 (0.47) 3.1 2.3E-03  0.32(0.10)
Fe 0.43 (0.25) 0.47 (0.37) —0.67 5.0E-01 —0.041
(0.060)
As 0.93 (0.58) 1.4 (0.91) -3.0 3.8E-03  —0.43 (0.15)
Cr 4.8 (3.7) 4.8(3.2) 0.011 9.9E-01  0.0072 (0.66)
Mn 11 (6.3) 10 (6.7) 0.74 4.6E—01 0.92 (1.3)
Ni 5.2 (4.5) 5.1 (5.1) 0.14 8.9E-01 0.13 (0.91)
Pb 6.4 (5.5) 12 (12) -29 4.8E-03 —5.2(1.8)
Cu 20 (9.6) 26 (19) —2.4 1.9E-02 -6.8(2.8)
Ti 25 (14) 16 (12) 3.4 1.1IE-03 8.4 (2.5)
A 5.9 (5.3) 2.9 (1.5) 4.1 1.3E-04 3.0 (0.74)
Zn 27 (18) 42 (36) -2.7 9.2E-03 —-14 (5.4)
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Fig. 3. PM;o mean values reported by combining season (warm (W)/cold (C)) and proximity to coastline (inland/coast) site information. Error bars are standard
deviation submitted with mean values. Lines are moving averages by a fixed subset of 5, for each group. The highest values in the W-inland, C-inland and C-coast
groups refer to Milano in 2006 (54.7 and 111 pg m~>) and Napoli in 2015 (50.3 pg m~>), respectively. In the inner plot, PM; contributions calculated by mass
closure are also reported by combined criteria of season and proximity to coastline.
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the following ranges of population density (number of individuals per
square km): >2000 (large; Torino, Napoli, Milano, Firenze, Bologna,
Genova, Roma, Riccione, Bari), 400-2000 (medium; Varese, Rimini,
Sesto Fiorentino, Civitavecchia, Venezia, Terni, Lecce, Pistoia) and
<400 (small; Monza, Ferrara, Montelibretti, Perugia). The relative mass
of each species in the PM;( was considered in this part of the study, to
highlight the possible relationship with differences in the chemical
enrichment of the PM;( mass. Differences among groups resulted poorly
significant under the two-tailed Welch's t-test for most species. However,
for EC, Fe, and Cu the test evidenced significant differences at 95 %
confidence level between population density groups, as shown in Fig. 4,
where the PM; o mass concentration clustered by the same groups is also
reported. The null hypothesis of similarity between groups is accepted
by the Welch's t-test in the case of PM;, suggesting that the population
density does not critically influence the PM;( mass concentration, while
it is rejected for EC, Cu, and Fe. The chemical enrichment of PM;( mass
in these species, which are well-known source tracers of the vehicular
traffic (Viana et al., 2008), is thus significantly affected by differences of
population density. In particular, largely populated cities have signifi-
cantly higher EC and Cu levels than cities with medium and small
density (for EC: 1.8 and 1.2-1.4 pg m~ on average, respectively; for Cu:
1 and 0.6-0.7 ng m™> on average, respectively), while Fe is more
abundant in both large and medium density cities with respect to small
ones (on average 18-19 and 8 ng m ™3, respectively). It is plausible that
similar differences would be observed for other specific traffic-related
chemical tracers, which are however not available for this dataset.

The null hypothesis of similarity is also rejected when the Ni and V
mass concentration in PM; ¢ is compared among the population density
groups. Cities in the group 400-2000 show significantly higher Ni and V
concentrations than other groups. Cities in the dataset having medium
density population are indeed also those more impacted by large har-
bours (Venezia, Civitavecchia) or by industrial sites in the proximity of
the urban area (Terni). These cities are thus more affected by Ni than
highly populated cities, as reported in Fig. S2, except for Genova (in the
>2000 density group), where high Ni and V concentration in the PMj is
also observed, due to the strong influence of port activities.

3.3.2. Anthropogenic impact
To evaluate the anthropogenic impact, the business demography was
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used as parameter, which describes the active population of enterprises
within a region and a given period, by means of indicators that include
activities relating to industry, construction, distributive trades and ser-
vices, thus reflecting the influence of main working sectors on the ter-
ritory (Eurostat, 2022b). In this part of the study, the cases were a-priori
assigned to categories based on the business demography statistics
applied to Italian provinces for the year 2016 (Istat, 2020), to investigate
the link between working activities and urban PM;o composition. Cat-
egories were defined depending on the number of newborn enterprises
in 2016, namely: >500 (Torino, Milano and Roma), 50-500 (Bologna,
Firenze, Varese, Pistoia and Monza: 51-100 or 101-500 new enter-
prises) and <50 (Ferrara, Terni, Lecce, Sesto F., Perugia, and
Montelibretti).

A harbour category (including Venezia, Genova, Civitavecchia,
Napoli, Bari, Rimini and Riccione), which includes cities with com-
mercial and/or touristic ports, has been also considered separately, to
specifically evaluate the impact of port enterprises and activities, given
the large number of coastline cities in Italy. Port cities listed above fall in
the >500 (Venezia, Civitavecchia, Napoli), 50-500 (Genova, Bari), and
<50 (Riccione and Rimini) classes.

Concerning differences of species concentration in the PM;o mass,
from Fig. S3 it is evident that the dataset response to clustering by
business demography is sharper compared to using population density.
With respect to the latter, cities in the highest business demography class
are more affected by Cu, while all other cities show comparable Cu
variability ranges and mean value. All cities with >100 newborn en-
terprises instead show comparable variability of Fe and EC, coherently
with increased traffic fluxes and public transportation frequency due to
business-driven rush. As reasonably expected, port cities distinguish
from the rest mostly for shipping activities, as indicated by the far larger
mean and variability ranges of Ni and V, independently of the port city
size and population density. Nevertheless, the influence of in-harbour
and maritime procedures seems also to be inferred by this categoriza-
tion. This is particularly evident in the case of Fe, with mean value of the
harbour group that is comparable to that of the groups >500 and 50-500,
and mass enrichment of Fe in the PM;( far above the mean value in
about 30 % of cases included in this group.
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Fig. 4. Box and whiskers plot of the species whose relative mass in the PM; is significantly discriminated among cities with different density of the general
population (null hypothesis of similarity rejected by two-tailed Welch's t-test, at 95 % confidence level). For each species, cases are grouped by number of individuals
per square km; from left to right: >2000, 400-2000, <400. The PM;, clustered by the same groups is also shown.
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3.4. Hidden information in latent clusters: basic examples from the IAS
PM;¢ dataset

3.4.1. The Cl /Na" ratio

The linear regression between Cl and Na ions including all the 110
cases of the dataset is described by a slope of 0.90 (R2 0.79). However, a
large dispersion is observed around the regression line, as shown by the
inner plot of Fig. S4, which suggests that subgroups of data points in-
dependent of each other might share the same (Na®, Cl7) variability
domain. The C1~/Na™ ratio shows two sharp inflection points along the
decreasing plot (not shown), which identify three groups with averages
(% relative standard deviation) of 3.7 (54 %), 1.4 (16 %) and 0.64 (36
%), respectively. When the three groups are plotted separately (main
part of Fig. S4), the related linear regressions improve significantly with
respect to considering the 110 cases all together. In the figure, the sea
salt CI"/Na™ ratio from literature (Seinfeld and Pandis, 2006) has been
also plotted starting from the Na™ values of the 110 cases. Among the
three groups, the distribution of the central one (slope 1.4) is close to
that of the sea salt, sharing also a similar variability range, both along x
and y axes. Concerning the third group, the CI~/Na™ ratio is around 0.64
(range: 0.20-1.1, including 75 % of total cases): similar values are
commonly attributed to a partial chloride depletion due to sea salt
ageing, in atmospheric aerosol studies (Bondy et al., 2017). Therefore,
the second and third groups can be related to cases that were differently
affected by sea spray, either fresh or aged from transport, respectively.
Finally, in cases with the highest CI /Na™ ratio (indicated as ‘DS_fresh/
aged/Cl™ excess’ in Fig. S4) an excess of Cl™ is observed, suggesting that
likely further sources as steelworks influenced those cases, in addition
to, or differently from, the sea spray.

3.4.2. The V/Ni ratio

The curve of decreasing values of the V/Ni ratio, considered over all
cases of the dataset, shows an inflection point at 1.1 (Fig. S5a, inner
plot). Interestingly, this threshold seems to sharply discriminate be-
tween two groups: cases of the warm season and those of the cold season,
with few exceptions; in addition, most cases of port cities also show V/Ni
ratio far above 1.1. The linear regression between V and Ni, calculated
separately for these three groups, shows that cases with V/Ni <1.1
distribute along the regression line with much lower slope than the other
two groups. The median (+ standard deviation) of V and Ni concen-
tration for the three groups are: 2.4 + 1.4 and 3.3 + 1.7 (V/Ni <1.1), 5.0
+ 2.0 and 3.3 +£ 1.2 (V/Ni >1.1), 7.0 £ 9.7 and 5.6 + 5.5 (port cities),
respectively. It is evident, also looking at Fig. S5a, that the large dif-
ference observed among slopes is mainly due to the large increment of V
in the V/Ni >1.1 group with respect to cases where the same ratio as-
sumes values below unity. Since the V/Ni ratio is a source-selective in-
dicator of crude oil combustion, particularly relating to the emission of
exhausts from shipping (Pey et al., 2013; Corbin et al., 2018; Zhao et al.,
2021), all cases of the dataset were investigated with respect to their
distance from the reference source profiles of shipping, available from
the database SPECIEUROPE (Pernigotti et al., 2016). To this aim a
scatter plot was used, which is shown in Fig. S5b; other source profiles of
the repository, namely vehicle exhaust emissions and wood burning,
were also considered, to improve the interpretation of cases in the
scatter plot with respect to other possible influencing sources. In
Fig. S5b, the cases of port cities distribute close to reference profiles no.
210, 211, 212 and 287, which relate to exhausts emission from ship
auxiliary engines (at three different loads) and to the presence of
harbour, respectively; the other shipping profiles, connected to exhaust
emissions from the main engine (again, at different loads), are instead
distributed far from the above-described cluster.

The use of auxiliary engines in marine vessels is expected during
harbour activities and during the stay of the vessel at the dock, to keep
on-board power sources on. This supports the hypothesis that the V/Ni
values observed for port cities, particularly in the warm season, are due
to port activities more than to the medium-long range transport from
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open sea of exhaust plumes from vessels sailing. Similar remarks can be
applied to the other cases with V/Ni >1.1, which share quite equal linear
regression of port cities (Fig. S5a), likely reflecting the influence of the
latter on other cities, especially during the warm season. It has to be
considered that the distance of very inland cities of Central and South
Italy from Adriatic or Tyrrhenian Sea coasts ranges at most 50-100 km,
therefore a short- or medium-range transport of air masses from local
ports to other cities is probably more frequent than the transport from
open sea. Concerning cases with V/Ni <1.1, in the scatter plot they are
chiefly distributed close to vehicle exhaust reference profiles, suggesting
a likely increased influence of local traffic emissions, in the cold season,
with respect to the transport of polluted plumes from harbours.

3.4.3. Other relevant ratios: OC/EC and Fe/Al

In the IAS PM;, dataset, the OC/EC ratio ranges 2 + 12, and clear
relationships are observed between the variability segments, within the
overall interval, and the city type (size, geography). In Fig. S6 the 110
cases of the dataset are reported by decreasing value of OC/EC for the
different city sizes (as defined in Section 3.3.1) and dominant geography
(Inland, Coastal). It is evident that higher values of the ratio are those of
small- and medium-size inland cities, while lower values pertain to large
and medium cities, among which most coastal ones, irrespective of the
season (not shown). This trend agrees with findings reported by Pio et al.
(2011), relating to many European sites differently affected by the
anthropogenic burden. In that work, it is shown how the (OC/EC)nin
ratio decreases from remote to industrial sites because of the increasing
EC levels due to the stronger impact of anthropogenic sources. The
urban sites included in the IAS PM; dataset confirm these findings. The
relative mass of EC in the PM; is plotted in Fig. S6 correspondingly to
the OC/EC. It is evident that decreasing OC/EC values are driven by the
increasing EC mass concentration in the medium and large cities. This
also provides an explanation for the minor relevance of seasonality,
since the main factors determining the decreasing trend are the larger
city size and the proximity to the sea, both increasing the strength of
anthropogenic activities and, consequently, the EC concentration in the
PM; mass. Concerning sources of crustal materials, the Fe/Al ratio was
considered, since it seems to be more responsive to the influence of
anthropogenic activities, with respect to other ratios. Recently, Boraiy
et al. (2023) have reported values of Fe/Al above the 0.5 + 2 range,
which is commonly observed in the natural crustal dust of either African
and European origin (Pietrodangelo et al., 2013), at a site strongly
impacted by large population density and neighbouring industries. In
this work, a similar behaviour is observed for this ratio. The inflection
point at Fe/Al values around 2 (inner part of Fig. S7) clearly separates
cases in two groups, as it is shown in the main part of Fig. S7. In
particular, the cluster with Fe/Al > 2 mainly refers to large and medium
cities (90 % of the cities in this group), thus evidencing the influence of
the anthropic burden by an evident enrichment in Fe with respect to
values expected for mineral dust.

3.5. Positive matrix factorization results

The most reliable and robust PMF solution is the seven-factor con-
strained analysis. These factors were tentatively labelled according to
their characteristic tracers (Viana et al., 2008) as Marine, Dust1, Dust2,
Nitrate, Sulfate and Heavy Oil Combustion, Biomass Burning, and Urban
aerosol. This assignment takes into account the major drawback of re-
ceptor models, which can apportion the contributions of secondary
components to PM mass as such, without any chance to relate them to
the source of gaseous precursors.

In this PMF analysis, two constraints were applied to the Nitrate
factor profile, pulling down maximally Pb and Zn which are typical of
primary anthropogenic emissions more related to the Urban factor. The
maximum variation allowed in Q for the applied constraint was 10 %,
with a final dQ variation of 4 % compared to base solution.

For the best solution, chemical profiles (in pg m~>) and the share of
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components in terms of percent contributions are shown in Fig. S8 and
Fig. 5. The average PM;( mass apportionment (in %) at each site aver-
aged over all results retrieved for the cold and warm periods is reported
in Fig. 6.

The robustness of the final solution was evaluated by bootstrap
analysis (100 runs) and all factors resulted very well mapped with un-
mapped cases limited to 1 % (for Nitrate source profile). Moreover, the
dQ-controlled perturbation or displacement of factor profile (DISP)
analysis was performed to assess the rotational ambiguity on the
selected solution; overall, the main tracers in the profiles showed quite
narrow DISP intervals. A summary of the solution uncertainty assess-
ment using BS and DISP from EPA-PMF is reported in the Supplementary
Material (Fig. S9).

The Marine factor chemical profile is characterized by the typical sea
salt tracers, i.e., Na®, Cl~, and Mg2+ as reported in Fig. S6. It is note-
worthy that highest share in terms of PM;¢ mass (i.e. higher than 10 %
see Fig. 6) is typically found at coastal sites and only in few cases at
inland sites easily impacted by sea salt transport events due to their
geographical position (e.g. Lecce); only in a couple of cases (i.e. Varese
and Perugia) the apportioned mass for this factor was about 10-15 %
although the sites are scarcely impacted by marine air masses.

Al and Si - typical tracers of mineral particles — show quite compa-
rable shares in both Dust1 and Dust2 factors but the percent contribution
of other species significantly differ (see Fig. S6); this is the case of Ca
which is a dominant species in the Dust2 factor (ca. 60 % in Dust2 vs. 0.7
% in Dust1). Not negligible percentages of Fe, Mn, and Ti (elements also
present in the Earth's crust) as well as V and Ni (typical tracers for heavy
oil combustion) characterize the Dustl factor. The difference in
composition suggests that likely Dust1 is more representative of mineral
dust transported from long distances which overpassed areas with Ni
and V emissions from heavy oil combustions (either from shipping or
industrial plants). Opposite, Dust2 might be more representative for
local dust resuspension with a contribution from road dust and/or
construction works as suggested by Ca enrichment (see e.g., Amato
et al., 2009; Pio et al., 2022). Mass contributions of Dustl and Dust2
(summed up together) vary in the range 12-64 % and 0-38 % in the
warm and cold periods, respectively, among sites.

As expected, a relevant mass contribution (>15 %) of the Nitrate
factor is detected during the cold period and the highest values (i.e. >30
%) are found at sites located in the Po valley (see e.g., Vecchi et al.,
2018; Scotto et al., 2021), a well-known hot spot for aerosol secondary
components; the only exception is Napoli where 49 % of the PM;( mass
in the cold period is apportioned by this factor. The other factor ex-
pected to dominate mass contributions during the cold periods is
Biomass burning as being characterized by high contributions of OC, EC,
and K™ in the source profile (Cachier et al., 1991; Belis et al., 2011; Pio
et al., 2022; and therein cited references) and by high species percent
contributions. In the large majority of the sites where biomass burning
accounts for more than e.g. 20 % of the PM;( mass it occurs during the
cold period but is also interesting to note not negligible contributions are
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also detected during the warm period; more generally, 73 % of the sites
show contributions higher than 10 % to PM; o mass. These results can be
explained considering that — in addition to biomass burning due to do-
mestic heating in cold periods — emissions from neighbouring agricul-
tural (e.g. it is usual to burn crop straw is in fields after harvest) and
cooking (e.g. pizzerias with wood oven, which are widespread in Italy)
activities are very likely (Scotto et al., 2021).

The factor with the chemical profile dominated by SO%”, NHj, V,
and Ni was named Sulfate and Heavy Oil combustion. V and Ni are typical
tracers for heavy oil combustion which can be related to industrial and
shipping emissions (Viana et al., 2008; Bove et al., 2014; Contini and
Merico, 2021). Sulphate is generally associated with regional pollution.
This factor contributes up to 45-47 % of the PM;( during the warm
periods in Bologna and Venezia.

The factor labelled as Urban, is characterized by significant heavy
metals contributions (e.g. Pb, Cu, Zn, Fe) but also EC and OC (see e.g.,
D'Alessandro et al., 2003; Viana et al., 2008; Amato et al., 2016). These
are all tracers of anthropogenic emissions like traffic and industrial
emissions and half of the sites show PM;( mass contributions higher than
20 %.

The soundness of the PMF profiles has been evaluated by comparison
against the source profiles of the database SPECIEUROPE, assumed as
reference. To this aim, the standardised identity distance (SID) was
employed, as described by Belis et al. (2015a), which is a similarity test
assessing the comparability between source profiles that are expected to
refer to the same source category. The SID is calculated based on the
ratio - over all species j of two profiles a and b - of the identity distance
(ID) to the maximum accepted distance (MAD). These quantities are
calculated by each species and can be geometrically interpreted,
respectively, as the distance of the profile from the identity (one-to-one)
line, and the lower and upper threshold distances from the identity line
within which the ID is acceptable; SID values above unity indicate that
the two profiles are poorly or not comparable. A full presentation and
application of this approach is described in Belis et al. (2015a, 2015b).
In Figs. S10 and S11 two PMF profiles of this work, namely Biomass
burning and Dust2, are plotted each against different reference profiles of
the same source category; the lower and upper acceptability thresholds
are also reported for each comparison. Reference profiles of Figs. S10
and S11 were selected by applying the best compromise between the
lowest values of SID (relating to the comparison of PMF with reference
profiles) and the completeness of reference profiles in terms of available
species. It is worth noting that SID values were far below unity in all
comparisons, but with large variability between the minimum (8 1073
and 2 107%) and the maximum (3 102 and 6 10~ 3) values for the
biomass burning and the dust profiles, respectively; the number of
profiles evaluated for each source category was similar, namely 22 for
biomass burning and 21 for road dust (plus additional four profiles of
brake and tyre wearing). Concerning biomass burning, the PMF profile
shows poor comparability with profile #192 (Fig. S10a), while the
comparability with profiles # 5, 6, 7, 8 (Fig. S10b, reported as composite
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Fig. 5. Sharing of chemical species (percent contributions) in the factor profiles extracted by the best PMF solution.
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Fig. 6. Mean PM;, source contributions (in %) averaged over all results retrieved for the warm (w) and cold (c) periods at each investigated site.

of the four profiles) is fairly good, since all available species are within
the acceptability area, with few exceptions (NO3, Al, Mn, Ti, and V).
This result is coherent with the urban character of the studied sites,
whereas open burning is more expected in sites like, e.g., rural areas
impacted by agriculture. In the case of the Dust2 profile of the PMF
solution, the lowest SID value is with the profile #52; however, the
species available from this profile are far less than those from profile
#228. The comparison was thus performed with the latter profile
(Fig. S11a), also given the fact that the related SID value is the second
lowest of this group. Tracer species of road dust, among those available
from the IAS PM; dataset, fall within the acceptability area except for
Fe and EC, supporting the affinity of the Dust2 profile with the road dust
source category. Differently, the comparison with the brakes/tyre
wearing sub-category (Fig. S11b), following the same criteria as above
described, suggests that the Dust2 profile does not include the influence
of wearing processes that affect vehicle mechanical components. Indeed,
the lowest SID between the Dust2 and the brakes/tyre wearing sub-
category is anyway far higher than values relating to the road dust
category. The reference profiles used for comparison all over this work
are cited with the original ID number of SPECIEUROPE.

4. Conclusions

This work proposes a novel methodology to generate a PM chemical
speciation dataset with atypical time resolution (e.g., season averages
over the years 2005-2016) and wide spatial coverage (here >20 cities
over the whole Italian territory) suitable for a receptor model study.
Indeed, average values used in this work as input to the PMF model have
heterogeneous origin - differing among each other by years, site and
duration of measurement campaigns generating the data, number of
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punctual data collected, and analytical procedures, this condition being
typically unfavourable to a sound PMF modeling. Despite this, the re-
sults obtained by the model are reliable, as tests of modeling perfor-
mance demonstrated (namely: SID for similarity with reference profiles,
BS and DISP analysis for profile uncertainty assessment).

An added value of the dataset built in this work and the source
chemical profiles obtained by PMF analysis is that they can be further
used in large variety of experimental and modeling studies as they
provide - for the first time with nation-wide representativeness - a
general picture of the linkages inter-connecting Italian cities to the
peculiar geographical and topographical features of Italy, and to the
chemical variability of urban aerosol with special focus on the PM;q
fraction. It is worth noting that the dataset also provides - by same
territorial and seasonal representativeness above mentioned - season
averages of minor and trace elements (As, Cr, Mn, Ni, Pb, Cu, Ti, V, and
Zn), which are generally not available from other comparable datasets.
Results of tests on the physical consistency and the statistical signifi-
cance of the chemical speciation data indicate that the IAS PM; dataset
has a potential for employment as a reference repository of season av-
erages for the chemical species, relating to the Italian territory. Averages
can be extracted from the dataset depending on the target and the city
under study, by aggregating chemical data for the geographical area,
topographical features, business intensity or population density, com-
bined to season.

The application of the proposed methodology to the IAS PM;,
dataset shows that among the 21 urban agglomerations included, sig-
nificant relative differences in the PM;( composition refer to two city-
geography types: 1) inland cities with high (Torino, Milano, Roma) or
medium (Bologna, Firenze, Varese, Monza and Pistoia) anthropogenic
impact due to business and to large- or medium-size population density;
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2) port cities, especially those with commercial harbours (Venezia,
Genova, Civitavecchia and Napoli). Inland cities of Italy are mostly
located in flat or hilly areas extending within valleys: this topography
aids the occurrence of atmospheric stability and thermal inversion epi-
sodes, particularly in the Po plain but also common to many basins of the
Apennines and the Alps, with consequent pollutants accumulation
(Ferrero et al., 2014) due to the emissions mainly related to biomass
burning for domestic heating and traffic. Port cities, on the other side,
are interested by frequent wind advection and air mixing that reduce the
pollutants accumulation because of the proximity to the coastline.
Nevertheless, at port cities the PMj is affected by higher mass contri-
butions of sea spray (in both warm and cold seasons) and, to minor
extent, of mineral dust from long-range transport in the warm period. In
addition, port cities show — whatever the size - the largest enrichment in
V and Ni, mainly due to in-harbour activities, and a significant enrich-
ment in Fe. These findings indicate that this approach is powerful, and it
could be further employed with other dataset of atypical chemically
speciated data, like those available in the EU Countries, from sampling
points of air pollution monitoring networks where the PMj 5 chemical
speciation is required, under the 2008/50/EC Directive for Air Quality
and its ongoing revision. In addition, the chemical profiles obtained
could be proposed as a contribution to profiles repositories, like SPE-
CIEUROPE, since they refer to a large number of Italian cities and can be
thus considered as representative at territorial scale, that is, of the
source profiles commonly measured at urban agglomerations of Italy.
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