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Abstract

In this work, a comprehensive characterisation and source apportionment of size-segregated aerosol
collected using a multistage cascade impactor was performed. The samples were collected during
wintertime in Milan (Italy), which is located in the Po Valley, one of the main pollution hot-spot
areas in Europe.

For every sampling, size-segregated mass concentration, elemental and ionic composition, and
levoglucosan concentration were determined. Size-segregated data were inverted using the program
MICRON to identify and quantify modal contributions of all the measured components.

The detailed chemical characterisation allowed the application of a three-way (3-D) receptor model
(implemented using Multilinear Engine) for size-segregated source apportionment and chemical
profiles identification. It is noteworthy that - as far as we know - this is the first time that three-way
source apportionment is attempted using data of aerosol collected using traditional cascade

impactors. Seven factors were identified: wood burning, industry, resuspended dust, regional
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aerosol, construction works, traffic 1, and traffic 2. Further insights into size-segregated factor
profiles suggested that the traffic 1 factor can be associated to diesel vehicles and traffic 2 to
gasoline vehicles. The regional aerosol factor resulted to be the main contributor (nearly 50%) to
the droplet mode (accumulation sub-mode with modal diameter in the range 0.5-1 um), whereas the
overall contribution from the two factors related to traffic was the most important one in the other
size modes (34-41%).

The results showed that applying a 3-D receptor model to size-segregated samples allows
identifying factors of local and regional origin while receptor modelling on integrated PM fractions
usually singles out factors characterised by primary (e.g. industry, traffic, soil dust) and secondary
(e.g. ammonium sulphate and nitrate) origin. Furthermore, the results suggested that the information
on size-segregated chemical composition in different size classes was exploited by the model to

relate primary emissions to rapidly-formed secondary compounds.

Capsule: detailed chemical characterisation of samples collected by multistage cascade impactor
was performed. Application of three-way receptor model allowed obtaining size-segregated source

apportionment.

Keywords: Multistage cascade impactor; aerosol size distribution; size-segregated chemical

composition; three-way source apportionment; gasoline vehicles; diesel vehicles

1. Introduction

Atmospheric aerosol is a complex mixture of solid and liquid particles suspended in the
atmosphere. Atmospheric aerosol has impacts at local scale on health (e.g. Pope and Dockery,
2006), visibility (e.g. Watson, 2002), cultural heritage damage (e.g. Bonazza et al., 2005) and at
global scale on the Earth radiation balance (IPCC, 2013). The main parameters determining the
aerosol effects are particle sizes and chemical properties, which depend on source emissions and
following transformations/reactions in atmosphere (Poschl, 2005). As examples, size-segregated
information can be used to gain further insights into aerosol effects on health (Heal et al., 2012) and
can be exploited in perspective to improve Earth radiative transfer models.

Atmospheric aerosol can be separated in several size-ranges and collected for subsequent analysis
using multistage cascade impactors. Measurement techniques for the characterisation of different
components of size-segregated aerosol have been described in the literature (e.g. Maenhaut et al.,
1999 for elemental analysis by Particle-Induced X-ray emission; Viidanoja et al., 2002 for organic
and elemental carbon analysis). To provide complete chemical characterisation, sampling on

different filter media is mandatory (e.g. Maenhaut et al., 2002; Rogula-Koztowska, 2016; Salma et
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al., 2005). Nevertheless, sampling using cascade impactors is not straightforward, mainly due to the
number of samples to deal with. Thus, it can be worthy developing non-destructive, traditional
techniques (e.g. ED-XRF) to provide a relatively wide chemical characterisation on the same
sample with no need of unconventional laboratory devices (e.g. accelerators).

Information on aerosol sources can be obtained from physical-chemical characterisation of aerosol
collected in ambient air e.g. using multivariate receptor models (Hopke, 2016; Viana et al., 2008;
and therein cited literature), which allow to retrieve aerosol source contributions, chemical profiles,
and temporal trends. Three-way (3-D) source apportionment models (Harshman and Lundy, 1994;
Tucker, 1966) can be applied to size- and time-resolved aerosol samples to obtain information on
size-segregated source profiles and contributions. Nevertheless, in spite of the importance of
exploiting information on size-segregated aerosol composition for source apportionment purposes,
studies concerning a comprehensive characterisation of aerosol segregated in more than two size
classes coupled to 3-D source apportionment are nearly absent in the literature. Few examples are
applications to data collected using a high-resolution time-of-flight mass spectrometer - HR-ToF-
MS (Ulbrich et al., 2012) or drum impactors (Li et al., 2013; Peré-Trepat et al., 2007). Nevertheless,
the high cost and complex operation of the HR-ToF-AMS and the need of accelerator facilities for
the elemental analysis of drum impactor samples (Bukowiecki et al., 2005; Cabhill, 1996) strongly
limit the spatial and temporal applicability of these techniques.

In this work, a comprehensive characterisation of size-segregated aerosol collected using a
multistage cascade impactor was performed quantifying mass by gravimetry, elements by ED-XRF,
main inorganic ions and levoglucosan by liquid chromatographic techniques. The detailed size-
segregated characterisation allowed the determination of mass and chemical components size
distribution at a heavily polluted area (Milan, Italy). Furthermore, a 3-D receptor model
(implemented using Multilinear Engine) was applied to obtain size-segregated source profiles and
apportionment from samples collected using traditional multistage cascade impactors. As far as we

know, this is the first time that 3-D source apportionment is attempted on this kind of data.

2. Materials and Methods

2.1 Sampling

Aerosol was sampled using a multistage cascade impactor collecting particles in 12-stages with
nominal cut-off diameter in the range 45 nm - 8.5 um (SDI, Dekati - more details in Bernardoni et
al., 2011a). Samples were collected on coated polycarbonate substrates to avoid particle bouncing
among impaction stages. Coating was performed using DS-515 spray by Dekati. Upstream the
impactor, a PM10 EPA-equivalent inlet was used. It is noteworthy to recall that EPA inlets are
designed to perform a 10 um cut-off at 16.67 I/min. Considering the SDI flow-rate (11.12 1/min),
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the expected size-cut of the inlet in this work was calculated to be 12.2 um.

Samplings were performed at an urban background site in the University Campus in the period
January-March 2011. Fourteen samplings were performed with a time resolution in the range 24-48
h, for a total of 168 polycarbonate foils available for the analysis.

During the sampling period, median temperature was 7.4°C (range: -2.7°C to 20.0°C, except for the
last three samplings when temperatures up to 24°C were reached). Average wind speed was 0.72
m/s. Wind speed higher than 4 m/s were occasionally registered during a Foehn event (151
February). Precipitations occurred during 1 sampling only, with a rate lower than 2 mm/h. The

integral precipitation during that sampling was 6.4 mm.

2.2 Laboratory analyses

All the substrates were weighed before and after the sampling using an analytical microbalance
(precision 1 pg) in an air-conditioned weighing room (T =20 + 1°C and R.H. = 50 + 5%). Before
weighing, filters were placed on open but dust-protected sieve-trays for 48 hours in the weighing
room for conditioning. The weighing protocol is described in Vecchi et al. (2004). Calibration
procedures checked the microbalance performance.

Elemental composition (S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Br, Pb) was determined on all
samples using an Energy-Dispersive X-Ray Fluorescence instrument (ED-2000, Oxford) suitably
set up for the analysis of samples collected using multistage cascade impactors (details in
Bernardoni et al., 2011a). Minimum detection limits were in the range 1-20 ng/sample, depending
on the considered element (except for S and Cl: 140 and 89 ng/sample, respectively), corresponding
to about 0.1-8.9 ng/m? when considering sampling volumes. Uncertainties were estimated in the
range 7-15% for most elements and samples.

After ED-XRF analysis, which is fully not destructive, all the samples were water extracted for the
determination of the main inorganic ions (SO4~, NO;-, NH,*, K*) and levoglucosan. Extraction of
each sample was performed using 30 pl methanol and 3 ml MilliQ water, sonicating for 1 h. The
main inorganic ions were determined by ion chromatography (details in Piazzalunga et al., 2013).
Minimum detection limits were 25 ng/sample for ammonium (0.7-1.6 ng/m3 depending on sampling
volume), 100 ng/sample for sulphate and nitrate (3.2-7.3 ng/m?), and 170 ng/sample for potassium
(5.4-12.3 ng/m3). Uncertainties were about 10%. Levoglucosan measurements were performed by
high-performance liquid chromatography coupled to pulsed-amperometric detection (HPAEC—
PAD) (details in Piazzalunga et al., 2010). Minimum detection limit was 11 ng/sample (0.4-0.8

ng/m?) and uncertainties were about 10%.

2.3 Modes retrieval by the program MICRON.
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For each measured component, size segregated concentration measured by multistage impactors is
usually represented as histogram (see Figure 1a). Each bar of the histogram is related to the
characteristics of the considered impactor stage and of the collected aerosol as follows: the bar
width (represented in log-scale) extends from the cut-off of considered stage and the cut-off of the
previous one (i.e. the adjacent stage with higher cut-off); the bar height represents Am/Alog(d,,)
where Am is the component mass measured on the considered stage and Alog(d,) is the difference
between the logarithms of the cut-off diameters of the previous and considered stages. When a
continuous distribution is of interest, dm/d(log(d,)) as a function of d, are represented (note that
when log(d,) is used, it has to be intended as log(d,/d), where d,=1um, for details see Seinfeld
and Pandis, 1998). Nevertheless, a more accurate representation of the original size distribution has
to take into account real cut-off curves of the impactor. To this aim, the inversion program
MICRON (Wolfenbarger and Seinfeld, 1990) was used to retrieve the original size distribution of
the different chemical components for each sampling (see Figure 1b). The inversion is based on a
constrained regularisation algorithm. Model inputs are the mass/species concentrations collected on
each impaction stage, which are redistributed considering the actual collection efficiency of the SDI
impactor (Hillamo, 1994) and the uncertainties on input data. Each inverted dm/d(log(d,))
distribution is then fitted with log-normal functions (see Figure 1c) to retrieve the geometric mean
aerodynamic diameter (GMAD), and the different contributions of the modes (Maenhaut et al.,

1996).

2.4 Source apportionment
Source apportionment was performed using a vector-matrix decomposition, inspired to the Tuckerl
model (Tucker, 1966). In this model, each element x;; x of the 3-D input matrix representing the M

species of the aerosol collected in N stages of a cascade impactor during R samplings is factorised

S
in S (unknown) factors as follows: X; = Zbij ipdpx T & » Where g is the difference between the

ijk>
p=1

measured and the modelled concentrations. Different meanings can be attributed to the factorising
terms (Ulbrich et al., 2012). In our decomposition, b;;, (1<i<N, 1<j<M, 1<p<S) was an element
of an NxMXS array, where each NxM layer represents the size-segregated p-th factor profile and
apx (1<k<R) represents the contribution of the p-th factor to the k-th sampling.

The model was implemented using Multilinear Engine - ME-2 (Paatero, 1999) and is based on the

Ce . . . . 812 ik . . .
minimisation of the object function Q = zzz =, where o, ;, is the uncertainty associated to
i

2
ko Mgk

each x; ;. The function Q previously reported represents the main equation of the model. Further

constraints can be applied by adding other terms (auxiliary equations). The conjugate gradient
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algorithm is used to compute the solution. Non-negativity constraints are implemented by using the
well-known technique of pre-conditioning in opposite way for slowing down changes of variables

that are about to become negative. Factor scaling indeterminacy can be removed including a priori

information on factor matrices. In our case, normalisation was carried out as follows: Zap . =1 for
k

each factor p.

The model was run using strong variables (Paatero 2015). This excluded Cr and Ni. S and SO4~
showed very good correlation and correct stoichiometric ratio. SO4~ was chosen because of the
higher associated explained mass. The choice between K* and K was performed considering that
they were very well correlated for d<2.70 um but K provided significant contribution also in larger
size fractions (due to insoluble K related e.g. to potassium oxides in crustal material). Thus, K was
chosen as input. ClI resulted with no other tracers in a single factor accounting for few mass thus
preventing physical interpretation. Summarising, twelve variables were chosen as input data: K, Ca,
Ti, Mn, Fe, Cu, Zn, levoglucosan, SO,~, NO3-, NH,*, and mass. It is noteworthy that carbonaceous
material was not measured so that unexplained mass (i.e. the difference between the mass and the
detected species) ranged from 34% to >95% depending on the sample. Generally, the highest
unexplained mass was registered in very small size classes: this was consistent with the small size
expected for carbonaceous particles emitted from combustion processes.

Data and uncertainties were treated following Polissar et al. (1998). In our case, o, ;, was the

analytical uncertainty associated to the chemical species. Exception was the uncertainty associated
to the mass as it was increased to 4-times the mass value. Indeed, mass was considered as “total
variable”, i.e. it was used to determine factor scaling and for source contribution quantification.
Total variable should not have strong influence on the solution, thus it should be always down-
weighed (EPA, 2014).

Species were measured in 168 samples. Data were arranged into a 3-D matrix representing 12 size
classes x 12 species x 14 samplings. Missing data were identified as -999 and were automatically
excluded by the program in the computation of the Q function. Due to the unknown number of
factors, solutions for different numbers of factors were explored to identify the best solution.
Multiple minima are a crucial issue in 3-D models. Thus, the global minimum and a few of the

deepest local minima were explored (Paatero, 2000).

3. Results and discussion
3.1 Mass and chemical components size distribution
All the size-segregated data concerning mass and chemical components for all the samplings were

inverted using the program MICRON as explained in paragraph 2.3.
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For what concerns aerosol mass, two different types of mass size distributions were detected in the
measured data (see Figure 2). They mainly differed in the absence (type 1) or presence (type 2) of a
detectable Aitken mode at about 100 nm. The presence of the Aitken mode has probably to be
ascribed to samples impacted by fresh and local emissions and its absence to a more aged aerosol.
Some literature works argued the possibility of vapour condensation during low-pressure impactor
sampling due to expansion cooling. Nevertheless, Raabe et al. (1988) did not found it as an issue
considering that the lower temperature is reached instantaneously and maintained only for short
time (of the order of ps). When present, the Aitken mode accounted on average for 9% of the
measured mass.

For d> 100 nm, the mass size distribution showed the accumulation mode separated into two sub-
modes (condensation mode and droplet mode, e.g. see Seinfeld and Pandis, 1998) and the coarse
mode. GMADs for condensation, droplet, and coarse modes were 0.28 um, 0.72 um, 4.1 pum,
respectively, for mass size distribution type 1; for mass size distribution type 2, GMADs for the
three modes were 0.29 um, 0.71 um, 3.7 um. Mode GMADs were very similar to previously
literature findings (e.g. Cabada et al., 2004; Salma et al., 2005). Whether no significant differences
in mode GMADs were present between the two size distribution types, the relative contribution of
condensation and droplet modes was different: indeed, in mass size distribution type 1 the
contribution of the droplet mode was significantly higher than in the other case. This observation
and the absence of the Aitken mode evidenced the role of aging processes leading to the increase of
particle sizes.

Modal distributions for all the measured chemical components were retrieved. Condensation,
accumulation, and coarse modes, as well as very large particles were detected for most species,
whereas Aitken nuclei mode was detected for levoglucosan, NOs-, SO,~, and K*. Results concerning
these modes GMADs, relative mass concentration (RMC) (when modes were present), and the
relative number of cases in which modes occurred were summarised in Table 1. Furthermore, an
"intermediate mode" (not shown in Table 1) with 0.9 um < GMAD <1.2 um was detected in more
than 85% cases for Ca, Ti, Fe, Cu, and in 36% cases for Ni. When present, the intermediate mode
accounted for less than 25% of the total mass of the species. An intermediate mode was already
found for Ca, Ti, and Fe at urban sites in the literature (Pakkanen et al., 2001; Salma et al., 2005),
where coal combustion (not expected to impact the samples presented in this work), regional, and
mineral aerosol related to road dust were mentioned as possible origin of the mode.

It is noteworthy that information on the size distribution of chemical components is very important
e.g. to provide information useful for the assessment of aerosol health effects and to constrain

inputs to Earth radiative transfer models.
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In Figure 3a, the size distribution for secondary inorganic ions was shown. The droplet mode
clearly prevailed on the condensation mode consistently with previous findings in the literature (e.g.
Cabada et al., 2004), where gas-phase reactions were identified as responsible for the condensation
mode formation. Heterogeneous formation, cloud processing, and growth of the condensation mode
were indicated as processes leading to droplet mode increase. In addition, secondary inorganic ions
presented the Aitken mode (4% relative contribution SO4~, 2% for NH;* and NOys"). In the literature,
direct emission of ultrafine inorganic ions (especially sulphate) were associated to combustion
processes, as traffic (e.g. Robert et al., 2007) or wood/pellets burning (Ozgen et al., 2017).

In Figure 3b, levoglucosan, K*, and elemental K concentrations were shown. They are known
tracers for wood burning (Kleeman et al., 1999; Simoneit et al., 1999; Viana et al., 2008). As
expected, K gave a higher contribution than K* because it referred to total (i.e. soluble plus
insoluble) potassium concentration in atmospheric aerosol. Focusing on d, < 1 um, the major
contribution for wood burning tracers was found in the accumulation sub-modes (as previously
observed for secondary inorganic ions) but here the condensation mode dominated on the droplet
mode, indicating different formation processes for particles containing these compounds compared
to secondary inorganic ions. Furthermore, the presence of the Aitken mode suggested the likely
impact of local (urban) emissions by wood/pellet burning. Indeed, recent literature works reported
emissions of ultrafine particles containing levoglucosan by wood stoves and K* by wood and pellet
stoves (Ozgen et al., 2017). Ultrafine particles containing K and levoglucosan were identified also
in ambient aerosol in relationship to residential wood burning (Corsini et al., 2017; Pirjola et al.,
2017). For d, >1um, a much higher contribution from K than from K* can be noticed indicating the
contribution from insoluble potassium to be likely ascribed to crustal elements.

Figure 3b and Figure 3¢ represented markers wood burning and traffic sources (among the main
sources identified in the Milan urban area in previous works — e.g. Bernardoni et al., 2011b). It is
noteworthy that the size distributions for tracers of the two sources are completely different.
Opposite, smaller differences are registered among species considered as tracers for the same
source. Thus, 3-D receptor modelling was applied trying to exploit these differences to gain further

details on emission sources.

3.2 Receptor model results

The Tucker 1 model was implemented in ME-2 as explained in paragraph 2.4. Receptor models are
always affected by multiple solutions for what concerns the possible number of factors, scaling
indeterminacy, local minima, and possibly rotations (not an issue in 3-D models). Some
mathematical parameters were checked to identify a range of possible solution (expected vs.

computed Q value, residuals distribution, and input values reconstruction) (e.g. Belis et al., 2014,
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Paatero, 2000). All these parameters were evaluated and 5-8 factors were identified as best choices.
Nevertheless, mathematics is not enough to determine the right number of factors and the
possibility of data interpretation guides the definitive choice (Hopke, 2016; Paatero, 2000). Finally,
the 7-factor solution was identified as the best one. The effects of different choices for factor
number will be discussed at the end of the paragraph.

Factor profiles (total mass of each species normalised to the mass in the factor) and the percent of
the species associated to each factor, as well as the mass size distribution of the factors were
represented in Figure 4. The mass size distribution was represented both using histogram
representation of the ME-2 output and mode representation obtained from data inversion and modes
retrieval. In this way, it was possible gaining information on the mass modes GMADs and modes
relative contribution to each factor (Table 2). Detailed size-segregated profiles were reported in
Figure 5 with histogram representation of the size-segregated relative contribution of the species to
the identified factors. In Figure 5, normalisation was carried out to the total average concentration
of each species (analogous to percent species for size-segregated representation). Results given in
Figure 4, Figure 5, and Table 2 were the bases for factor identification, as explained in the
following. Mode-segregated source apportionment for the whole campaign was summarised in
Figure 6.

The factor identified as "wood burning" was an important contributor to levoglucosan (37%) and at
a lesser extent K, well-known tracers for this source, as well as for SO,~ which was identified as
directly emitted by both wood and pellets burning in the literature (e.g. Chandrasekaran et al., 2011;
[inuma et al., 2007). In Figure 5, the contribution of these species was detected also in the ultrafine
range and their presence related to residential wood burning as mentioned before. Wood burning
factor accounted for 13% of the measured mass. The mass was mainly concentrated in the
condensation and droplet modes (96% in total), whereas the remaining 4% was in the Aitken mode.
It should be noticed that the mass associated to this source has to be considered as accounting only
for local (urban) wood burning contribution. Indeed, a regional contribution from wood burning
should be also expected, as 36% of levoglucosan was associated to the regional aerosol factor (see
later).

The factor identified as "industry" was the main contributor to Zn (35%), which has been identified
as a marker for industrial emissions in previous works in the area (e.g. Bernardoni et al., 2011b;
Marcazzan et al., 2003). The industry factor accounted on average for 8% of the measured mass.
Most of the mass (58%) was contained in the condensation mode, this being among the main
contributors to the mass measured in this mode (18%).

The factor identified as "resuspended dust" was an important contributor to Ti (27%) and Ca (21%)

concentrations. Nevertheless, also components of anthropogenic origin were present and the factor
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size distribution was characterised in nearly equal parts by fine (<Ium) and coarse particles (54%
and 46%, respectively), thus suggesting that anthropogenic particles previously deposited in the
ground are resuspended (e.g. by atmospheric agents) together with soil particles. This factor
accounted on average for 13% of the measured mass, and it was one of the two main contributors to
the coarse mode and very large particles (22%).

The factor identified as "regional aerosol" was the main single contributor to the measured
concentration of nitrate (52%), sulphate (35%), and ammonium (49%). It can be assumed that these
ions were entirely in the form of ammonium sulphate and ammonium nitrate as they were
chemically balanced in the profile within 5%. As previously mentioned, this factor was responsible
for high contributions to levoglucosan (36%) and K (24%) (tracers for wood burning), and to Fe
(22%) and Cu (22%) (tracers for traffic) indicating that this factor was not only associated to
secondary aerosol, but also to non-local (aged) contributions from primary sources. The regional
aerosol factor was the main contributor to the total measured mass (31%) and to the droplet mode
(50%), where 81% of the mass of the factor was found. No contribution from the regional aerosol
factor was registered in the Aitken mode, mainly because particles in such mode are typically
associated to fresh emissions and tend to coagulate towards the accumulation mode in short times.
Particle aging further increases particle size, thus justifying the predominance of the droplet mode.
Therefore, the absence of a contribution in the Aitken mode and the small contribution to the
condensation mode (9%) were further confirmations of the regional origin of this factor.

The factor identified as "construction works" was the main single contributor to the Ca measured
concentrations (31%). An association between Ca and construction works at the sampling site was
already identified in previous works (Bernardoni et al., 2011b; Vecchi et al., 2009). Its average
contribution to the measured mass was 7%. This factor contributed to 22% of the mass measured in
the coarse and very large particle modes, where 49% of the mass associated to this factor was
found. The coarse/very large particles contribution was ascribed to soil/construction material
movement, whereas the contribution to the other modes was related mainly to construction
machinery exhaust. It is noteworthy that construction works were locally carried out at the
Department of Physics during the measurements period, thus justifying the high (32%) - and quite
unexpected - contribution of construction works to the Aitken mode.

Two factors were associated to traffic sources and named "traffic 1" and "traffic 2". They showed
very similar profiles, and they were both important contributors to Fe and Cu (overall 44%), Mn
(overall 52%), and Ca (overall 32%). Fe and Cu are widely used as markers for traffic sources in
source apportionment studies (Pant and Harrison, 2013; Viana et al., 2008). Mn and Ca are reported
to have multiple sources, including traffic. As examples, Crilley et al. (2017) found important

contribution of Mn from traffic in PM10, Amato et al. (2011) identified traffic as a major
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responsible of Mn concentration in the coarse fraction; Ca is often found in traffic source profiles
due to traffic-related resuspension or to the contribution of lubricating oils (Viana et al., 2008). It is
noteworthy that the two factors did not represent "traffic exhaust" and "traffic non-exhaust"
contributions, as the markers for non-exhaust emissions were present in both factors. As for size
distributions, the mass of both factors was mainly concentrated in the two accumulation sub-modes
(61% for traffic 1 and 69% for traffic 2). In both factors, 23-24% of the mass of the factor was
concentrated in the coarse mode, but traffic 2 showed a further 12% mass contribution to very large
particles.

The main differences between the two factor profiles were higher contributions from nitrate,
ammonium, Mn, and Ti in traffic 2 and from Zn in traffic 1. Little information is present in the
literature for what concerns elemental tracers for gasoline and diesel vehicles separately. Lin et al.
(2005) evidenced that diesel emissions contributed more than gasoline to the Zn concentrations in
ultrafine particles, whereas gasoline was a stronger emitter of ultrafine Mn and Cu. Wang and
Hopke (2013) identified that a "Gasoline vehicle" factor by PMF by analysis on PM2.5 samples
collected in California was the main responsible of Mn concentration. Link et al. (2017) reported
that vehicles equipped with three-way catalyst system (gasoline and liquid petroleum gasoline) have
the potential for forming NH4NOj5 aerosol rapidly and in high yields in presence of OH radicals. In
Figure 7, size-segregated distribution of Cu, Mn, and Zn in traffic 1 and traffic 2 factor profiles are
shown in histogram representation. Normalisation was carried out setting to 1 the total mass of the
single species in each profile. Log-scale was used also for the y-axis to allow better identification of
the species contributions to the small-diameter (d < 155 nm) cut-off stages (which were in any case
a low fraction of the total mass of the species). It is noteworthy that Zn relative contribution in these
stages was higher for traffic 1 (7.3% vs. 3.1% in traffic 2), whereas Cu (6.9%) and Mn (3.9%) were
higher for the traffic 2 factor (1.0% Cu and 1.3% Mn in trafficl factor profile). Furthermore, traffic
2 showed 29% contribution from nitrate in the factor profiles (Figure 4).

All these pieces of information gave indication of a tentative assignment of traffic 1 to diesel
vehicles and traffic 2 to gasoline vehicles contributions. A more detailed insight into these factors
showed that traffic 1 factor accounted for 18% of the total measured mass and it was characterised
by 83% relative unexplained mass (i.e. the difference between the mass and the sum of the species
in the profile), whereas traffic 2 factor accounted for 10% of the total measured mass but the
relative unexplained mass was only 51%. For diesel vehicles not equipped with anti-particulate
filter, exhaust emissions are known to be at least one order of magnitude higher than gasoline
exhaust emissions (e.g. May et al., 2014). It is noteworthy (e.g. Schauer et al., 20006) that the
dominant component in exhaust emissions is carbonaceous material which was not detected in this

work. Thus, the stronger exhaust contribution expected for diesel vehicles can justify the higher
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unexplained mass detected in the traffic 1 factor. Considering that diesel vehicles include also
heavy duty vehicles and that such vehicles have a higher potential of dust resuspension, assigning
traffic 1 factor to diesel vehicles could justify also the presence of the very large particles in this
factor and not in traffic 2.

Traffic 1 and traffic 2 overall contributions made traffic the most important source of particle mass
in all modes but the droplet one, where the contribution from the regional aerosol factor was
dominant. The overall contribution of the two traffic factors (28%) might appear higher than in past
studies in the area (e.g. Bernardoni et al., 2011b where a contribution of 16% was reported during
wintertime for PM;, samples). Nevertheless, in Bernardoni et al. (2011b) most of secondary ions
were accounted for in "secondary sulphate" and "secondary nitrates" factors: thus, the other factors
(including traffic) included mainly primary contributions. Opposite, in this work the analysis on
size-segregated samples showed secondary aerosol to be partially explained by specific urban
sources. Amato et al. (2016) presented a source apportionment study on PM,, data collected in
Milan and found an overall 16% contribution for vehicle exhaust and non-exhaust and further 14%
vehicle nitrate contribution from NO, emission inventory. Thus, the overall traffic contribution
resulted very similar to the value obtained in the current work. All these results evidenced the
ability of source apportionment applied to size-segregated samples to relate at least part of the
secondary aerosol to specific sources.

Likely the information on chemical composition in different size classes was exploited by the model
to relate primary emissions to rapidly-formed secondary compounds. In the regional aerosol factor
only 7% of the total nitrate, 13% of sulphate, and 8% of ammonium were found in the four lowest
size-classes. In most of other factors, different size distributions were found for secondary
compounds. As examples, focusing on the four lowest size classes in the histograms in figure 5,
42% and 41% of the total nitrate in each factor was found in this size range for industry and
resuspended dust, respectively, whereas 19% and 17% was found for traffic 1 and wood burning,
respectively.

For what concerns other possible solutions obtained running the ME-2 model, 6-factor solution was
excluded because the contributions from "industry" and "construction works" factors mixed in a
unique ("other anthropogenic") factor. Increasing to 8 factors, the additional factor could not be
identified, as no chemical species tracer for known sources could be detected.

Finally, it should be noticed that the main features of the model output (i.e. separation of local vs.
regional contributions; ability to identify separate factors associated to gasoline and diesel vehicles)
are related to sample features (i.e. size-segregation and detailed chemical characterisation), thus

they are not impacted by meteorological conditions. Nevertheless, the latter can affect the relative
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contribution of the different sources and must be considered when sampling for monitoring

purposes — out of the scope of this manuscript — is carried out.

4. Conclusions

A study of size-segregated aerosol sampled by SDI multistage impactor was carried out during
wintertime in the Milan urban area, which is located in the Po Valley, one of the major pollution
hot-spots in Europe.

The samples were characterised for mass concentration, and elemental and inorganic ionic
composition. Data inversion by the program MICRON and interpolation by log-normal functions
allowed detecting and quantifying aerosol modes. Three or four modal mass size distributions were
identified in the samples. In all cases, the highest fraction of the mass was found in the
accumulation mode.

Similarities in size distributions of source tracers suggested the possibility to perform source
apportionment. Three-way source apportionment was performed by implementing the Tucker 1
model in ME-2. Seven factors were identified, namely wood burning, industry, resuspended dust,
construction works, regional aerosol, traffic 1 and traffic 2. It is interesting to note that in previous
studies performed in the area on PM,, samples, factors related to primary emissions or secondary
formation were identified. Opposite, performing the analysis on size-segregated samples led to the
identification of local and regional factors. Indeed, running the model on size-segregated samples
allowed ascribing part of the secondary compounds to local factors (e.g. traffic 1 and 2, wood
burning) probably due to rapid formation of secondary particles in smaller size classes than
secondary particles in regional (aged) aerosol. The regional aerosol factor was characterised by a
high presence of secondary compounds, but not-negligible contributions primary source tracers (e.g.
Cu, Fe, levoglucosan) were also present. The regional aerosol factor prevailed in the droplet mode,
whereas the overall contribution from the two traffic sources dominated in the other size fractions.
Further insights into the size-segregated profile suggested that the traffic 1 factor could be likely
associated to diesel vehicles and the traffic 2 to gasoline vehicles.

It is noteworthy that 3-D source apportionment studies on aerosol separated in a number of size
classes are nearly absent in the literature. The study presented here showed the possibility to apply
3-D source apportionment studies to samples collected with multistage cascade impactors. Such
samples can be analysed with traditional techniques (opposite to high-time resolved samples, which
usually require to be analysed at accelerator facilities) and do not need dedicated instrumentation
other than the sampler. In perspective, these features open the way to more frequent space-

distributed size-segregated source apportionment studies, which are of primary importance to
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optimise the effectiveness of future abatement strategies and to improve Earth radiation balance

models.
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Figure captions
Figure 1: example of modes reconstruction: a) histogram representation obtained from data
measured on each impaction stage; b) data inversion by the program MICRON; c) modes

interpolation. The example is referred to the mass size distribution of one of the collected samples.

Figure 2: average type 1 and type 2 mass size distributions

Figure 3: average size distribution for secondary ions (a), wood burning markers (b), traffic

markers (c)

Figure 4: left panel: factor profiles (black bars) and percent species (grey dots), right panel: factor
mass size distributions

Figure 5: histogram representation of the size-segregated relative contribution of the species to the
identified factors. Normalisation was carried out to the total average concentration of each species.
For each species, x-axis represents log(d,) and the x-axis scale is the same as histograms in figure
1 and figure 4. Cut-off size for each represented stage (i.e. left-end of coloured bars) are reported
in the legend.

Figure 6: mode-segregated source apportionment. Sum of percentages is 100%+1% due to number

rounding.

Figure 7: histogram representation of size-segregated distribution of (a) Cu, (b) Mn, and (c) Zn in
the traffic 1 and traffic 2 factors profile. Normalisation to the total concentration of the species to
each factor profile was carried out. For each component, x-axis represents log(d,) and the x-axis
scale is the same as histograms in figure 1 and figure 4. Cut-off size for each represented stage (i.e.

left-end of coloured bars) are reported in the legend.
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Table 1: geometric mean aerodynamic diameter (GMAD), relative mass concentration (RMC), and relative number of cases of mode presence (n.cases)

for Aitken, condensation, droplet, coarse modes and very large particles. RMC evaluation was limited to the cases in which the mode was present.

Aitken mode Condensation mode Droplet mode Coarse mode Very large particles
GMAD RMC n.cases | GMAD RMC n. cases GMAD RMC n.cases | GMAD RMC n. cases | GMAD RMC n. cases
(um) (%) (%) (wm) (%) (%) (wm) (%) (%) (wm) (%) (%) | (um) (%) (%)
S 0.28 30% 86% 0.66 59% 100% 34 17%  71%
Cl 0.36 18% 86% 0.72 29% 71% 4.4 61%  100% 16.1 10% 36%
K 0.26 31% 86% 0.58 46% 100% 3.7 25%  100% 15.7 9% 29%
Ca 3.9 79%  100% 15.7 11% 86%
Ti 0.22 5% 36% 35 71%  100% 15.1 13% 64%
Cr 0.31 17% 36% 0.67 38% 57% 2.9 64%  100% 4.7 29% 29%
Mn 0.30 13% 43% 0.72 42% 100% 32 50%  100% 15.7 10% 21%
Fe 0.42 6% 21% 32 74%  100% 16.6 7% 43%
Ni 0.28 21% 43% 0.48 45% 86% 3.0 50%  93%
Cu 0.27 6% 71% 3.0 72%  100% 16.3 7% 21%
Zn 0.27 14% 79% 0.77 49% 93% 2.7 43%  100% 14.5 9% 14%
Levoglucosan 0.10 4% 100% 0.32 56% 100% 0.63 43% 78% 1.6 5% 78% 52 3% 78%
K* 0.10 4% 44% 0.29 49% 89% 0.62 37% 89% 1.9 4% 22% 4.1 12% 89%
NOs5 0.11 2% 100% 0.31 28% 100% 0.71 61% 100% 24 6% 67% 4.0 10% 56%
SO 0.10 4% 100% 0.29 31% 100% 0.67 52% 100% 1.69 8% 56% 4.5 10% 100%
NH,* 0.10 2% 89% 0.31 35% 100% 0.70 62% 100% 35 2% 44% 8.2 1% 67%
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Table 2: geometric mean aerodynamic diameter (GMAD) and mode relative mass contribution (RMC) to each factor.

Factor name Aitken mode Condensation submode Droplet submode Coarse mode Very large particles
. GMAD (um) 0.036 0.210 0.599
Wood Burning Relative contribution 4% 24% 72%
Indust GMAD (um) 0.105 0.298 1.31 6.39
naustry Relative contribution 6% 58% 17% 19%
GMAD (um) 0.292 0.586 2.99 9.15
Resuspended Dust | o 1 tive contribution 33% 23% 34% 10%
Resional GMAD (um) 0.203 0.695 2.81
cglona Relative contribution 9% 81% 10%
Construction GMAD (um) 0.034 0.189 0.567 2.61 7.53
works Relative contribution 11% 14% 25% 12% 37%
Traffic 1 (%MAD (p.-m) ‘ 0.118 0.344 0.98 2.97 9.30
Relative contribution 5% 28% 33% 23% 12%
GMAD (um) 0.094 0.286 0.823 4.18
Traffic 2 Relative contribution 7% 31% 38% 24%
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Secondary inorganic ions: average size distribution
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