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HIGHLIGHTS

e We identify the organic aerosol sources in Milan, a pollution hotspot in Europe.

e Residential heating (wood) governed wintertime OA throughout the last decade.

o In winter, secondary OA is mainly produced by residential wood burning emissions.

o In summer, secondary OA is formed both from biogenic and anthropogenic emissions.

ABSTRACT

The Milan metropolitan area in Northern Italy experiences historically severe particulate matter pollution episodes characterized by high organic aerosol (OA)
concentrations. However, the main sources of OA, especially atmospherically formed secondary OA (SOA) are not well understood. Here, we investigated the
emission sources contributing to the directly emitted OA (Primary — POA) and to the SOA in urban Milan, where such information is particularly lacking. We used
advanced mass spectrometric analytical techniques for the characterization of archive samples, as well as statistical receptor modeling (positive matrix factorization,
PMF) and air quality modeling, to establish a base case for investigating the time evolution of source contributions. We found that residential heating biomass
burning POA (BBOA) were a major detrimental factor for air quality during the winter (37% of OA, under polluted conditions up to 56% of OA). Inefficient
combustion conditions identified by high BBOA/K" ratios contributed to the high relative contribution of BBOA to OA. Long-term tracer analyses suggest that BBOA
concentrations remained approximately constant over the last decade (2012-2022), supporting the conclusion that emissions from biomass burning remained a
major driver of winter-time OA pollution. Yet assessing changes in the contribution of other OA sources require future research. While POA emissions were the most
important contributor to OA during winter (62% of OA), SOA dominated OA during summer (62% of OA). Our combined advanced mass spectral source appor-
tionment and air quality modelling analyses indicated that winter-time SOA were mostly affected by biomass burning related precursor emissions, while summer-
time SOA were linked to both the remaining anthropogenic emissions (industry, energy production, shipping, and traffic) and to biogenic emissions. Altogether, this
study quantified the major emission sources of OA and thus provides crucial information about OA sources and a baseline for comparison to the present situation
which is needed for tackling OA pollution in one of the major pollution hotspots in Europe. Overall, this study presents a transferable framework combining chemical
source apportionment with bottom-up air quality OA source analyses in order to better understand the formation of SOA.

1. Introduction

While air quality in Europe has improved during the last decades,
certain regions are still highly polluted (EEA, 2016; Chen et al., 2022;
Daellenbach et al., 2020). One of these European air pollution hotspot
regions is the Po basin, especially, the Milan metropolitan area (Jiang
et al., 2019; Daellenbach et al., 2020). This region in Northern Italy
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experiences historically - mostly in winter - severe particulate matter
pollution episodes. A large mass fraction of PM;( (particles with aero-
dynamic diameter <10 pm) is organic — termed organic aerosol (OA)
(Jimenez et al., 2009; Putaud et al., 2010; Bressi et al., 2021; Chen et al.,
2022). In part, OA is directly emitted as particles —primary OA (POA) -
and in part formed via atmospheric chemical processing of volatile
organic compounds (VOCs) -secondary OA (SOA) (Hallquist et al.,
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2009). OA is the least well understood of the main PM constituents (e.g.
Amato et al. (2016)), because the complex chemical composition of OA
hinders reaching the same level of understanding as for the other con-
stituents without using advanced chemical characterizations. Major
progress over the last two decades has improved the knowledge of the
sources of POA substantially, yet the sources and formation pathways of
SOA are to the largest extent still unknown on a global scale. Particu-
larly, in polluted urban areas, the presence of a multitude of emission
sources create extremely complex SOA mixtures (Sun et al., 2018;
Bhandari et al., 2022; Huang et al., 2014; Chen et al., 2020; Ma et al.,
2022; Wang et al., 2017; Mehra et al., 2021; Qi et al., 2019; Kumar et al.,
2022; Tong et al., 2021). This is of particular relevance because SOA is
the main contributor to OA and PM in most regions (Jimenez et al.,
2009; Chen et al., 2022). Knowledge of the main emission sources
driving PM levels is essential for stakeholders, both to define appropriate
pollution reduction strategies and to evaluate their effectiveness. The
assessment of the mitigation policies is possible only by investigating the
evolution of the emissions over a considerable period of time.

In addition, the chemical composition of PM is thought to determine
its adverse health effects (Bates et al., 2019; Gao et al., 2020; Valava-
nidis et al., 2008; Ostro et al., 2011). Therefore, a detailed under-
standing of the emission sources of PM, which are strongly affecting the
chemical composition of the particles, is essential for mitigating health
effects. Field observations of the chemical composition of OA - in line
with air quality modelling - suggest that residential heating biomass
burning emissions were and still are an important contributor to OA in
the Po basin in addition to road traffic POA (Gilardoni et al., 2016;
Paglione et al., 2014, 2020; Bressi et al., 2016; Pietrogrande et al.,
2014a, 2014b; Jiang et al., 2019; Amato et al., 2016). Beyond the impact
of biomass burning emissions on SOA formation during the cold season,
the impact of other anthropogenic but also natural emission sources is,
to the largest degree, unknown, especially during the rest of the year.
This is even further pronounced for the Milan metropolitan area - the
population center of the region - for which studies on the sources of OA
overall are lacking, both present and past. Here, we characterize for the
first time the sources of POA and SOA at an urban background location
in Milan in the entire year 2013 via detailed filter-based aerosol mass
spectrometry and air quality modeling for assessing seasonal variations
in POA and SOA sources. This study is important not only because the
POA and SOA sources are investigated in Milan, but it also provides a
baseline for comparison to the present situation, which is necessary for
implementing and assessing mitigation policies. A novel approach of
combining the source apportionment results to modelling results was
used to gain, for the first time in the region, insight into the precursor
emissions that affect the formation of SOA during each season. This
study is a unique combination of a highly advanced and rare analytical
approach, an advanced source apportionment analysis and a novel use of
air quality modelling results combined with source apportionment
results.

2. Materials and methods
2.1. Study area and aerosol sampling

The urban background air quality monitoring station Milano-Pascal
is one of the Italian Supersites (D. Lgs. 155/2010, Italian transposition
of 2008/50/CE) and part of the Lombardia Air Quality Network of ARPA
(Agenzia Regionale per la Protezione dell’Ambiente). The station is
located inside a playground about 130 m from a road in the University
area called “Citta Studi” (45°28'44"' N, 9°14’07" E) in Eastern Milan. At
Milano-Pascal, long-term gaseous and particulate air quality observa-
tions have been running for years. The observations include meteoro-
logical information (relative humidity, temperature, precipitation, wind
speed, and direction), gaseous pollutants (SO via UV fluorescence, NOy
via chemiluminescence, O3 via UV photometry, NH3 via chem-
iluminescence), PM;o and PM; 5 mass concentration (beta analyzers).
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PM;( was collected for standard chemical analysis by means of Low
Volume Samplers on 47 mm diameter Teflon and Quartz filters from
2012 onward (US-EPA reference method samplers TECORA, 24 h
collection from midnight to midnight). In addition, PM;o was collected
for offline aerosol mass spectrometry (AMS) analyses in 2013 by means
of a High Volume Sampler on 14.7 cm diameter PallFlex QAT-UP quartz
filters (Sequential High-Volume Sampler Digital DH80, 24 h collection
from midnight to midnight). After collection, the filters were wrapped in
aluminum foil and stored at —20 °C. Field blanks were collected
following the same approach and used to correct the chemical analyses.
The samples were protected against light and temperature between the
sampling and the analysis, in conformity with EN15549 (European
Committee for Standardization (CEN), 2008).

2.2. Chemical analysis of particulate matter

The chemical composition of the water-soluble organic aerosol in
PM; was analysed using the offline AMS approach (Daellenbach et al.,
2016; Mihara and Mochida, 2011) using HiVol Quartz fiber filter sam-
ples collected for 24-h on every 4th day (when available) during the
entire year 2013. The analytical approach is analogous to Daellenbach
et al. (2017). PM collected on the Quartz-fiber filters were extracted in
water (milliQ, 18.2 MQ cm, total organic carbon TOC <5 ppb, 25 °C),
and the nebulized extracts were analysed as dried particles using a
High-Resolution Aerosol Mass Spectrometer (HR-AMS, Aerodyne
Research, Inc.) (Canagaratna et al., 2007). The resulting chemical fin-
gerprints of WSOA were quantified by combining water-soluble carbon
(WSOC) concentrations from a total organic carbon analyzer (catalytic
oxidation and non-dispersive infrared detection of CO,) and the organic
matter — to — organic carbon ratio (OM:0C) from the HR-AMS. These
WSOA chemical fingerprints were used to quantify the sources of WSOA
via source apportionment analysis and after further corrections ac-
counting for the water-solubility of the identified sources, even OA
sources (see below) (Daellenbach et al., 2016; Daellenbach et al., 2017;
Canonaco et al., 2021; Vlachou et al., 2018; Casotto et al., 2022a;
Casotto et al., 2022b; Bozzetti et al., 2016; Bozzetti et al., 2017a; Boz-
zetti et al., 2017b; Moschos et al., 2022; Huang et al., 2014).

Further, organic and elemental carbon (OC, EC) were determined by
a thermo-optical transmission thermo-optical reflectance method with a
Sunset OC/EC analyzer (Birch and Cary, 1996), following the
NIOSH-like thermal-optical transmission protocol. Water-soluble ions
(K", Nat, Mg?*, ca?t, NHJ, SO5, NO3, Cl~, Br~) were analysed using
ion chromatography (Jaffrezo et al., 1998). Anhydrosugars (arabitol,
mannitol, levoglucosan, mannosan, galactosan, and glucose) analysis
was performed by a high-performance anion exchange chromatography
(HPAEC) with pulsed amperometric detection (PAD) using ion chro-
matography (Metrohm 881) following Vicente et al. (2015). Poly-
aromatic hydrocarbons PAHs (B(a)P, B(a)A, B(b)F, B(j)F, B(k)F, 1(1,2,3,
c,d)P, dB(a,h)A) were quantified by gas chromatography with mass
spectrometry detector (GC-MS, method 1SO12884,/2000, according to
2008/50/EC and 2004/107/CE) on selected filter samples covering the
entire year 2013. The concentrations of trace elements (Al, Si, S, Cl, K,
Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Br, Rb, Pb, Sr, Sn, Sb, Ba) were
determined using a Panalytical Epsilon5 Energy Dispersive X-Ray
Fluorescence (ED-XRF) system applied to Teflon PM filters (Giannoni
et al., 2015). The instrument uses a polarized X-ray beam that allows for
a significant reduction of spectral background. The system was cali-
brated with a set of Micromatter standards and tested with NIST 2782.

2.3. Source apportionment

The use of receptor models in source apportionment studies of at-
mospheric particulate matter is common. These methods enable a
quantitative assessment contributions of primary and secondary sources
to PM and its constituents. The receptor models estimate the impact of
various sources at a specific location based on environmental data
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(concentration and chemical composition of PM). A mass balance
equation (Hopke, 2003) can be used for a dataset of PM chemical
speciation:

Xij= GyFyj + e M

M=

-
I

1

Where X;; represents the concentration of the ith sample in the j™ species,
Fy represents the mass fraction of the jth species emitted from the Kkt
source, and Gjx represents the concentration of the k™ source in the i
sample. If Fy; are known for all sources, the Chemical Mass Balance
(CMB) model (Watson, 1984) can be used; however, this model requires
experimental profiles for all major sources. When both Fy; and Gy are
unknown, equations are solved using factor analysis techniques such as
Principal Components Analysis (PCA) (Thurston and Spengler, 1985;
Henry and Hidy, 1979) and Positive Matrix Factorization (PMF) (Paa-
tero and Tapper, 1994) (Equation (1)).

Here, the chemical OA fingerprints from the offline AMS approach
are analysed with the multivariate receptor model positive matrix
factorization as implemented in the Multilinear Engine 2 (ME-2)
controlled by the Source Finder (SoFi) interface (Paatero, 1999; Can-
onaco et al., 2013, 2021). To investigate the repeatability of AMS
measurements on PMF outputs, each filter sample was represented by 11
WSOA mass spectral repetitions on average. A corresponding preceding
measured blank from nebulized ultrapure water was subtracted from
each mass spectrum. The method used is described in detail by (Dael-
lenbach et al., 2017). ME-2 allows the use of a priori information on the
chemical composition of sources by using anchor profiles in F and
allowing only a certain relative deviation from the anchor (termed
a-value approach) (Canonaco et al., 2013). We used a priori information
on the composition of hydrocarbon-like OA related to POA from liquid
fossil fuel combustion (HOA, primarily traffic exhaust) and cooking POA
(COA) in this study, based on profiles from (Crippa et al., 2013). Ions
found in our dataset but not in the reference profiles for HOA and COA
were deduced from published unit mass resolution (UMR) profiles (Ng
et al, 2011 and Crippa et al., 2013c). This was accomplished by
comparing the fraction of signal at a specific m/z in the UMR reference
spectrum (fymr,m/-) to the fraction of signal of all ions at this m/z in the
HR reference spectrum (fyrm/2). For such missing ions, the difference
fuMR,m/z - frir,m/z Was used as an entry with an a-value of unity. In a
preliminary analysis, we resolved six sources contributing to WSOA. In
addition to the constrained HOA and COA, biomass burning POA
(BBOA), sulfur-containing POA (SCOA), and oxygenated OAs (OOAs
representing SOA) with seasonal separation has been identified using six
factors. With more than six factors, OOA was further split into profiles
that could not be environmentally explained. Therefore, we opted for
using a six factor solution (validation of the number of factors in
Figures SI 1-3). Further, an a-value sensitivity analyses was performed
(independently varying the tolerated relative deviation from the con-
strained anchor profile for HOA and COA 0-100%, 500 seeds).

In order to quantify the sources of OA, we determined for each WSOA
source a recovery (R, the WSOC-to-OC ratio) which largely reflects its
water-solubility. To that purpose, we assumed that the sum of all WSOC
sources (WSOCy) corrected with their recovery (Rx) should be equal to
the measured OC concentrations (OCpeas):

WSOCy
OCoeas = Z R (2)

We solved equation (2) as a multilinear regression to reconstruct an
independent OC concentration time series from a Sunset OC/EC
analyzer data. While RBBOC, RLO-OOC, RMO-OOC, and RSCOC were unknown
and determined via equation (2), for Ryoc and R¢oc a priori information
from Daellenbach et al. (2016) were used. Since WSOC concentrations
were not available for all days/filters, the factor time series were cor-
rected from WSOC to OA sources (OAy) using the approach described in
Daellenbach et al. (2017):
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WSOC;

OAy = =2k
k= Zwsoq
Ry

s k

% OC % (OM : OC), 3

PMF solutions and Ry combinations were only accepted if the OA
factors fulfilled criteria regarding their factor profiles and factor time
series (HOA and COA a-value range of the retained solutions is presented
in Figure SI 4). HOA and COA were required to have a low relative
contribution of the fragment ions CO3 (OOA marker) and C,H403
(BBOA marker) expressed as fragment ion concentration per WSOA
concentration of the respective source, i.e. as a mass fraction (f(CO3)<
0.4, fHOA(C,H403)<0.004, fCOA(CoH403)<0.01) (Daellenbach et al.,
2017). In addition, solutions were only accepted if HOA correlated with
NO; (p < 0.05), HOA correlated better with NOy than COA (p < 0.05),
and BBOA correlated with levoglucosan (p < 0.05). Henceforth, we
report the median solution of all retained solutions (Ry distributions in
Figure SI 5, OC reconstruction in Figure SI 6, uncertainty of concen-
tration time series in Figure SI 7).

2.4. Air quality modelling

The Comprehensive Air quality Model with Extensions (CAMXx)
version 6.5 (Ramboll, 2018) was used to simulate the components of
particulate matter from different sources in the Milan metropolitan area.
CAMx is a state-of-the-science chemical transport model over spatial
scales ranging from neighborhoods to continents. The spatial resolution
in this study is 0.125° x 0.25°, with 14 vertical layers ranging from ~20
to 7000 m above sea level. A modified volatility basis set (VBS) scheme
(Jiang et al., 2019, 2021) was adopted to simulate the organic aerosols
from different sources, while the partitioning of inorganic aerosols was
modeled by the ISORROPIA thermodynamic model (Nenes et al., 1998).
The emission inputs were obtained from the high-resolution European
emission inventory CAMS-REG-v4 (Copernicus Atmosphere Monitoring
Service-Regional inventory—version 4) at 0.1° resolution, developed by
TNO (Netherland Organization for Applied Scientific) (Kuenen et al.,
2022). Details about other parameterizations and model inputs can be
found in the literature (Jiang et al., 2019, 2021).

The model performance of CAMx on predicting air quality in Europe
was validated in detail in previous studies (Jiang et al., 2019; Daellen-
bach et al., 2020), by comparing with the measurements of the major air
pollutants (NO3, O3, SO2, PM3 5, PM; () from the Air Quality e-Reporting
database (AQ e-Reporting, https://www.eea.europa.eu/data-and-maps/
data/aqereporting-9) by European Environmental Agency https:
//www.eea, and measured aerosols from the Aerosol Chemical Specia-
tion Monitor/Aerosol Mass Spectrometer stations. The modeled results
were further validated for the year modeled in this study in the sup-
plementary information (particulate matter and its bulk chemical
components: Figure SI 8-9).

3. Results and discussions
3.1. OA source identification

OA and PM exhibited a strong seasonal variability with maximum
concentrations during winter 2013. The PM10 concentrations that
correspond to the days that samples were analysed with the offline AMS
approach were similar to the PM10 concentration distribution of the
entire year 2013 (Figure SI 10). In total, we identified six OA compo-
nents, each with a characteristic chemical composition and temporal
behavior, using the offline AMS approach (Fig. 1). POA was represented
by four components, and SOA was further separated into two types.

3.2. Primary OA

The Hydrocarbon-like OA (HOA) mass spectral fingerprint was con-
strained using the HOA profile from Crippa et al. (2013) and was
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Fig. 1. The organic aerosol in Milan and its sources: upper panel: The time series of OA concentrations and daily average temperature. Lower panel: The relative
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Fig. 2. Mass spectral OA fingerprints of OA sources from AMS source apportionment. Fragment ions are grouped in chemical families.
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characterized by high contributions of hydrocarbon fragments (OM/OC
of 1.29) (Fig. 2). The oxygenated organic fragments at m/z > 100
showed an increased contribution to HOA because they were missing in
the original high-resolution reference profile. In consequence, they
could only be estimated using the unit mass resolution (UMR) spectra
and were assigned an a-value of unity (see Section 2.3). The concen-
tration time series of HOA showed a similar yearly cycle as traffic
emission markers - NOy as well as ECaffic (Fig. 3). ECgafsic is the dif-
ference between measured EC and EC from biomass burning assuming a
ECnon-fossil-to-levoglucosan ratio of 0.87 based on data from southern
Swiss alpine valleys (Zotter et al., 2014).

Sulfur containing OA (SCOA) showed a prominent contribution of
CH3SO03 (explaining 68% of the observed variance of the fragment ion)
and is highly oxygenated (OM/OC of 1.93) (Fig. 2). While CH3SO03 is
typically regarded as a marker for marine SOA in fine PM, here SCOA in
PM10 did not show a similar temporal variability as methanesulfonic
acid — a marker for biogenic marine SOA (Crippa et al., 2013; Zorn et al.,
2008; Moschos et al., 2022). This was in line with OA particle types rich
in CH3S03 that were mostly in the coarse mode (PM10»PM2.5) and
largely made of fossil carbon that we found in previous studies (Dael-
lenbach et al., 2017; Vlachou et al., 2018). In addition, these compo-
nents correlated with vehicular wear identified based on trace metal
data in Switzerland (Daellenbach et al., 2020). Overall, it appears likely
that here SCOA in PM; was related to non-exhaust traffic emissions as
suggested in previous studies (Vlachou et al., 2018; Daellenbach et al.,
2017, 2020). To further investigate this hypothesis, the SCOA concen-
tration time series was used to constrain a factor in source apportion-
ment analysis using a dataset containing EC, OC, Levoglucosan, metals,
and ions. This dataset was previously used in another publication
(Amato et al., 2016). Here, we have constrained the analysis using the
chemical profiles of all PM sources obtained in Amato et al. (2016) in
addition to the SCOA concentration time-series. The goal was to identify
the chemical composition of this additional source. The resulting profile
contained EC, OC, Al, Si, Ca, Ti, V, Mn, Fe, Ni, Cu, Zn, and Mg2+ but also
sulphate (Figure SI 11). The chemical fingerprint was similar to road
dust and tire wear emissions (Thorpe and Harrison, 2008), in line with
SCOA being related to non-exhaust traffic emissions. The OC/EC ratio in
the factor was ~12, while Cu/Zn is ~3, which are roughly consistent
with the values reported in other studies for PM; particles related to
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road dust emissions in Braga, Portugal (Alves et al., 2018). Previous
work suggested that sulfur is present in various non-exhaust traffic
particles (tire, brake, road dust) (Amato et al., 2011; Colombi et al.,
2011). The potential origin of sulfur is diverse and can be from minerals
to vulcanized rubber in tires. The latter could also contribute to CH3SO3
identified by the AMS. However, at this stage the origin of this fragment
ion remains unclear.

The Cooking OA (COA) mass spectral fingerprint was constrained
using the COA profile from Crippa et al. (2013). COA was characterized
by a high contribution of hydrocarbon fragments (OM/OC of 1.32) but
shows a substantially higher contribution of oxygenated fragment (e.g.
C3H30™) than HOA (Fig. 2). For COA, no molecular marker was avail-
able for PMF optimization and validation purposes and. Consequen-
tially, COA concentrations were uncertain (Figure SI 7).

Biomass burning OA (BBOA) was characterized by high contributions
of oxygenated fragments (CHO", C;H403, C3Hs03) from anhydrous
sugar fragmentation. Overall the chemical fingerprint of BBOA (OM/OC
of 1.74; Fig. 2) was found to be typical for such emissions observed at
other locations and similar to the one for levoglucosan (Fig. 3) (Dael-
lenbach et al., 2016; Lanz et al., 2007; Crippa et al., 2013; Alfarra et al.,
2007). The BBOA concentration time series for the study period showed
a pronounced seasonal variability with maximum concentrations during
winter and correlated with the one of levoglucosan — an anhydrous sugar
produced during cellulose pyrolysis. We assumed that BBOA originated
from residential heating appliances and not other sources. The main
reason was that BBOA as resolved by PMF correlated well with BBOA
modeled by CAMx, which only represented residential heating BBOA.
(Figure SI 9). Among all OA sources, BBOA correlated strongest with
PAHs clearly indicating that BBOA was the major source of PAHs in
Milan (Fig. 3).

3.3. Secondary OA

Oxygenated OA (OOA) - representing SOA - was separated into a
more and a less oxygenated component (more oxygenated OOA — MO-
OOA: OM/OC of 2.13, less oxygenated OOA — LO-OOA: OM/OC of 1.89)
(Fig. 2). MO-OOA dominated OOA during winter and correlated well
with NH; and NO3. During the cold period, the Po basin was often
foggy. Consequentially, SOA was previously found to be affected by

7 re0s7 7 reo0s8 .
5 5
mg 4 - mg 4
E) E)
= 3 » = 3 =
29 L X ) 2 e oo
T L U - ot "
i -
L J
0 — 0
e B E— T T T
40 80 120 0 2 4 6 8
NO,, }lg/m3 ECyafiic: P'Q/m3
L ]
R=0.95 R=0.95
30 30
. -
£ £
= o
2 20 - - 2 20
g 3
2 g
10 4 ® 10 +
® ® ‘ .

0 500 1000 1500 2000 2500

3
levoglucosan,ng/m

o

T T T
0 15 20

PAHs,ng/m ;

° .
R=0.75 )
14 - 14 - ¢
12 H . 12 ® e
g o
S 10 - .. %, 10 e
= L] = . e e
s ? S %7 o
3 & oge . 8 o o, o° o
e 3 se g‘ . *,
-1 ®e —
2 ‘: * e :..
% 24 SNyl
0 [ - >
T T L 0-
0 2 4 6 8 0 10 20 30
3
NHf, ng/m temperature, °C
R=0.66 8 ®
8 - - *
.' 1.0
“g ” b 0.8
£ 6 (= i
E} 5 s o g
: = 0.6
£ . Lad s " s
g g 4w, 00 04 8
pur] 9 . ‘.i :. 0.2 =
2+ 2 - .
pe 4 0.0
e ey &
0
T T T T 1 o1
0 10 20 30 40 0 10 20 30
3
NH;, ng/m temperature, °C

Fig. 3. OA source concentration time series from offline AMS in comparison to chemical and marker concentration time series and other external data.
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aqueous processing (Gilardoni et al., 2016; Paglione et al., 2020). Here,
neither LO-OOA nor MO-OOA showed a clear relation with the aerosol
liquid water content which would be expected for SOA formed via
aqueous processes. Still, MO-OOA was enhanced at relative humidities

larger than 70% (OAfgcrmetian joAsreemedian, HOA 1.07, SCOA 0.49,
COA 1.06, BBOA 0.91, LO-OOA 0.97, MO-OOA 1.79), suggesting that
aqueous chemistry could have contributed to its formation, at least in
part.

During summer 2013, LO-OOA dominated SOA, and concentrations
increased exponentially, as would be expected for biogenic SOA (Figs. 1
and 3) (Leaitch et al., 2011). However, LO-OOA was also abundant
during winter (Fig. 1). Therefore, LO-OOA represented likely rather a
mixture of anthropogenic and biogenic SOA during the period of study.
In addition, LO-OOA correlated well with gasphase NH3 (R = 0.66)
(Fig. 3). This could indicate that 1) NH3 neutralized acidic organic va-
pours and thereby drove them into the particle-phase and/or that 2)
LO-O0A was formed from SOA precursor emissions occurring from the
same source as NHs. In addition to a clear influence of emissions from
the Po basin on OOA, air mass back trajectory analyses (Figure SI 12)
showed that air parcels characterized with high LO-OOA concentrations
spent substantial amounts of time over e.g. southeastern Germany where
high biogenic SOA concentrations are expected (Jiang et al., 2019).
Based on these results, it remains uncertain what sources and processes
govern SOA in Milan overall.

3.4. Contribution to SOA by different emission sectors

We further investigated the sources of SOA by combining the offline
AMS source apportionment with air quality modelling results. The air
quality modelling results from CAMx were largely in line with the field
observations and source apportionment results (particulate matter and
its bulk chemical components: Figure SI 8-9). At other locations (e.g.
Zurich) where biogenic emissions dominated SOA in summer, seasonally
separated SOA from offline AMS analyses could be related to biogenic
SOA and anthropogenic — largely residential biomass burning — SOA
(Daellenbach et al., 2017, 2020, 2019; Qi et al., 2020). Here, for Milan,
SOA found by offline AMS analyses was split into two components
(LO-O0A and MO-OOA) with different seasonality without a clear
relation to its emission sources. We found that MO-OOA correlated well
with the biomass burning SOA from CAMx (R = 0.74, Fig. 4). This
suggested that MO-OOA is related to biomass burning SOA. LO-OOA, on
the other hand, correlated well with the sum of all other anthropogenic
(traffic + other anthropogenic - industry, energy production,
shipping-sectors) and biogenic SOA (R = 0.63, Fig. 4) — better with the
anthropogenic (Rpy,trafficsoa = 0.67, Rpr,otheranthrosoa = 0.58) than with
the biogenic fraction (Rprpiosoa = 0.50). Thus, LO-OOA was likely a
mixture of anthropogenic and biogenic SOA.
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3.5. Sources contribution to OA

During the cold period (Oct-Mar 2013), POA contributed 62% to OA,
with the largest contribution from BBOA (37%). During the warm period
(Apr-Sep), POA contributed less to OA (38%). This decrease was largely
related to the lower BBOA concentrations, while other POA contributed
similarly to OA (Fig. 5). In terms of OC, these results were in line with
previous work for winter but also showed discrepancies in summer
(Figure SI 13) (Amato et al., 2016). Both approaches found that POC
(Amato et al., 2016): vehicle exhaust, vehicle non-exhaust, biomass
burning, mineral dust, this study: HOA, SCOA, COA, BBOA) - with a
dominant fraction from residential biomass burning emissions - was
more important in winter than in summer. While both approaches found
OC related to exhaust and non-exhaust traffic POC, the exact splits
differ, and Amato et al., 2016 found an additional contribution from
mineral dust.

We found that SOA was the main contributor to OA and also
responsible for high OA episodes during the warm period, while high OA
levels during the cold period were strongly related to BBOA for the
period of study (Fig. 5). The important role of BBOA for OA pollution
episodes in winter was in line with a large contribution of non-fossil
fuels to OC during winter (Bernardoni et al., 2013). In addition to OA,
residential heating biomass burning emissions also contained inorganic
components such as potassium (K"). Here, we observed relatively high
BBOA-to-K " ratios (BBOA-to-K™ 19.4) which were similar to observa-
tions from alpine valleys in southern Switzerland (BBOA-to-K" 18.1) but
distinctly higher than in the Swiss Plateau north of the Alps (BBOA-to-K*
3.4) (Fig. 6). In a previous study, the enhanced BBOA-to-K™ were related
to inefficient residential combustion conditions in the alpine valleys
(Daellenbach et al., 2018). The comparable BBOA-to-K™ ratios in Milano
suggested that the large contribution of BBOA to OA were to a large
extent, caused by similarly inefficient combustion conditions in resi-
dential heating appliances. Based on levoglucosan analyses, we esti-
mated BBOA concentrations for the period 2012-2022
(BBOA-to-levoglucosan ratio 12, Fig. 6). Both the BBOA-to-K*" ratio
(varied from year to year between 11 and 23, for each year: Jan-Mar +
Oct-Dec for days with levoglucosan >0.05 ug/m>) as well as the BBOA
concentrations remained approximately constant. Thus, emissions from
inefficient residential heating biomass burning could be expected to still
be the major driver of winter-time OA pollution in Milan. Yet, the
contribution of other OA sources — especially SOA - might have changed
and will need to be quantified in future research.

4. Conclusions

The Milan metropolitan area in the Po basin in northern Italy is a
European air pollution hotspot and experienced severe particulate
matter pollution episodes historically - mostly in winter - with a high
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contribution of OA from largely unknown sources. In this study, we
quantified for the first time the sources of OA in Milan based on the year
2013. We found, that during the period of study, residential heating
biomass burning POA (BBOA) governed OA in Milan during winter,
especially during polluted conditions. Such emissions further controlled
the levels of carcinogenic PAHs. Inefficient combustion conditions
identified by high BBOA/K' ratios contributed to the high relative

contribution of BBOA to OA. We found that emissions from inefficient
residential heating biomass burning were still (2012-2022) a major
driver of winter-time OA pollution in Milan, yet assessing changes in the
contribution of other OA sources requires future research. While POA
(HOA + SCOA + COA + BBOA) was a most important contributor to OA
during winter 2013, SOA dominated OA during summer 2013 - here
distinguished by degree of oxygenation (LO-OOA, MO-OOA).
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Combining offline AMS source apportionment with air quality model-
ling results, we found that SOA from residential heating biomass burning
emissions was a major contributor to winter-time SOA, while summer-
time SOA was a mixture formed from both biogenic and anthropo-
genic emissions (traffic, industry, energy production, shipping) during
the study period. The results provide a baseline for comparison to the
present situation, which is necessary for implementing and assessing
mitigation policies. As the sources that affect SOA are largely unknown
on a global scale, this study can be used as an example methodology for
combining OA source apportionment analyses based on chemical ana-
lyses with bottom-up air quality OA source analyses to understand the
formation of SOA better.
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