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Particle number, size and black carbon were medsirehe airport of Venice
Data were analysed along with gases, weather p&eesrand flight traffic

Six potential sources were identified and appodthy PMF analysis on PNSD
Airport emissions contributed ~20% to the total PNC

No specific local sources of BC can be identifisdlaminant
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ABSTRACT

Atmospheric particles are of high concern due @&rttoxic properties and effects on climate, and
large airports are known as significant sourcgsanficles. This study investigates the contribution
of the Airport of Venice (Italy) to black carbon @, total particle number concentrations (PNC)
and particle number size distributions (PNSD) av&arge range (14 nm to 2@n). Continuous
measurements were conducted between April andZubve at a site located 110 m from the main
taxiway and 300 m from the runway. Results revealedignificantly elevated levels of BC and
PNC, but exhibited characteristic diurnal profilB&SD were then analyzed using bkimeans
cluster analysis and positive matrix factorizatiBive clusters were extracted and identified as
midday nucleation events, road traffic, aircraitpart and nighttime pollution. Six factors were
apportioned and identified as probable sourcesrdow to the size profiles, directional
association, diurnal variation, road and airpatffic volumes and their relationships to
micrometeorology and common air pollutants. Phatadical nucleation accounted for ~44% of
total number, followed by road+shipping traffic ¢2% Airport-related emissions accounted for
~20% of total PNC and showed a main mode at 80mirassecond mode beyond the lower limit of
the SMPS (<14 nm). The remaining factors accoufaetkss than 10% of number counts, but were
relevant for total volume concentrations: nighttimigate, regional pollution and local
resuspension. An analysis of BC levels over differ@nd sectors revealed no especially
significant contributions from specific directioassociated with the main local sources, but a
potentially significant role of diurnal dynamicstbie mixing layer on BC levels. The approaches
adopted in this study have identified and appoeibthe main sources of particles and BC at an
international airport located in area affected lmpmplex emission scenario. The results may
underpin measures for improving local and regi@wafjuality, and health impact assessment

studies.

Keywords: Airport; black carbonsize distributions; source apportionment; ultrafiagticles
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1. INTRODUCTION

Ambient air pollution, particularly airborne padiate matter (PM), exerts a large influence on
public opinion and with policy-makers and the stfencommunity because of its known adverse
effects on human health (Heal et al., 2012; Beeteal., 2014) and its complex implications for
climate (Kulmala et al., 2011; Fiore et al., 20I®)e transformation and combustion of fossil fuels
are amongst the main sources worldwide impactirangM and are studied widely because of the
increasing demand for energy driven by industiaisountries and the economic growth of
emerging regions. Besides the well-recognised ssunhich combust fossil fuels (e.g., road traffic,
shipping, industries, domestic heating), aviatiesatves particular attention because of the rapid
growth of civil aviation. Despite the occurrenceewknts of global impact, such as the terrorist
attack of 11th September 2011, the outbreak ofreeaute respiratory syndrome in 2062003

and the recent global economic crisis (28@)9), civil aviation has experienced an almost
constant growth from the 1930s to present day. frarsd (about +5% every year) is expected to

continue over the next decades (Lee et al., 2009).

The global-scale impacts of civil aviation are hestebated and are principally attributed to the
climate forcing of exhausts emitted at cruisingwadies. In the lower troposphere, civil aviatiors ha
more local effects, which are mainly attributedhe noise and the deterioration of air quality at
ground-level due to airport operations. Up to tqdagny studies have been reported on aircraft
engine exhaust emissions (Masiol and Harrison, 20tlreferences therein), and emission
standards for new types of aircraft engine have mplemented since the late 1970s for carbon
monoxide (CO), nitrogen oxides (NENO+NGQO;), unburned hydrocarbons and smoke number

(ICAO, 2008).
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However, beside aircraft engine exhausts, otheicesumay affect air quality around airports, e.g.
non-exhaust emissions from aircraft, emissions ftleenunits providing power to the aircraft on the
ground, the traffic due to the airport ground segymaintenance work, heating facilities, fugitive
vapours from refuelling, transportation systems iavadl traffic for moving people and goods in and
out of the airport. Beyond this complex emissioarszio, most large airports are also located near
heavily populated urban areas and are responsibtéé build-up of some pollutants and

exceedence of some air quality standards.

The Marie Sktodowska-Curie project CHEERS (Chemiagatl Physical Properties and Source
Apportionment of Airport Emissions in the context Buropean Air Quality Directives) was

motivated by the lack of information regarding thgacts of airports located near large cities. In
particular, the role of airport emissions on thackl carbon (BC), particle humber concentration
(PNC) and particle number size distributions (PNSIy still debated, although some previous
studies have provided evidence that aircraft arpomsources of such pollutants. For example,
Dodson et al. (2009) found that aircraft activity ¢glose proximity to a small regional airport

contributed 24-28% of the total BC measured at $ives 0.16—3.7 km from the airfield; Hudda et
al. (2014) concluded that emissions from the Logeles international airport increase PNC 4-fold
at 10 km downwind; Keuken et al. (2015) reporteat the PNSD in an area affected by emissions

from Schiphol airport (The Netherlands) was donedaty ultrafine (10 to 20 nm) patrticles.

This study aims to investigate the impacts of apat emissions on the levels of BC, PNC and
PNSD over a very wide range (14 nm to20) at a runway/taxiway-side site of the Marco Polo
international airport (VCE). The airport is locatefl.5 km N to the historic city centre of Venice
and ~6 km NE to the large urban area of Mestre ;0 inhabitants). This is an area

characterised by many strong local anthropoger@sgures and a Mediterranean climate.
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Among the well-established source apportionmentous, cluster analysis and receptor modelling
techniques have been widely applied for charaatgridie PNSD and the most probable sources of
airborne particles (e.g., Dall'Osto et al., 201&nong the cluster analyselsmeans is the most
widely used technique. Salimi et al. (2014) testadous clustering methods on PNSD data and
reported thatk-means resulted in a highest performance amongrotiany studies have
successfully appliek-means clustering for purposes similar to this gtashd under weather
conditions comparable to N lItaly: for example, Wexgat al. (2012) studied the characteristic size
distributions in urban background environments;nBsi et al. (2014; 2015) categorized PNSD
measured in high-insolation cities (Barcelona, NthdRome, Brisbane and Los Angeles), i.e. under
weather conditions comparable to Venice; Beddowslet(2014) explored the variations in

tropospheric submicron particle size distributiaisacross Europe.

Among the receptor modelling techniques, positiarix factorization (PMF) has been applied to
PNSD data: Friend et al. (2013) compared the ampdc of PMF and absolute principal
component scores (PCA-APCS) for resolving sourde$NSD along a traffic corridor and
concluded that PMF results were more reliable; @get al. (2007) modelled the source
contributions to submicron PNSD measured in RoehnedtY, USA; Harrison et al. (2011) used

PMF to quantify the sources of wide size spectr&BPNh the vicinity of a highway.

In this study, particle spectra were used as ihgua k-means cluster analysis and a PMF receptor
model aiming to characterise the PNSD and ideratify quantify the main potential sources of
particles, respectively. Data were also analyseadtlyowith common air pollutants, weather
parameters and traffic profiles of airport and rdeaffic to investigate potential sources and
formation mechanisms. Furthermore, an analysisfeé¥els associated with different wind sectors
allowed extraction of information on sources oftsparticles and pointed out the effects of mixing

layer dynamics on driving the levels of some palhis in the study area.



154 2. MATERIALS AND METHODS

155 2.1 Site Description

156 Amongst other regions, the Po Valley (Northernyltaépresents one of the few remaining hotspots
157  in Europe, where the levels of air pollutants (rhaMO,, PM;o and PM 5) are currently breaching
158  thetargetorlimit values imposed by European Directives. For trasog, the study of the main

159  PM sources in the Po Valley is fundamental and \(EiBure 1) represents an interesting case study
160  for a number of reasons:

161 < itis the third airport of Italy for flight traffievith more than 100,000 annual aircraft

162 movements. The major type of aircraft flying at V@te short- to medium-range, narrow-body,
163 twin-engine airliners: A320> A319> A321> B737-80B¥17;

164 « itislocated close to a densely populated urban éviestre), where the levels of particulate
165 matter pollution do not fully comply with the EQlit and target values (Masiol et al., 2014a);
166  itislocated in a coastal area and is therefdiectdd by the atmospheric circulation associated
167 with sea/land breezes during the warm season.cliaiglation may potentially advect the

168 pollutants emitted at the airport toward the maidlduring the daytime;

169 + being located on the eastern edge of the Po Vatleypotentially affected by the transport of
170 pollutants at regional or even transboundary sdales, Squizzato and Masiol, 2015);

171 « the air quality scenario of the area is extremelyplex because of the high range of differing

172 potential sources, including: (1) high density desitial areas mostly using methane for

173 domestic heating, even though the burning of woed l0gs, briquettes, chips and pellets) is
174 nowadays becoming an increasing alternative; (ayihetrafficked roads which are highly

175 congested during peak hours with light and heaty dehicles using gasoline, diesel and LPG
176 fuels; (3) a motorway and a motorway-link which arpart of the main European routes E55
177 and E70, with the consequent heavy duty vehicféar@ansporting goods between ltaly,

178 Eastern and Central Europe; (4) an extended induatea (Porto Marghera) hosting a large
179 number of different installations, including thedmpawer plants burning coal, gas and refuse

7
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derived fuels, a large shipbuilding industry, @ftnery, municipal solid waste incinerators and
many other chemical, metallurgical and glass plgbisthe artistic glassmaking factories in the
Island of Murano, which is made up of small and medsized glassworks without significant
measures for emission abatement; (6) heavy shiggafffic due to public transport,
commercial and cruise terminals (annually, 36[DO0 vessels pass throughout the harbour of
Venice accounting for a total tonnage of more tAatillion kg);

* A preliminary study (Valotto et al., 2014) has icalied a potential influence of airport

emissions on PMmass concentrations, mainly attributed to tyrernaeaing landing.

The site was set in an airport apron area at daniirom the main taxiway and ca. 300 m from the
runway. The sampling site location (Figure 1) weesthest compromise between stringent safety
measures for flights and scientific purposes. Seazes occur during daytime approx. from April
to October and blow air masses from the Adriatia ®ethe mainland (Figure SI1). Aircraft mostly
used the runway 04L (landing and takeoff direcpoedominantly from SW to NE). During the
sampling campaign, ~300 aircraft used the runwdy @pposite direction to 04L, from NE to SW)
out of a total of ~9500 flight movements (~3.2%Mhdér such circumstances, the site was chosen to
catch the aircraft plumes and was set in a plaeendind of the latter part of the taxiway and the
beginning of the runway, where aircraft run theigimes at 100% thrust during take-off or where
the wheels hit the ground during landing causinglantlearly visible to the naked eye. This
choice was further supported by a modelling stiRBcborari et al., 2015) reporting that the site is
affected by aircraft engine plumes for gaseousupaniits. A more detailed analysis of civil aviation
traffic and wind direction is provided in Figure2Stesults indicate that a significant number of
both takeoffs and landings occurred when the sagsiite is downwind of the runway (winds from

~45°-160°).
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2.2 Instrumentation Suite

An intensive sampling campaign was carried out f&8th April to 9th June 2014 at the VCE site.
The period is representative of typical summer wegimes (Figure SI1), when air masses
prevalently blow from NE at nighttime and from S&&ing daytime. Ultrafine particle counts and
their size distributions from 14.3 to 673.2 nm wereasured at 5 min time resolution using a
scanning mobility particle sizer spectrometer (SY&8nprising a TSI 3080 electrostatic classifier,
a TSI 3081 differential mobility analyzer (long DNlAa TSI 3087 X-ray aerosol neutraliser and a
TSI 3022A condensation particle counter (CPC) basedbutyl alcohol (Fisher Scientific, ACS)
condensation. The range of size spectra were congpied by a TSI aerodynamic particle sizer
(APS) 3321 which measures particle diameters withénrange 0.5-19,8m. BC was continuously
measured in PM with aerodynamic diameter <p2rb(PM, s) with 5 min resolution using a 7-
wavelength aethalometer (Magee Scientific AE319trbimental set-up: the SMPS operated at a
sheath air to aerosol flow ratio of 10:1 (sheatti sample air flow rates were 3.0 and 0.3 L thin
respectively, voltage 10-9591 V; density 1.2 g&man time 120 s, retrace 15 s; number of scan 2)

while CPC operated at low flow rate (0.3 L MnAPS flow rate was 5 L mih

Instruments were installed into a plastic/metakaager a stand and air inlets were ca. 2 m height
and were composed of conductive materials to apaiticle losses and sampling artefacts. Devices
were fully serviced, calibrated by authorised comes and underwent internal cross-calibrations
with other similar instruments. Moreover, a perodneck and maintenance of instruments and

cleaning of inlets was accomplished throughoutstimapling campaign.

Weather data including wind speed and directianteanperature (°C), relative humidity (%0RH),
rain (mm), solar radiation (W 9 and levels of some pollutants including PMCO, ozone (),
nitrogen oxides and sulphur dioxide (§@ere also collected hourly at a nearby site (&,

Figure 1), which lies ~400 m from the site. Windadaere also collected at a sampling station

9
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located in the industrial area (EZI5), which isigadive of the atmospheric circulation over the
whole study area. Traffic data for both civil arehgral aviation including the type of aircraft, exa
time of taxi-in, taxi-out, take-off and landing, meeprovided by the airport authorities. The prcfile
of traffic and urban emissions in the nearby uréeea were derived from a previous study (Masiol
et al., 2014b) which analysed 13 years of air pilfuclimate at an urban background site in

Mestre.

2.3 Data Handling and Chemometric Approaches

Data were analysed using R version 3.1.2 (R Coaei[2015). Preliminary data handling and
clean-up were carried out to check the robustnkeS®ealataset, detect anomalous records and to
delete outliers. Data greater than the 99.5th péiteeand negative values were removed from all
the datasets while samples with unreliable behawi@ue completely deleted. Missing bins of
SMPS or APS data were replaced by linearly interq@al values from the nearest bins to that
sample. Missing data for other variables were lilygaterpolated between the nearest values of the

time series.

In this study, 5-min resolution SMPS and APS speatere used as input for clustering and PMF
analyses. Size spectra were not merged, but agyratas applied allowing use of raw data. In this
way, unmerged spectra have been used also inopiesource apportionment studies (e.g., Zhou et
al., 2004; Ogulei et al., 2006). Input data wergallyy handled by averaging groups of three
consecutive bins. This procedure has some advant@geeduces the number of variables
processed by the PMF, (ii) minimises the noiseaaf EMPS data, which may cause high

variability amongst consecutive bins and (iii) lismthe number of null values (zeros) which are
sometimes recorded in the more coarse bins of MieéSSand APS. This way, a total of 51 bins

were used as input for PMF: 34 bins from the SM&®ing from 14.6 nm to 552.3 nm and 17 bins

from the APS (0.519.8um). In addition the total variable (total numberpairticles) was calculated

10
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by summing the concentrations of each size binsaeglwith the appropriate multipliers accounting

for channel resolutions of the SMPS and APS.

First, the PNSDs were grouped by applyingraeans cluster analysis. Details of the adopted
method are provided in Beddows et al. (2009; 20&43entially, the methodology aims to group
single PNSD spectra (SMPS+APS data, 5 min-resaseérvations, in this case) into a numker
of clusters. The partition of each observation mtduster is based on the similarity of the PNSD
spectra with the cluster centroids (means), i@ ntiethod is optimised to group similarly-shaped
PNSD spectra into the same cluster. This strategythe advantage to group observations with
similar spectra, which are likely to be originatedthe same set of emission sources or formation
processes. The optimum number of clusters wasrdeted by an optimisation algorithm based on

the shape of the spectra (Beddows et al., 2009).

Subsequently, PMF analysis was performed on SMERARSE data with 5 min resolution using the
USEPA PMF 5 model. Details of the PMF model areoregul elsewhere (Paatero and Tapper,
1994; Paatero, 1997; USEPA, 2014; Hopke, 2016)rasdpplementary material section SI1, while
associated methods are well reviewed in Reff €28@07), Belis et al. (2014) and Brown et al.
(2015). Uncertainty associated with the concemnatiata have been calculated by following a

series of steps. Details are provided in suppleangmhaterial section SI2.

A series of R packages including ‘Openair’ (Carstawd Ropkins, 2012) were additionally used to
analyse some raw data, to link pollutant levels BMF source contributions to the local
atmospheric circulation and to detect the most g@btélocal sources thought bivariate polar plot

analysis. Details of polar plots are given in Cansét al. (2006).

11
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3. RESULTS AND DISCUSSION

3.1 Overview of Data

The distribution of wind directions and the numbgtake-offs and landings in relation to the wind
directions during the monitoring campaign are pied as supplementary material Figures SI1 and
SI2, respectively. The wind roses during the sangptieriod and those for the warm season are

similar, allowing extension of the results of tetady to the whole period late spring-early fall.

Results of all collected data are summarised aplbtsxin Figure 2a. PNCs were split into 4
ranges: nucleation (14-30 nm), Aitken nuclei (3@®® nm), accumulation (0.1 touin) and coarse
(1 to 19.8um). On average the total PNC was ~1.4fidrticles cri¥’, of which 7.3-18 4.3-16,
1.4-10 and 1.1 particles chwere classified as nucleation, Aitken, accumufatiad coarse
ranges, respectively. The total PNC was companaltteparticle concentrations normally observed
in the Po Valley during summer (Rodriguez et200Q5; Hamed et al., 2007). The highest average
concentrations for other pollutants followed thdesr(inug m>): CO (474)> Q (76)> NQ, (53)>

NO, (47)> PMs (16)> NO (3.5)> BC (1.2)> SQ0.8).

Figure 2b shows the diurnal profiles of pollutaat$ocal time, flight traffic and weather paramseter
computed by hourly averaging the data. Nucleatamge particles show an evident increase during
daytime, which is broadly comparable with the dainpattern in solar irradiance. Similar diurnal
cycles have been observed in other studies (eumdla and Kerminen, 2008; Chen et al., 2011;
Hirsikko et al., 2013) and have been attributeduoleation events driven by photochemical
reactions and possibly assisted by turbulent mixirthe atmosphere (Janssen et al., 2012).
However, the diurnal cycle of nucleation partidealso very similar to that of air traffic intetysi
Aitken, accumulation and coarse particles, COpg#n oxides and BC exhibit highest
concentrations in the early morning and secondarithe evening. These patterns are mainly
driven by the interaction of emissions, disper@od atmospheric chemical processes. Similar

12
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diurnal cycles have been previously observed atrban background site in Mestre-Venice for
gaseous pollutants (Masiol et al., 2014b). Follagnime complex photochemistry of the NO-NO

O3 system, the cycle of Dwhich show a daily peak in the afternoon, isitherse of the cycle of
traffic emissions. Despite the very low concentnasi of SQ normally recorded over the study area,
a daily cycle similar to ozone can be identifiechc® the daylight hours of the warm season are
characterized by the presence of sea breezesflaenice of the local circulation pattern on the
levels of Q and SQ should be further considered. Figures 2b also sthiberdaily pattern of wind,
showing highest speeds in the afternoon (averdgm3*), which are mainly caused by the

influence of sea breezes.

Derived parameters are also show in Figure 2. TBgMNO ratio is indicative of the partitioning of
nitrogen oxides. In Europe, despite the effort®teer the NQ emissions, N@levels do not yet
meet the targets in many locations, including theygarea. This is attributed to a discrepancy
between achieving NCGemission reductions and M@mbient concentrations (e.g., Grice et al.,
2009; Cyrys et al., 2012), which has been relateti¢ growing proportion of diesel-powered
vehicles with known high primary (direct) emissiafdNO, (Carslaw et al., 2007). In the study area
(Province of Venice), the emission inventoriesZ007/8 (ARPAYV, 2014) indicated a cumulative
emission of 24.4 Gg NOy/ ™, mainly attributed to road transport (37%), conttousin energy and
transformation industries (24%) and other mobilkerses and machinery (21%). Airport emissions
fall into this latter category: aircraft enginesieMOy, and emissions increase with engine thrust,
i.e. are higher during take-off and lower in tardadle phases. The NO-N@artitioning in the
emissions of modern high by-pass turbofan engmetso thrust-dependent: N@ principally
emitted at idle, while NO is dominant at higheustrregimes (Wormhoudt et al., 2007). At a first
glance, the diurnal profile of NANOy ratio can be related to airport emissions duakedffs

(higher NO), however the daily pattern and valuéhefratio are similar to those observed at an

urban background site in Mestre-Venice (Masiollet2®14b), indicating that vehicular traffic is
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probably the most influential source. The levetatal oxidants (OX=G+NO,, in ppbv) is useful to
assess the oxidative potential in the atmosphdesy (&t al., 1999). Results show that OX levels are

mainly driven by ozone and highest concentratiorg@corded in the afternoon.

A preliminary investigation of the location of pat&l local sources of atmospheric pollutants was
assessed by mean of polar plots (Figure 3) and palaulus (Figure SI3) analysis. Polar plots
essentially map the pollutant concentrations bydv@peed and direction as a continuous surface
(Carslaw and Ropkins, 2012). Polar annuli map tfegage levels of pollutants by wind direction
and hours of the day. Generally, most air polllggdNO, NQ, OX, SQ and PNC) show increasing
average concentrations for winds blowing from tkea®d SW quadrants, CO decreases for
moderate winds from the South and stronger winai® fN\W, ozone shows no prevalent sector but
increases with wind speed, while RPdand BC increase in calm wind periods and for
moderate/strong winds from E, W and S. In particidame important insights into the location of
potential sources can be extracted from the pdtdargmalysis:

* NO increases towards the ESE, i.e. from the beggaf the runway, where aircraft generally
stop and speed up the engines at full power beédweoff. This finding is also evident if
considering the partitioning of NOwhich shows a remarkable drop of M&O, toward the
runway, indicative of a local source. In additibd® also increases toward the S-SW sector
probably because of emissions of road traffic irstvkeand shipping in Venice;

» Despite its very low concentration, S@n excellent tracer for shipping, aircraft anld oi
refineries) seems to be related more to industnabksions (SW quadrant) and to the Port of
Venice (SE), than to the airport activities (quadta NE);

* PNC increases toward the SE and SW quadrantsgylarty for strong winds from the South,
and to a minor extent, from the NE quadrant . THeskng suggest that airport activities are not

the main source of particles in the area;
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361 ¢ PMysincreases towards the East, South and West. Althougeases from S and W can be

362 related to external sources such as main roadsréach settlements, the high levels recorded
363 towards the East, which roughly corresponds tesdation of runway where planes generally
364 land, may relate to aircraft emissions during lagdi

365

366 In summary, even though the site was strategitatigted close to the runway and taxiway, the
367 concurrent effects of multiple emission sourcethenstudy area makes it difficult to assess the
368 contribution made by the airport with simple pghwt analysis on raw data.

369

370 Figure 4 shows the median PNSDs calculated ovesritiee sampling campaign and categorised by
371  time of day (01:00-07:00; 07:00-13:00; 13:00-19:09:;00-01:00 local time). Medians, 25th and
372 75th percentiles for SMPS and APS data were thegedeusing the algorithm developed by

373 Beddows et al. (2010), which also returns the gartrolume concentrations (PVSDs). Results
374  show a significant variation in diurnal modal stires of PNSDs with a main mode ranging from
375 below 14 nm in the daytime periods to ~40-50 nmirdunighttime and early morning. There are
376  two main reasons for this results: (i) the increaaieport activities (6am-10pm) emitting fresh

377 nucleation particles, as reported by several ssu@gy., Anderson et al., 2005; Kinsey et al., 2010
378 Mazaheri et al., 2013) and (ii) the potential rofewucleation processes during daytime. In this
379 latter context, the diurnal occurrence of sea l@eeannot be disregarded since it may have a
380 potential role in transporting fresh air massemftbe Adriatic Sea and the nearby lagoon, which
381 are affected by large tidal cycles and are knowncas of aerosol precursor compounds. The

382  production of secondary ultrafine particles mayurdn the marine boundary layer by the

383  nucleation of low vapour pressure gases producedaily (but also of anthropogenic origin) (e.qg.,
384 O’'Dowd and De Leeuw, 2007; Modini et al., 2009)otigh (1) homogeneous nucleation and (2)
385 the subsequent particle growth via a number of Beisims and scavenging of clusters by larger

386  pre-existing particles. However, the diurnal vaoias may also be linked to the main (primary)
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emission sources in the study area, i.e. mobilsgons either from road or maritime sources
(commercial and tourist ships, private and pubbhn$port boats). On the contrary, PVSDs seem to

undergo only modest changes throughout the dalg, twid main modes at 300-400 nm and [3A%.

3.2  k-means cluster analysis

Five clusters were extracted by the optimisatigoathm k=5). From a mathematical point of
view, k=5 returns optimal parameters (Figure Sl4), ilecal maximum in the Dunn indices
(0.0017) and a silhouette width of 0.43 (Beddowal €2009)k=5 is also a good compromise for
interpretation of PNSD spectra observatifsom a practical point of view. Hussein et al. (2D1
have reported that is not prudent to describe M8FPwith either too few or too many clusters: few
clusters (2—4) are not enough to explain variatenmd detailed differences in the particle number
size distributions observed in the urban atmosphende extracting too many (> 10) clusters may

make the aerosol source attribution more challengin

The centroids (means) of PNSD clusters are repadesblid lines in Figure 5 along with: (i) their
10th, 25th, 75th and 90th percentile spectra adeshareas; (ii) the volume size distributions
(dashed line); (iii) the hourly counts and (iv) wiroses associated to each cluster. The number of
observations in each cluster is reported in Fi@lde Results show that diurnal count profiles are
different for most of the clusters (although clugend 5 present similar hourly count profiles),
while 3 clusters exhibit similar wind roses (clus2e4, 5: winds from SE). To facilitate the
interpretation of results, a series of 5 conseeutliays (23th May 0:00 to 27th May 23:00) was
selected and investigated in depth; the periodalhiasen to be representative of the typical cycling
of clusters and typical meteorological conditiofgure 6 reports a large number of variables
measured within this period, including cluster fa@mcounts, airport movements

(arrivals+departures), solar radiation, NO ,S&hd SMPS data (total PNC for nucleation, Aitken
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and accumulation ranges and the contour plot ofPNArrows indicating the wind speed and
direction data also accompany the plots to helprttegpretation of results.

Cluster 1 accounts for 26% of total clustered olet@ns and presents two distinct peaks: while the
finest peak extends beyond the SMPS detection (iMiinm), the other one is at 25-40 nm. It
exhibits a diurnal profile compatible with roadftig i.e. showing a morning (6-8am) and an
evening (5-7pm) rush hour peak and its wind rogsvsmo dominant wind direction. From Figure

6, it can be noted that observations belonginduster 1 may be consecutively dominant for
several hours (e.g., 23th May from noon to midnmh26th May from 6am to 6pm) irrespective of
the prevailing wind direction. This finding is coatfble with sources present all over the study
area. All these insights seem to support its imetgpion as traffic-related, i.e. observations vath

strong influence of the road traffic emissions.

Cluster 3 accounts for most of observations (298@&inly measured overnight. Its spectrum
presents a single well defined peak at approx.md@nd its wind rose exhibits the typical nighttime
atmospheric circulation patterns (low NE windsgu¥e 6 clearly shows that cluster 3 observations
start to rise in number in the late evening (befarenight) and usually drop off to near-zero counts
in the early morning (6-8am), while they are ranelgorded in the middle of the day. Consequently,
cluster 3 can be interpreted as nighttime pollytian spectra affected by the rise of atmospheric
pollutants due to the reduced height of the mixaygr and, probably, by the formation of

nighttime nitrate due to the chemistry driving tleterogeneous reactions ofQ4 and NQ on

aerosol surfaces (Seinfeld and Pandis, 2006; Berarad Thornton, 2009; Brown and Stutz, 2012).

Cluster 5 (14% of total observations) links spepaking at 20 nm and having maximum counts in
the afternoon (noon-5pm) with a second minor pagkeé morning rush hour (7am). Despite its
diurnal profile and wind direction being compatikéh the airport emissions, Figure 6 clearly

shows that cluster 5 well depicts local nucleaggants centred in the early afterno@aytime
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nucleation events forming particles below 15 nmadten observed in coastal environments and are
associated with higlOH radical and S@©concentrations, but also with iodine oxide gassgha
processes (O’'Dowd et al., 1999; O’'Dowd and Hoffm&006). They are also widely observed at
southern European sites without a nearby marineante (Reche et al., 2011). At least 3
nucleation events can be found over the selecteddo@3th, 24th and 27th May): they can be
recognised from their typical “banana” shape (Fegb)y. Midday nucleation events start at noon

with a huge increment of PNC in the finest nuclmatiange and, then, particles generally continue
to grow over the afternoon, evening and overnightach the Aitken and accumulation ranges.
Most of the time, cluster 5 observations becomeidant for several hours (generally from 4 to 8 h

after the event), but the nucleation event geneladits less than 24 hours.

PNSD spectra and clustering results were furthezstigated to detect and quantify the number of
midday nucleation events during the sampling cagrpddespite the complexity of the emission
scenario in VCE, a method similar to Dal Maso e{2005) was adopted. Data were visually
analysed on a daily basis and midday nucleatiemtsvare then identified following well defined
criteria: (i) only days with a significant numbérrmn-missing records were evaluated; (ii)
nucleation episodes must have a clear boost ircfgabelow 30 nm starting around noon; (iii) most
of the spectra in an event must be categorisedheataluster 5; (iv) increases in cluster 5-spectra
must prevail over a time span of hours; (v) pagsainust show signs of growth after an event has
been initiated. Following such criteria, 7 everasdbeen successfully recorded from a total of 17

valid days (~40%).

Remaining clusters 2 and 4 both account for 15%taf observations and have similar wind roses
(prevailing moderate winds from the E-S sector)iclwimay be compatible with airport emissions.
However, they present different PNSD spectra. @huatinks spectra characterised by a particles in

the nucleation range and peaking beyond the minimetaction diameter of the SMPS (14 nm),
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while cluster 4 groups spectra show a primary nmaaded-100 nm and, secondarily, beyond 14 nm.
Most of the literature reports that aircraft engexdausts emit particles in the nucleation range
(Kinsey et al., 2010; Mazaheri et al., 2013; Masiotl Harrison, 2014; Lobo et al., 2012;2015),
however, some studies also report a second mathe imccumulation range (e.g., Mazaheri et al.,
2009). Looking at the aircraft traffic provided the airport, it is clear that the hourly counts of
cluster 2 well relate with the aircraft movemerg(res 2 and S12). On the contrary, hourly counts
for cluster 4 are pretty constant through the dagure 5) and the wind rose also recorded counts
for winds blowing from the NNE sector, i.e. towdhe airport terminal and aircraft park areas. In
this light, it can be hypothesized that clusteeresents fresh emissions from taking-off or lagdin
aircraft, whereas, cluster 4 is more related tkbemnd levels of particles due to the taxi phases

and operations at the gates.

Cluster analysis has helped in identifying the nsactral shapes and their frequency over the
sampling period. Results show that the spectranaialy caused by direct emissions, e.g., road and
airport traffic (clusters 1, 2) or atmospheric gsses, e.g., mixing layer height and air tempesatur
(cluster 3) and midday nucleation events (clusjeHBwever, in an environment with very large
anthropogenic influences like VCE, it is likely threpectra can be either influenced by single
sources/processes or concurrently shaped by neuiqairces. Consequently, PMF analysis may

yield the most robust information on the probaloerses.

3.3 PMF Results

Following the signal-to-noise criterion and knowstrumental limits, three variables (12, 14.9 and
18.4um size bins) were excluded from the model, whie frariables (0.5, 0.6, 0.7, 0.9 and,d0
particles) were labelled as “weak” by tripling thencertainties. Two additional variables (15.1 and
16.8 nm) were categorised as weak because of spdugh scaled residuals in preliminary runs;

the total particle concentration was set as ttad t@riable (weak). A total of 172 samples were
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excluded as containing missing or incomplete dat@nal matrix composed of 49 variables and
4434 samples was then used as input for the PMé& middel was run several times by
investigating solutions between 3 and 10 factoysHanging the extra modelling uncertainty
option and by finding the most physically plausitdsult. Solutions of each preliminary run were
investigated to avoid poorly/awfully resolved s@gor unstable results by: (i) checking the model
diagnostics; (ii) identifying factors having sigeodnt inter-factor correlations (Pearsoi®.4 at
p<0.01); (iii) minimising the sums of the squaretfatences between the scaled residuals for pairs

of base runs.

A final 6-factor solution with 9.5% extra uncertgi was selected as the best compromise over the
PMF diagnostic results and interpretation religypior factors. Generally, solutions with less ti&an
factors returned many unresolved profiles; 7-factad higher inter-factor correlations, while for
>8 factors solutions generated profiles Withwvell below the expected (theoretical) value of the
residual sum of squar€x,and/or no physical meaning. Convergence of thé RiWF solution
was then ensured over multiple runs for the 6-fastdution using a random starting seed. PMF
results were carefully checked by investigatingliase model displacement error estimation
(DISP) and bootstrapping (BS) error estimation (®xaeet al., 2014; Brown et al., 2015).
Diagnostics reported that: (i) no factor swaps o@xlifor DISP analysis indicating that there are
not significant rotational ambiguities and the siolu is sufficiently robust to be used; (ii) factor
mapping from the BS runs suggested that the BSrtamcees can be interpreted and the selected
number of factors is appropriate. PMF rotationabaguities were further assessed by varying the
FPEAK value (Paatero et al. 2002) between -5 anantiochecking the relative changes@nthe
total number of negative contributions and the Gegpplots for edges. The more physically
realistic and independent solutions were obtainedAPEAK= 2.5. Uncertainties of FPEAK-

rotated solutions were finally estimated oxeR00 BS runs.
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The extracted factor profiles are presented intéiguas normalised number and volume fractions,
while uncertainties of the final solution are shawirigure SI5 as percentage of species sum with

the associated uncertainty estimated by BS. A sumofeéPMF results is also provided in Table 1.

A first attempt to link PMF factors with airporgfffic was carried out by computing Spearman
correlations among factor contributions and regdat traffic movements (total, arrivals,
departures) at 5 min resolution. Airport trafficsmaaborated to return the more plausible number
of aircraft movements every 5 min and takes in antthe exact timing of each movement. Traffic
data include the timings of landing and parkin¢hatterminal (for arrivals) and the timings of
departure from gates and take-off (for departurBsis way, each movement was adjusted for the
real time that each aircraft was moving. The datass also handled to maximise the signal of
aircraft, i.e. selecting hours with high airposftic (10am-9pm) and wind regimes blowing air
masses from the taxiway and runway to the sampiiteg(45 to 170 degree). No one factor showed
significant £<0.001) strong>0.6) or even weak (0.3p<0.6) correlation with airport traffic. This
result may be explained by a number of reasonair@prt emissions are complicated to model and
predict due to the large number of different phasdke LTO cycles: even if it possible to know
the exact time of each movement, it is difficuljpi@dict the timing and the relative position of
aircraft at different phases (e.g., the time sjbgrdircraft in the queue at the beginning of the
runway was not recorded or when they are exacthyingbof the sampling site); (ii) although
aircraft engines are expected to be the largeritandrs to the air pollution at the airport, other
sources may interfere by emitting particles withifar size distributions and, then, adding noise to
the PMF results (e.g., the aircraft auxiliary poweits (APU), which are small on-board turbines
providing a source of electrical power and comprdssr when aircraft are parked at the gate and
sometimes during taxi); (iii) other strong sourees present in the study area; (iv) wind data are

recorded hourly and then interpolated for obtairbngin time resolution, therefore unknown
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541 discrepancies may occur between estimated anaviedldata. This latter point was overcome by
542  investigating 1 h-averaged traffic and PMF datd,dourelations were still low for all of the factor
543

544  Due the inability to link PMF factors directly witkircraft movements, the interpretation of the

545  extracted sources was principally based on the hub@aacteristics of the distributions and further
546  post-processing analyses including: (1) the dadlgds of factor contributions (Figure 8); (2) the
547 investigation of the source directionality by medupolar plot and polar annulus analyses (Figure
548  8); (3) the results of Spearman rank correlatiphsvith other measured pollutants (Table 2) and
549  (4) cross-correlation functions (CCFs) among vdesiand calculated at £24 h lag time using

550 hourly averaged data or with higher time resoluf®@min) and within £3 h lag time for PMF

551  source contributions and BC data (Figure 9).

552

553  Thefirst factorincludes most of the patrticles in the nucleatammge (<25 nm), exhibits a sharp

554  mode in the number distribution at 15-20 nm andesdke largest contribution to the total PNC
555  (43.8%, confidence interval at 95% based on 200UBS (c.igs) between 43.4 and 44.1%).

556  However, its contribution to the volume distributtis ~1%. This factor shows significant

557  (p<0.001) but weak (0.3%<0.6) positive correlations with NO (but not BQOX, solar irradiance,
558 air temperature and exhibits an evident diurnalai@n peaking at 1 pm and higher levels during
559 the afternoon. The polar plot analysis (Figuren@jcates enhanced levels when winds blow from
560 the SW and SE quadrants: whilst the increase flen8E quadrant arises for high wind speeds (>5
561 m s?) towards the airfield, the increase in the SW gqaatloccurs for lower speeds (3-5H).s

562  The polar annulus analysis indicates that the migbecentrations are for winds blowing from S to
563 SW at 12 noon-4pm. This behaviour is consistertt wie location of several anthropogenic sources
564 in the study area which can contribute to partiatethe nucleation range, i.e. the road traffitha
565 urban area of Mestre (toward SW), the stack emmsdsimm the industrial area (SW), shipping in

566  Venice and its tourist harbour (S) and the airpotivities and aircraft movements (SE). In this
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context, particles peaking in the nucleation ranaee been observed for multiple anthropogenic
sources: (i) fresh diesel engines (Shi and Harri$689), (ii) diesel-equipped boats at high engine
loads (Petzold et al., 2010), (iii) coal-fired pavpdants (Nielsen et al., 2002; Liu et al., 2010)
aircraft (Anderson et al., 2005; Kinsey et al., @0Wazaheri et al., 2013; Lobo et al., 2015).
However, patrticles in this size range may alsoinaig from photochemically-driven nucleation
processes. The profile for this factor relates wethe shapes grouped in the cluster 5 irkthe
means cluster analysis (midday nucleation evehts).polar plot for this factor (Figure 8) also
shows the highest intensity in areas of the plotxshg the lowest Pls concentrations (Figure 3).
This is consistent with nucleation being favourgdadow condensation sink (Dall’Osto et al.,

2013).

Beside the number of potential sources for thisofatche daily profile (Figure 8) shows a sharp
peak at noon-2pm which is strongly related to thlargrradiance and well matches with the hourly
counts of cluster 5, but also bears some similéoigircraft movements (Figure 2) or road traffic
rush hours. Aircraft takeoffs start before 6am, wiiee contribution of this factor is still low.
Moreover, the maximum average values shown in dt& @nd annulus plots at noon-2pm are

towards the SW, which is not consistent with a naaigin from the airfield.

Results of a subsequent study give further insifgittsterpreting the first factor. A similar
sampling campaign was carried out in July 2014larhside site in the urban area of Mestre using
a similar set of instruments (SMPS, aethalomeRrgliminary results of this study are provided as
supplementary material: Figure SI6 shows the mapesampling location, while Figure SI7
reports the “nucleation factor” extracted by applyPMF analysis to SMPS data. These results
show an identical size distribution (particles pegkat 15-20 nm) with a similar daily pattern (main
peak at noon-1pm followed by a second minor pe&k&m). However, the polar plot analysis

significantly differs showing strong increasesionds blowing from the SE, i.e. the direction of
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the industrial zone. Since the kerbside site iated 9.5 km WSW from VCE and weather
conditions were very similar (summer sea/land begegime), an origin of factor 1 from airport
activities is not consistent with the results. Aigm from the industrial zone is plausible. As
already reported, a large coal-fired power plamt aman oil refinery are located in the industrial
area of Porto Marghera and both installations atergial sources of particles in the nucleation
range (Nielsen et al., 2002; Liu et al., 2010; Gigeet al., 2012) and SCEmission inventories for
2010 (ARPAYV — Regione Veneto, 2015) reported tlatloustion in energy and transformation
industries accounts for ~72% of total Sénissions in the Venice Province. It has beenrtegdo
that the probability of nucleation is increasedebgvated S@concentrations (e.g., Stanier et al.,
2004) and a 13 year-long monitoring of airborndytahts conducted in Mestre (Masiol et al.,
2014b) reported evident peaks of S@ winds blowing from the industrial zone. A larqfluence
of oil refineries and/or coal-fired power plantsouapthe particle number concentrations in the
nucleation range have been observed in many p&itie evorld (e.g., Stevens et al., 2012; Cheung

et al., 2012; Gonzélez and Rodriguez, 2013).

All of these insights support the interpretatiorfasftor 1 as mainly driven by photochemical
nucleation processes occurring in the atmosphaiafgdd and Pandis, 2006; Zhang et al., 2011)
probably including gas-to-particle conversion of,SOCFs (Figure 9) well depict the relationship
between this factor and solar irradiation: a sbhetay of the highest positive correlations at +1it2
lags may be attributed to the time needed for tbevth of nucleated particles into the measured
size range. However, beside its main probablemfrgim photochemical nucleation of §Ghe
directional analysis (Figure 8) further sugges#d this factor might also be also secondarily

associated with locally-emitting primary anthropoigesources.

Since the sampling site is located downwind of meg@nbustion sources during sea breeze

regimes, particles arising from the urban aressanepled on timescales of several minutes after
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619 "emission and, then, may undergo to a substantmdarative shrinkage resulting in a shift toward
620 smaller sizes. The condensation/evaporation/dilypimcesses have been demonstrated to be major
621 mechanisms in altering aerosol size distributidtey @rimary particles in the nucleation range are
622  emitted in the atmosphere (Zhang et al., 2004;istaaret al., 2016); this effect has been observed
623 in heavily developed urban areas, such as Londaif (@to et al., 2011). In addition, the polar

624  plot for factor 1 also shows minor increases towdhe airfield for strong winds. The sulphur

625 content in jet fuel is limited to 3000 ppm and aamonly reported within the range 300-1100 ppm
626  (Masiol and Harrison, 2014, and reference there@m)ch is approximately 30-100 times higher

627  than that for automotive fuels (<10 ppm). Consetjyeaircraft emissions are a high potential

628  source of S@and may secondarily contribute to this factor urstene particular circumstances.
629

630 The summary, although this factor could consist tdw distinct sources resulting in poorly

631 resolved PMF solutions, its fingerprint remainsitamfor solutions of up to 10 factors,

632 demonstrating its structural robustness and tHed&potential artefacts upon the PMF solution. As
633 aconsequence, the hypothesis of multiple-soutaéwion for nucleation particles is plausible and
634 itis impossible to assign to a specific one wehtainty. However, the temporal profile and thet fa
635 that the same source profile was found in anotiteirsthe area and affected by different emission
636  scenarios is very consistent with a nucleation@driven by regional processes and the most
637  significant sources of sulphur dioxide in the area.

638

639 Thesecond factors made up of ultrafine particles in the nucleatiange (20 to 100 nm) with a

640 clear mode at 35-40 nm for the number distributaord which accounts for 25.5% (g5i25.3-25.9
641 %) of particle number. Its contribution to the vole distribution is low (~5%) and peaks at 80 and
642 500 nm. Several observations link this factor tadrtraffic: (i) correlation analysis shows

643  significant moderate positive associations with,N6>0.44) and BC4 =0.41), which are

644  pollutants primarily emitted by road traffic (mamdiesel); (ii) such correlations have maxima at O
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h'lag, suggesting covariant sources (Figure 9);tfie diurnal variations reveal a typical cycle
common to traffic-related sources (morning and exgerush traffic hours); (iv) the directional
analysis shows increased levels when air masses frmw the main populated sectors of the
mainland, i.e. the urban area of Mestre (SW), ava&ml mains road towards the N and (v) the
factor profile very similar to the cluster 1 (ro@dffic) extracted by th&-mean cluster analysis. It is
extensively reported that particles in the sizeyeaof factor 2 may originate from the dilution of
diesel exhaust emissions (Charron and Harrisor3;2Ddhhall et al., 2004; Ntziachristos et al.,
2007; Harrison et al., 2011) as well as from gasspowered cars (Wehner et al., 2009; Huang et
al., 2013). Similar factor profiles have been aksported in the literature for road traffic (e.gue

et al., 2008; Constabile et al., 2009; Harrisoalgt2011).

However, the polar plot analysis also shows in@édsvels for winds blowing from S, i.e. the
direction of the historic city centre of Venice atglpassenger terminal and for high wind regimes
from SSE, i.e. toward the Lido inlet, a main ent&of cruise ships into the Lagoon of Venice. A
number of studies have associated particles irsthesrange with marine traffic. Jonsson et al.
(2011) reported that emissions from cargo and passeships peaks at35 nm; Healy et al. (2009)
observed ship exhaust particle number distributieitis a maximum at approximately 50 nm;
Kasper et al. (2007) observed mean diameters titlegrat 20—40 nm for 2-stroke marine diesel
engines; Petzold et al. (2010) associated partweigsmodes at 40-60 nm with a serial 4-stroke
marine diesel engine at 10-50% engine load; Kivekad. (2014) observed that the contribution of
ship traffic to PNC downwind of a major shippingéaconsists of number distributions peaking at
~40 nm. The same results were also reported bydogr et al. (1999), who investigated the
mechanisms of particle formation during combustigthin marine diesel engines affected by hot
corrosion and erosion. In the light of this, besidead traffic, factor 2 can be also linked to the
marine traffic emissions from ships, waterbuseskarats of public or private transport services,

which are commonly equipped with marine diesel eegji Currently, the contribution of the Port of
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Venice to the levels of PM is heavily debated (Quordt al., 2015) and information on the
emissions from waterbuses and the private boatiflestill lacking (Pecorari et al., 2013a). Facto

2 was interpreted as road+shipping traffic, magug to diesel engine emissions.

Thethird factor shows a main mode in the number distribution at®0and a second mode in the
nucleation range, which seems to extend beyonbtbther limit of particle detection of the SMPS
(14.6 nm). Three modes in the volume distributimmfaund at approx. 200, 500 nm andrb. Its
contributions to the particle number and volume28% (c.ig520.1-20.5%) and 19.6%,
respectively. This factor lacks relevant correlasiovith other air pollutants and its diurnal cysle
relatively constant through the early part of thg,dvith a strong decrease in the early afternoon
following the increased wind speeds due to thebseezes. Several studies available from the
current literature report that aircraft engine esiss show a main mode in the nucleation range
(Masiol and Harrison, 2014, and references thetabp et al., 2015). However, despite the
particle size profile of factor 3 differing fromdee commonly reported in the literature for aircraf
emissions, there are a number of a reasons fduwtirg this factor to the airport emissions:

* The polar plot exhibits the main contributions wia@nmasses blow from the airfield (E to SSE)
and from the main airport terminal (NE), while {@ar annulus clearly shows that maximum
levels for winds blowing from the airfield are ré&d in the central hours of the day, i.e. during
the busy airport hours. No other factors show pplats consistent with aircraft emissions.

« Some studies also report the presence of a secodd m the accumulation range for aircraft
exhausts (Kinsey et al., 2010; Lobo et al., 2012z&heri et al. 2013). For example, in a study
conducted at the Brisbane airport (Australia), Mezaet al. (2009) investigated a total of 283
individual aircraft plumes during landing and tai€bTO) cycles and reported accumulation
modes between 40 and 100 nm, more pronounced ticlparumber size distributions during
takeoffs. These findings are also consistent wighnidon et al. (2008), who studied the

emissions from in-use commercial aircraft engin@srvind of operational taxi- and runways at
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Hartsfield-Jackson Atlanta airport (USA) and repdrthe presence of a mode~&5 nm
associated with takeoff plumes and a smaller mbd€& nm associated with idl€omparing

the profile of factor 3 with clustering resultscédn be noted that it fits profiles for both clus2e
and 4 (aircraft and airport-related shapes). Iti@dar, looking at the diurnal variations, factr
seems more related with cluster 4 than with clugtéthough factor 3 lacks a main peak in the
nucleation range, its fingerprint (Figure 7) shdtes presence of a significant second mode for
particles below 14 nm, which may represent the maak in the nucleation range reported in
the literature for aircraft emissions. An appargnift towards smaller particle sizes can be
attributed to evaporative shrinkage of particlefimethe exhaust plumes reached the sampling
site (Dall’Osto et al., 2011; Harrison et al., 2D16 this context, the total number of particles
attributed by our study to the aircraft exhaustssmoins will be underestimated because the

lower limit of detection of SMPS curtails this sedgpeak below 14 nm.

In addition to the main exhaust emissions fromraftengines, there is some evidence suggesting
that this factor can also be related to supplenngctantributions from other on-airport sourcese th
high concentrations observed for winds blowing fritv@ main terminal (ENE) suggest a
supplementary contribution from the aircraft APWV&reover, the peaks in particle volume at 500
nm and 5um can be tentatively attributed to the brake dodttgre wear during landing and to the
dust resuspension due to the turbulence creatékebgircraft movements, respectivelactor 3

was hence attributed to the primary emissions filograirport.

Thefourth factoris a minor contributor to PNC (5.9%, ¢15.8-6.1), but accounts for the main
percentage of the volume distribution (41%). It tvas modes in the number distribution (30 and
200 nm) and a main mode in the volume distribu(®®0 nm). Polar plot analysis does not reveal
any significant directionality toward specific ldsurces, but shows a marked boost during wind

calm hours fuind speed=—0.54) and low winds from the NNE. The daily patteythe mirror image
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of the air temperature, and it is positively caxtetl with NQ (but not with NO), PMs and BC and
negatively correlated with DOX and SQ. The factor 4 can be related to the cluster 3nftilge
pollution): they match for the 30 nm peak and telegw the same diurnal patterns. These results
raise the following issues: (i) the higher levedached in calm and low wind periods may suggest
that the origin of the factor is local rather thextternal or linked to regional transport; (ii) amgmn
from the airport can be excluded because of thendiyrofile (very limited airport traffic recorded
overnight); (iii) the directionality toward NNE, wehe there are no significant emission sources,
may indicate that such a factor is not linked &shly emitted pollutant. The peak intensity during
the nighttime and the significant, but weak, asstomn with NG are highly consistent with the
chemistry driving the heterogeneous reactions&sMind NQ on aerosol surfaces (Seinfeld and
Pandis, 2006; Bertram and Thornton, 2009; BrownStudiz, 2012). This process has been
observed in many polluted areas (e.g., Fine e2@08; Wang et al., 2009). In particular, Dall'Osto
et al. (2009) observed that most nitrate partitidsondon are: (i) locally produced in urban
locations during nighttime; (ii) mainly presentparticles smaller than 300 nm and (iii) internally
mixed with sulphate, ammonium, elemental and oxearbon. Therefore, this factor clearly
depicts the condensation of secondary nitrate eregisting particles occurring overnight and
enhanced by the air temperatures below 20°C. Talysia of CCF (Figure 9) confirms this
interpretation by revealing a delay of about 2 mieximum negative correlations with ambient
temperature, which is likely linked to the time ded for the heterogeneous reactions on the surface
of particles. Moreover, it would be expected thatate-containing particles can subsequently
undergo evaporation during daytime. This lattegnptetation relates well to a recent study by
Squizzato et al. (2013), who reported low level®bk s-bound nitrate in Venice during the warm

season because of the partitioning of nitrate tde/éine gas-phase.

Further information can be extracted by analysimg fiactor. The high correlation with BE=0.64

with maximum correlations at O h lags) suggestsBi@aparticles have a key role in the formation
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processes by acting as condensation nuclei fataiaerosol. BC is a primary pollutant and is
therefore directly emitted from specific combustsmurces: in the study area principally industries
(mainly coal power plant), shipping and traffic. wkver, none of these primary sources are located
toward the NNE. This correlation is mostly driventhe concurrent effects of the nocturnal
circulation (prevalent winds blowing from the NN&)d the lower mixing layer height reached in
the coldest nighttime hours (typically at 6am)tie warmest season, the mixing height over the
study area may reach 1 km or more during daytith@yeng a greater dispersion of pollutants
emitted at the ground, whereas it drops down towdl00 m or less during night (Pecorari et al.,
2013b). Therefore it can be speculated that loeaiytted BC particles and N@ndergo a wide
dispersion within the expanded mixing layer duriing daytime and move toward the mainland
because of the sea breezes. Overnight, the redutdtibhe mixing layer height restricts BC and
nitrogen oxides emissions to a layer close to gidawel. In this scenario, both the reduction in ai
temperatures and the increased concentrations {N@Qure 2b) potentially boost the formation of

nitrate aerosol in the particle-phase on BC nuclei.

The last two factors show main super-micrometrea@sddr the volume distribution, respectively at
2-3 and 4-qum. Their contributions to the total particle volueencentrations are 21.1% and
12.2%, respectively, while their shares of PNCragligible (3 and 1.5%, respectively).
Apparently, both factors also show increased lewgls high winds blowing from the first NE
sector and diurnal cycles inverse to the air teaupee. However, despite most factors showing
repetitive or cyclic daily variation$actor 5does not present a regular diurnal pattern, bloibés

two relatively short periods with very high contrilons: 18-19 and 23-24 May. This result may
indicate that it is not necessarily linked withabstationary sources and not strongly affected by
micro- or meso-scale weather conditions, such eszZas. Consequently, the potential origin of this
factor was investigated through the concentratierghted trajectory (CWT) analysis of the back-

trajectories. Details of the adopted method argigeal in Hsu et al. (2003). Results reveal a
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potential regional origin from Central Italy (Figu618), but also increased levels when air masses
move from some populated areas of Central Europe bEst interpretation for this factor is

therefore the regional/transboundary pollutiondpeort across Italy and/or Europe.

Data analysis diactor 6shows increased levels for strong winds blowimgrfthe NE sector and
higher levels in the colder hours of the day. Supgrometre particles are likely emitted from non-
combustion sources. The daily cycle is very sintibethat of nighttime nitrate (factor 4), BC and
NO,, but no correlations are significantly high wittose variables. On the contrary, factor 6 clearly
shows weak negative correlations with OX, wind speed, solar irradiance and air tempeeat
Strong winds from the NNE bring air masses fromcaadpural fields as well as from some places in
the surroundings of the airport affected by workimly the sampling campaign. Consequently, the
most plausible interpretation for factor 6 is thedl resuspension of large dust particles, presumed
to be of crustal origin. The diurnal pattern is lexped by the fact that land breezes occur at

nighttime, only linking source areas to the sangp8rie at this time of day.

3.4 Potential Sources of Black Carbon

Similar to PMF factor 4, BC levels peak at 6-7ang(ifes 2 and 8), when ambient temperature
drops to the daily minimum. The analysis of theapgllot for BC (Figure 3) does not reveal
substantial increases of concentration in any tloecbut a marked rise in levels during calm wind
periods. An estimation of the relative contribusaf local sources upon the BC levels was then
made by comparing data for winds blowing from difig sectors. Six sectors were identified
according to the location of the main sources efdtudy area: (i) the urban area of Mestre as
representative of traffic-related emissions; @@ tnain industrial zone of Porto Marghera; (iii)
Venice as representative of urban emissions amgpsiy; (iv) the Island of Murano for
glassmaking emissions; (v) the VCE airfield compgsunway, taxiway and the main terminals

and (vi) remaining sector. Selected sectors anar@winulus results are provided in Table 3 and
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Figure SI3, respectively. Data were also filteredvind speed >1 ni'sto remove wind calm
periods. Results (Figure 10) show that the BC kwet higher when air masses arise from the
‘other direction’ sector, while they are almost stamt for sectors indicative of each specific local
anthropogenic source. This result is quite unexgokat soot particles are known to be emitted by
most combustion sources in the area, e.g., roffect(Bant and Harrison, 2013), aircraft (Masiol
and Harrison, 2014), and ships (Lack and Corb8t2®, while emissions from wood combustion
due to domestic heating and open burning are nblgign warm periods. During daytime, none of
the local sources seems to have a dominant rofélirencing the levels of atmospheric soot, while
the nocturnal circulation (slow winds prevalentigrh NNE) and the lower mixing layer height (ca.

100 m) at nighttime restricts soot particles toghdace layer close to the ground.

4. CONCLUSIONS

This study was carried out at an internationala@irfpcated in an area with a very complex

emission scenario with the aim of detecting andéapming the most probable sources of particles

and black carbon. The main results can be sumndaaiséollows:

* the fingerprint of aircraft emissions on the PN&ingpled in real ambient conditions reveals a
main mode at approx. 80 nm and a second mode inutieation range below the lower limit
for particle detection of the SMPS (<14 nm). Aaftic contributes about 22% of PNC, but does
not contribute significantly to the mass concemdreg of black carbon. However, the size
distribution fingerprint could be affected by evegtove processes which have shifted the
particle size below 14 nm and, thus, the total amoil particles emitted by the airport could be
underestimated;

* nucleation particles with a mode at 15-20 nm aeentiain contributors to PNC (44%) and may
be linked to both photochemical nucleation fromcpreor gases and the evolution of primary
particles emitted by several combustion processdsiadergoing

condensation/evaporation/dilution processes aftes®on. Cluster analysis has helped to
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identify and quantify the midday nucleation epissidehich were recorded for about 40% of
sampling days;

» the emissions of road traffic from the main urbegaaand shipping traffic around the city of
Venice contributes to ~26% of PNC (mode at 35-40;nm

» Coarse particles originated from nighttime nitfatenation and from resuspension advected by
regional transport are the main contributors topeicle volume concentrations and, therefore,
mass concentrations, as clearly indicated by sggmt positive correlations with P\

* levels of black carbon are strongly associated thighdynamics of the mixing layer, while no
specific local sources can be identified as dontimathe study area. BC also has an important

role by providing condensation nuclei for nighisecondary nitrate aerosol formation.

In summary, sources related to transport secteramiongst the largest contributors to local air
pollutant concentrations. Beside aircraft trafizports are often located near major cities and
attract large volumes of road traffic, which areliide to the local pollution. Furthermore, micro-
and meso-scale meteorology may move, mix and wamsémitted primary pollutants. It is
therefore very difficult to differentiate betweeallptants arising from airport operations and those
from other local sources. The approaches propastds study have successfully identified and
apportioned the main potential sources in an dfeatad by a complex emission scenario and the

results can be utilised to plan local air pollutmamtrol measures.

This study is the first to apply cluster analysisl aeceptor modelling techniques for assessing the
sources of wide-range particle size spectra abt@nnational airport. Although such techniques are
widely used to detect and quantify the sourcesrbbene particles (both for mass and number
concentrations), their application to data colldatear airports, or even inside the airfieldstils s
very limited. There are a number of reasons far #isi studies at airports must face several issues:

(i) the need of specific authorisations to enterdhrport area for carrying chemical substances
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and/or radioactive sources required by some s@eertuipment; (i) the space and time allowed
for research is strictly limited for compliance wihe strong security standards of airports; e
positioning of sampling sites is also restrictedulfil security standards. For these reasons,
limitations affected this study, such as the lerajtthe sampling campaign and the location of the
sampling site. They both represent the best comigembetween stringent safety measures for

flights and scientific investigation.
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TABLE LEGENDS

Table 1.

Table 2.

Table 3.

Summary of PMF analysis.

Spearman’s correlations among extracted factorsmon air pollutants and some
micro-meteorological parameters. Only correlatisiggificant atp<0.001 are
shown;p>0.6 are bold faced 0.3p<0.6 are in italic.

Resultsi of wind sector analysis for BC data. Detee been filtered by wind speeds
>1Ims-.

FIGURE LEGENDS

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Map of the study area (left): some local soureceshaghlighted by different colours.
Detailed view of the airport of Venice (right): teampling site is shown as a star.

a) Boxplots of some analysed pollutants (linesdran, box= inter-quartile range,
whiskers= t£1.5*inter-quartile range). b) Diurnakaions of levels of measured
pollutants computed over the hourly averaged datag the sampling period (e.qg.,
6:00 refer to averaged data between 6:00 and 722@h plot reports the average
level as a filled line and the associated 75th@8tt confidence intervals calculated
by bootstrapping the data (n=200). In purple pkrtmimber data from SMPS and
APS, which were roughly categorised as: nuclegtldn30 nm), Aitken nuclei (30 to
100 nm), accumulation (0.1 touin) and coarse particles (1 to @@); in red
gaseous pollutants; in black non-gaseous pollueamdsn green some micro-
meteorological variables. Data of airport traffidyrefer to civil aviation
movements.

Polar plots of analysed air pollutants. The posiof the wind speed scale on each
plot corresponds to the location of the runway. Piw@ BC data were hourly-
averaged to be matched with wind data.

Distributions particle number and volume catéggut by daytime (01:00-07:00;
07:00-13:00; 13:00-19:00; 19:00-01:00 local timanes represent the median
concentrations, while shaded areas report the 25inpercentile intervals.

Results of cluster analysis. Average cluster PNfectra (left) are reported as solid
red lines along with: (i) their 10th, 25th, 75thda@0th percentile spectrum as shaded
areas; (ii) the volume size distributions (dashiee line); (iii) the hourly counts and
(iv) the wind roses associated to each cluster.

Selected period (23th to 27th May). The plofgesent (from upper to the bottom):
(1) hourly counts of number of clusters; (2) aitgoaffic (arrivals+departures); (3)
solar irradiation; (4) nitrogen oxide concentrati@®) sulphur dioxide concentration;
(6) particle number concentration for the nucleat@ange (14-30 nm); (7) particle
number concentration for the Aitken range (30-161);r(8) particle number
concentration for the accumulation range (100-1@®(; (9) BC concentration; (10)
contour plots of SMPS data.
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Figure 7.

Figure 8.

Figure 9.

Figure 10.

Number (black solid line) and volume (red daslee) distributions for the six
factors extracted by the PMF model. Data are espreas normalised fractions on
the total from the final solution (FPEAK=2.5).

Diurnal variations, polar plot and polar annutdishe six factors extracted from the
PMF model. Diurnal variations report the averagell@s a filled line and the
associated 75th and 99th confidence intervals bl by bootstrapping the data
(n=200).

Some CCFs computed among PMF factor contribumasother pollutants.
a) Polarplot of BC (hourly averaged data) dutimgwhole sampling campaign; b)

boxplots of the BC levels on filtered data for wisettors and ws>1 n' pollutants
(line= median, box= inter-quartile range, whisketd=5*inter-quartile range).
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Table 1. Summary of PMF analysis.

No. Most probable source Main modes Contributions Peak hours  Significant correlations
Dominant PNSD PVSD PNSD PVSD at p<0.001,p>0.35
% (95th confidence
interval) % (local time) positive (negative)
1 Nucleation 15-20 nm 200 nm; gm 43.8 (43.4-44.1) 1.1 12am-1pm NO, OX, solar ifir. temp.
2 Traffic 35-40 nm 80-90; 500 nm 25.5 (25.3-25.9) 4.8 6am-8am; NO,, NO,, BC, (O)
9pm-11pm
3 Airport <14nm; 80 nm 200; 500 nm, 5 um 20.3 (20.1-20.5) 9.61 - -
4 Nighttime nitrate 30 nm; 200 nm 400 nm; 2.5 um 5.9 (5.8-6.1) 41.2 m-Bam NQ, BC, PM s, (Os), (OX),
(SO, (wind speed)

5 Regional pollution 60 nm 2-3um 3(2.4-3.1) 21.1 12pm-6am CO,PM
6 Local resuspension 25 nm 5um 1.5(1.3-1.6) 12.2 4am-6am {O(0OX), (solar irr.), (air

temp.), (wind speed)
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Table 2. Spearman’s correlations among extracted factorajmon air pollutants and some micro-meteorologieabmeters. Only correlations

significant afp<0.001 are shown>0.6 are bold faced 0.3p<0.6 are in italic.

CO NO NO; NOx O3 OX SO, BC PMys Wind Air Solar
Factors speed temp. irr.
Factor 1: Nucleation 0.37 0.31 0.41 0.33 0.20 0.52 0.47
Factor 2: Traffic 0.25 0.44 0.41 -043 -0.31 -0.23 0.41 0.19 -0.23 -0.22
Factor 3: Airport 0.31 0.19 0.20
Factor 4: Nighttime nitrate 0.31 0.37 0.33 -0.53 -0.47 -0.43 0.64 048 -0.54 -0.30 -0.17
Factor 5: Regional pollution 0.52 -0.30 -0.31 -0.39 0.29 041 -0.23 -0.33 -0.25
Factor 6: Local resuspension 0.24 0.20 -0.55 -0.50 -0.35 0.30 0.33 -0.45 -0.54 -0.47
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Table 3.Results ofvind sector analysis for BC data. Data have bdrdd by wind speeds >1 m's

Location Sector MeanzstDev. Median (25th-75th percentile)
degree ug m® ug m®
Urban area of Mestre 240-280 1.0+0.4 1(0.8-1.2)
Porto Marghera 210-240 0.7+0.3 0.7 (0.4-0.8)
Venice 170-210 0.8+0.3 0.8 (0.7-1)
Island of Murano 150-170 0.8+0.4 0.6 (0.6-0.9)
VCE airfield 30-150 0.7+0.4 0.7 (0.5-0.9)
Other directions 280-30 1.5+0.8 1.4 (0.9-1.9)
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1401 Figure 1. Map of the study area (left): some local souareshighlighted by different colours. Detailed vieftthe airport of Venice (right): the
1402 sampling site is shown as a star.
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Figure 2. a) Boxplots of some analysed pollutants (line=lize, box= inter-quartile range,
whiskers= t1.5*inter-quartile range). b) Diurnakiaions of levels of measured pollutants
computed over the hourly averaged data duringdahgsng period (e.g., 6:00 refer to averaged

data between 6:00 and 7:00). Each plot reportatbeage level as a filled line and the associated
75th and 99th confidence intervals calculated yt&teapping the data (n=200). In purple particle
number data from SMPS and APS, which were roughiggorised as: nucleation (14-30 nm),

Aitken nuclei (30 to 100 nm), accumulation (0.11tem) and coarse particles (1 to @®); in red
gaseous pollutants; in black non-gaseous polluamisn green some micro-meteorological

variables. Data of airport traffic only refer titiaviation movements.
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1415  Figure 3. Polar plots of analysed air pollutants. The posibf the wind speed scale on each plot
1416  corresponds to the location of the runway. PNCB@dlata were hourly-averaged to be matched
1417  with wind data.
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1422  Figure 4. Distributions particle number and volume categgutiby daytime (01:00-07:00; 07:00-
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Figure 5. Results of cluster analysis. Average cluster PIdB&rtra (left) are reported as solid red
lines along with: (i) their 10th, 25th, 75th and®@ercentile spectrum as shaded areas; (ii) the
volume size distributions (dashed blue line); (ti¢ hourly counts and (iv) the wind roses
associated to each cluster.
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1433  Figure 6. Selected period (23th to 27th May). The plotsespnt (from upper to the bottom): (1)
1434 hourly counts of number of clusters; (2) airpoaffic (arrivals+departures); (3) solar irradiation;
1435  (4) nitrogen oxide concentration; (5) sulphur ddexconcentration; (6) particle number

1436  concentration for the nucleation range (14-30 r(if)) particle number concentration for the Aitken
1437  range (30-100 nm); (8) particle number concentratiw the accumulation range (100-1000 nm);
1438  (9) BC concentration; (10) contour plots of SMP&da
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Figure 7. Number (black solid line) and volume (red dashme) distributions for the six factors
extracted by the PMF model. Data are expressedrasatised fractions on the total from the final
solution (FPEAK=2.5).
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Figure 8. Diurnal variations, polar plot and polar annubfishe six factors extracted from the PMF
model. Diurnal variations report the average leged filled line and the associated 75th and 99th
confidence intervals calculated by bootstrappirggdata (n=200).
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Figure 9. Some CCFs computed among PMF factor contribu@omsother pollutants.
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1459

1460  Figure 10.a) Polarplot of BC (hourly averaged data) durimgwhole sampling campaign; b)
1461  boxplots of the BC levels on filtered data for wisettors and ws>1 m*ollutants (line= median,
1462  box= inter-quartile range, whiskers= +1.5*inter-gta range).
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