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ABSTRACT

The air quality is influenced by the potential eteeof meteorology at meso- and synoptic scales.
While local weather and mixing layer dynamics myuhlive the dispersion of sources at small
scales, long-range transports affect the movenwdras masses over regional, transboundary and
even continental scales. Long-range transport rdagda polluted air masses from hot-spots by
increasing the levels of pollution at nearby or oégrlocations or may further raise air pollution
levels where external air masses originate fronerdtiot-spots. Therefore, the knowledge of
ground-wind circulation and potential long-rangengports is fundamental not only to evaluate
how local or external sources may affect the aalityiat a receptor site but also to quantify it.
This review is focussed on establishing the refetingps among Py sources, meteorological
condition and air mass origin in the Po Valley, efhis one of the most polluted areas in Europe.
We have chosen the results from a recent studiedasut in Venice (Eastern Po Valley) and have
analysed them using different statistical approat¢beinderstand the influence of external and
local contribution of PMl5 sources. External contributions were evaluatedfdplying Trajectory
Statistical Methods (TSMs) based on back-trajecémlysis including (i) back-trajectories cluster
analysis, (ii) potential source contribution fuctiPSCF) and (iii) concentration weighted
trajectory (CWT). Furthermore, the relationshipsA@en the source contributions and ground-wind
circulation patterns were investigated by using ¢iuster analysis on wind data and (v) conditional
probability function (CPF). Finally, local sourcertribution have been estimated by applying the
Lenschow' approach.

In summary, the integrated approach of differechméques has successfully identified both local
and external sources of particulate matter poltutoan European hot-spot affected by the worst

air quality.

Keywords: PM; 5, local and external contributions, meteorology-basd methods
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1. INTRODUCTION

Since mid 90s, the European Community has adoptedasingly stringent standards for reduction
of emissions to improve air quality. Such efforésvé generally led to an overall improvement of air
quality in most of the EU Countries. However, thare still some European regions that are
affected by high levels of air pollutants - thecadled hot-spots. Among others, Northern lItaly,
Benelux, some Eastern Countries and greater uneas auch London and Paris deserve particular
attention because of their high population density.

Generally, the main causes of high air pollutiorels in hot-spots are the additive effects of: (i)
heavy local emissions from many anthropogenic sm31@Gi) peculiar weather and/or orographic
features limiting the dispersion of locally emitgedllutants and (iii) the regional or even trans-
boundary transport of polluted air masses fromreslesource areas. The first cause is primarily
related to the levels of urbanization and induktzadion: since most hot-spots lie in densely
anthropised areas which are affected by relatikebvy emissions from traffic, energy production
and industrial activities. Beyond the local emisssources, air quality may be further influenced by
the potential effects of meteorology at meso- gmebptic scales. While local weather and mixing
layer dynamics mainly drive the dispersion of sesrat small scales, long-range transports affect
the movements of air masses over regional, tranedary and even continental scales and may
have two opposite but potentially concurrent eBe@) they can advect polluted air masses from
hot-spots by increasing the level of pollution eanareas or even remote locations, and/or (iy) the
may further raise air pollution levels where ex&rair masses originate from other hot-spots.
Therefore, the knowledge of ground-wind circulateord potential long-range transports is essential
to evaluate how and how much local or externalsEsimay affect the air quality at a receptor site.
The main goal of this study is to establish a retethip among Plssources, meteorological
condition and air mass origin through the applaabf a multiple methods and tools. The results of
a recent source apportionment study carried oueimce (Eastern Po Valley) over three sites were
evaluated using various statistical approachegterchine the influence of external and local
contribution on identified Pl sources. External contributions were evaluatedgplying

Trajectory Statistical Methods (TSMs) based on kaajectory analysis: (i) back-trajectories
cluster analysis; (ii) potential source contribatfanction (PSCF) and (iii) concentration weighted
trajectory (CWT). Furthermore, the relationshipsaien the source contributions and ground-wind
circulation patterns were investigated using (luster analysis on wind data and (v) conditional
probability function (CPF). Finally, local sourcertributions have been estimated following the
approach proposed by Lenschow et al. (2001).

The application of multiple techniques has ideatifboth local and external sources of particulate

matter pollution in an European hot-spot affectgdvbrst air quality. We strongly believe that the
3
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proposed approaches will be useful for the futirguality assessment studies and reduction

strategies.

2.MATERIALS AND METHODS

2.1 Sudy area

While Northern Italy has fulfilled the same mitigat processes adopted by other European
Countries towards emissions reduction, it has nldt benefited in terms of substantial reduction of
air pollution. As of today, the Po Valley is onetbé most polluted areas in the Europe for
particulate matter (PM), ozone and nitrogen oxi@dsA, 2015). Local emissions are expected to
be more important in Po Valley than in other Eusopareas (Maurizi et al., 2013) although
Gilardoni et al. (2011) showed that local sourcesnty affect fine PM (aerodynamic diameter less
than 2.5 um,PMs) during winter while the influence of regional aiasses from the nearby Po
Valley dominates in summer. Moreover, the genemnabfosecondary aerosol is known to form over
the Valley that rapidly build-up air pollution aftelean-air episodes which is governed by the
particular topology and meteorological conditiofishe plain (Larsen at al., 2012; Masiol et al.,
submitted).

Venice is located between the eastern edge ofdhéaley and the Adriatic Sea. Along with the
city of Mestre, they form a large coastal urban mipality hosting 270,000 inhabitants. The
emission scenario includes sources of PM suchgisdensity residential areas, heavy traffic roads
mostly congested during peak hours, a motorwayaamdtorway-link part of the main European
routes E55 and E70, an extended industrial aredqRtarghera) with a large number of different
installations, including incineration plants anthige thermoelectric power plant burning coal and
refuse-derived fuel, the artistic glassmaking feaewin the island of Murano, heavy shipping taffi
providing public/commercial and tourist transp@isl an international airport. The apportionment
of the most relevant PM sources and their spatidlsseasonal changes (Masiol et al., 2012a;2014b)
as well as the regional and local influence of R aecondary aerosol have been investigated
(Squizzato et al., 2012; Masiol et al., submittddpreover, the potential influence of local or leng
range transports upon PM mass and PM-bound potkutegre investigated in a series of sparse
studies (e.g., Masiol et al., 2010; 2012a,b; Sqiaet al., 2012; 2014), but its role on standard
breaching has not yet comprehensively assessed.

2.2 Experimental
A year-long PM ssampling campaign (February 2009 - January 2018)oaeied out at the three

sites indicative of different environments (Fig. 1)



137 '« asemi-rural background coastal site (SRB) ingdadle a coastal lighthouse upwind of the major
138 local emission sources;

139 « anurban background site (URB) established in b Hensity residential zone of Mestre, very
140 close (~50 m) to the main traffic roads;

141« anindustrial site (IND) placed downwind of Port@ighera and the surrounding area that has
142 extensive road and shipping traffic.

143 Four time periods were selected for chemical amalgpring (March-April 2009), summer (June-
144 July 2009), autumn (September-October 2009) antew{December 2009-January 2010). Filters
145  were cut into two portions: one to determine majorganic ions via ion exchange chromatography
146  (IC) (after water extraction) and the second tongifiaelements via ICP-OES and ICP-MS after
147  acid digestion. Analytical methods are reporteéwlere (Squizzato et al., 2012; 2014).

148  Common weather data including wind speed and direchir temperature, relative humidity, solar
149  radiation and precipitations were hourly measutdd/a stations near the sampling sites (Fig. 1):
150 ARPAYV Cavallino-Treporti was chosen as being repnégtive of SRB, while EZIS (part of the

151  network of Ente della Zona Industriale di Porto htsera) for URB and IND. Wind data were

152  homogenized and appropriate corrections were applieen necessary. The wind speeds < 0.5 m
153 s '(anemometer detection limit) were assumed as caird whereas uncertain data or hours with

154  fast changes in wind direction were excluded fromadnalysis.

155 2.3 Overview of back-trajectories and trajectory-based models

156  There are number of methods that are currently ursant pollution studies to account for long-

157  range transports (Fleming et al., 2012 and refe®titerein). Back-trajectory analysis is a

158  commonly-used tool for tracing the history of aiasses passing over a location at a defined time.
159  Briefly, interpolated measured or modelled metemywlal fields are used to infer backward in time
160 the most probable paths of infinitesimally smalitigées of air that at the time zero are located at
161  starting point. In this study, back-trajectoriesg&veomputed using HYSPLIT (Draxler and Rolph,
162  2015; Rolph, 2015). Our model set-up parametetsidec 4 days (-96 h) run time, starting height
163  of 20 m AGL, NCEP/NCAR Reanalysis data fields.

164 Itis important to stress that back-trajectories @otentially associated with large uncertainties

165  (Stohl, 1998) mostly due to the oversimplificatminthe atmosphere in that dispersion is not

166  accounted for. Moreover, back-trajectories mayigélia variable when run at different hours in a
167  day, causing further uncertainty when associated daily pollutant data. To overcome large

168  uncertainties, the confidence of back-trajectonas tested using different starting heights and
169  hours: errors associated with a single trajectagyeweduced by simulating four trajectories for

170  each sampling day (at 3:00, 9:00, 15:00 and 21T¥King into account the range of associated

5
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uncertainties, the use of multiple trajectory-basexiels over long periods may yield more robust
results than the use of individual trajectories arvay provide useful information about the external
source areas.

Back-trajectory modelling combined with atmospheoacentrations measured at the receptor site
are commonly referred to Hybrid Receptor Models iR (Han et al., 2007) or Trajectory
Statistical Methods (TSMs) (Kabashnikov et al., ZCBrereton and Johnson, 2012). Most used
TSMs are: Potential Source Contribution FunctioB@F) (Hsu et al., 2003; Pekney et al., 2006;
Kim et al., 2005; Gildemeister et al., 2007; Hamlet2007), Gridded Frequency Distributions
(GFD) (Weiss-Penzias et al., 2011), Concentratiefds Analysis (Rutter et al., 2009),
Concentration-Weighted Trajectory (CWT) (Seiberalet1994) and Residence Time Weighted
Concentration (RTWC) (Hsu et al., 2003; Han et20Q7). All these methods essentially count the
frequency of back-trajectory segment endpointgidh cells that make up the geographical domain
of interest for the receptor site (Cheng et al13)0

In this study three methods have been used, mare@ovapproach to determine the uncertainties
associated with PSCF is also proposed. Detailadi enethod are provided as supplementary
material:

» Cluster analysis on back-trajectories: the principal purpose of back trajectories clustgis
to group trajectories having similar geographigims and histories. The subsequent
coupling of clusters with chemical data associ&begir pollutants is a simple but powerful
way to infer insights into the potential contrilmrtiof long-range transports from different
pathways.

* PSCF: It was initially developed to identify the likelgcations of the regional PM sources
(Lee and Hopke, 2006; Pekney et al., 2006) andilzts the probability that a source is
located at latitudeé and longitudg. The basis of PSCF is that if a source is located
coordinates andj, an air parcel back-trajectory passing through lteation indicates that
material from the source can be collected and pamesd along the trajectory to the receptor
site. The PSCF value can be interpreted as thataomal probability that concentrations
larger than a given criterion value are relatethéopassage of air parcels through a grid cell
with this PSCF value during transport to the recepite (Hsu et al., 2003). This method is
deficient in the determination of the statistiaghsficance of its outcome and is suitable for
identifying possible source regions (Dvorska et2008 and references therein). Generally,
PSCF values of 0.00-0.50 are considered as lowealehe values of 0.51-1.00 are
considered as high.

» CWT: the concentration weighted trajectory is a metbibdeighting trajectories with

associated concentrations (Hsu et al., 2003).isnpfocedure, each grid cell gets a weighted
6
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concentration obtained by averaging sample conatmis that have associated trajectories
that crossed that grid cell as follows, i.e. eamhcentration is used as a weighting factor for
the residence times of all trajectories in eact gell and then divided by the cumulative
residence time from all trajectories (Hsu et 8002, Cheng et al., 2013). In summary,
weighted concentration fields show concentratiadgmts across potential sources and
highlight the relative significance of potentialsces (Hsu et al., 2003).

Evaluation of the uncertainties associated with PSCF: despite the scientific literature
proposes different methods, at today there is notigue standardized technique for
assessing the better estimates of the PSCF prilesbénd their uncertainties. For example,
Pekney et al. (2006) used weighting functions rpliéid by PSCF values for reducing the
effect of spurious large ratios in grid cells, vehilupu and Maenhaut (2002) and Hopke et
al. (1995) applied bootstrap techniques to estirtreestatistical significance and the
uncertainties of the calculated PSCF values, réisqebe Bootstrapping is not yet
implemented in the Openair package, however thkgugcused weighted PSCF values
depending on the number of values in each cellgisifactors range from 0.15 to 2). The
bootstrapping techniques are widely used in chenraceend provide accurate tools for
yielding estimates in cases where other methodsiamgly not available (Wehrens et al.,
2000). This way, the uncertainties associated ©OFP&lues in this study were estimated
externally by using a non-parametric bootstrap wetiBriefly,n=500 subsamples

including 80% of the total number of trajectoriesre/re-sampled without replacement from
the original dataset and PSCF was then re-rundoin subsample. The 500 new PSCFs
maps were then merged to assess the average aalliéiseir associated standard deviations
for each cell in the grid domain. The uncertaintesr the average results were then

expressed as averagexstandard deviation.

2.4 Overview of wind-based methods

The effectiveness of coupling air pollution datahwwind data fields for identifying and accounting
local sources was largely demonstrated in a numi&udies using very different approaches and
techniques (e.g., Ashbaugh et al., 1985; Kaufmawhvghiteman, 1999; Kim et al., 2003; Carslaw
et al., 2006; Viana et al., 2006: Masiol et al.128; Uria-Tellaetxe and Carslaw, 2014). Such
approaches are based on the assumption that hitgm$ emitted from a source are transported by
local winds. As a consequence, the levels of poltutecorded at a receptor site under downwind
conditions from the source should be higher wheblaiws from different sectors. However, these
methods generally disregard many issues linketdalispersion of pollutants in the atmosphere,

e.g., the influence of atmospheric stability andbillence on dilution of pollutants, the effectdiod

7
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mixing layer height on wind dynamics, the concemrawind speed dependencies for certain
pollutants, the street canyon and urban canopy kfjects, etc. Despite the limitations, methods
for coupling air pollution with wind data are veugeful in extracting information on local source
contributions and locations. Wind-based method$ieghm this study aim to couple source
apportionment results with local wind fields reaealcat ground:

» Cluster of wind data: The hourly data of wind speed and direction fiibve weather station
were processed by extracting their scalar compsneand v relative to the North—South
and West—East axes (Kaufmann and Whiteman, 199%yD2005). In this study the hourly
values of the components were separately summeltain daily data, which represents the
resultant vector of the air movement. A hierarchataster analysis using the Ward's
method and the squared Euclidean distance measueetiaen performed on these
components.

» CPF: the conditional probability function (Kim et a2003; Kim and Hopke, 2004) analyses
local source impacts from varying wind directiorssng the source contribution estimates
from PMF coupled with the time-resolved wind direns. The CPF estimates the
probability that a given source contribution frorgigen wind direction will exceed a
predetermined threshold criteriofhe sources are likely to be located at the divestihat
have high conditional probability values (Kim et &005). Details are reported as

supplementary material.

2.5 Lenschow approach

Local contributions can be estimated using the owefiroposed by Lenschow et al. (2001). Briefly,
the method essentially compares the PM levels antbonents (PMF sources, in this case)
measured in sites affected by different emissi@madgos (semi-rural, urban and industrial, in this
case). In this study we assumed that: (i) the diffees of particulate matter and its chemical
components between URB and IND can be attributédedocal influence of urban and industrial
area, respectively and (ii) SRB represents a haekground station affected by regional sources
with little contribution from the urban and induatrarea. Only URB and IND samples with higher

concentration than SRB have been considered.

4. RESULTS AND DISCUSSION

4.1 Overview on PMF results

A multiple-site positive matrix factorization redepmodel was performed over 448 Pdsamples
and 19 variables. Details of adopted methods asulteeare exhaustively reported in Masiol et al.

(2014b). Six factors associated with potential sesiwere extracted and apportioned, namely:
8
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« secondary sulphate (made up of.S@nd NH";

« ammonium nitrate and combustions (NONH," plus combustion tracers"kand CT)
linked to gas-to-particles conversion processeslimvg NH; and NQ (emitted both from
industries and traffic) and various combustion peses: Kwas associated to biomass
combustion processes (Kundu et al., 2010) andgbecéation K- CI" was attributed to
gasoline vehicle emissions (Spencer et al., 2006);

o fossil fuels (V, Ni);

» traffic, mainly related to primary traffic emiss®and road dust resuspension (Fe, Ti, Mn,

Cu, Ba, Mg";

industrial (Zn, Pb, M%);

» glassmaking (As, Cd).
The quantification of sources revealed that on ahhbasis the most impacting source in all the sites
is ammonium nitrate and combustions, accounting-1&ug m* at all the sites, i.e. 47% of the
PM, s mass in SRB and 38 % in URB and IND. Ammonium Batp is the second largest
contributor, accounting for 5,69 m > (24 % in SRB and 17 % in URB and IND sites). Anatter
of fact, such sources account for most of the PMass (71% in SRB and 55% in URB and IND)
and their mass contributions are identical athadidites, indicating that they are homogeneously

distributed throughout the area.

On the contrary, the remaining sources show diffiea@d variable contributions at the three sites.
This result is an early indication of their potahtrong component of local origin: industrial
source contributes 7ydg m 2 in IND, 4.8ug mi ° in URB and 3.6:.g mi > in SRB, followed by road
traffic (5.5pg m > in URB, 3.3ug m 2 in IND and 0.6ug m 3 in SRB), fossil fuels (2.8g m3in

IND, 2.1ug m2in URB and 1.91g m 2 in SRB) and glassmaking (1@ m > in URB, 1.1ug m >

in IND and 1ug m 2 in SRB).

4.2 Results of trajectory-based methods

Seven cluster are identified using the measuraeEuclidean distance and are named according to
their common origin. Five clusters are linked toderange transports from Atlantic, Central

Europe, Northern Europe, Eastern EU and Westerritbteamhean. Remaining two clusters are
associated with more local transports from Eastt#aiand from South/Central Italy. Fig. 1 shows
the frequency of trajectories passing through tie @ells in the grid domain and the average
trajectories associated to each identified clutee number of trajectories in each cluster is
reported in Table 1: a large number of trajectopi@ss over the Po Valley or blow from East-

Europe. These latter two clusters depict the twenetielming pathways during the sampling
9
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campaign. The potential effects of long-range/megidransports are then assessed by averaging the
levels of PM s and source contributions overall the study peri@able 1 reports the average
concentrations calculated for each cluster as agethe percentage of differences with respecteo th
mean of the overall sampling period in the semalrbackground coastal site as considered affected
to regional sources with little contribution frolmeturban and industrial area. Generally, results
show an evident increase of Pand ammonium sulphate when air masses originabea f

Eastern Europe (+ 40 % and + 124 %, respectivatginonium nitrate increases when air masses
come from Atlantic and Western Mediterranean a#e35 % and + 17 %, respectively) and fossil
fuel source when air masses blow from South (+ $004 the contrary, industrial, glass making

and traffic only slightly increases when massesarfoem Eastern Europe and in East-Austria.
Results also show significant drops of concentratiof PM 5, ammonium nitrate and fossil fuels

for Central and Northern Europe clusters.

Generally, PSCF and CWT analyses return very simelsults, but they give some more clues
about the potential source location. Resulting PBIOEs for PM s and PMF sources are shown in
Fig. 2, while their associated uncertainties amvioled as Figure Slla and Sl1lb. Maps are
calculated over the whole sampling campaign andcharemoothed because the low number of
trajectories used (only trajectories with concerdres >75th percentile). Uncertainties calculated
by bootstrapping the trajectories are generallyfiomall the variables, allowing to extract the
following information. High probabilities (range330.6) of high levels of fossil fuels combustion
and ammonium nitrate are found in Po Valley, winldustrial, ammonium sulphate and road traffic
contributions show elevated probabilities in Eastdpe (range 0.3 - 0.7) and glass-making source
from Eastern and Southeastern Countries. With ot$pehe glass-making sources, it should be
noted that near SRB sampling site, there is a lgleals-making industry. Hence, the increase of
probability can be due to the mix of local air nesswith external air masses and not necessarily
only from an external contribution.

Although CWT distributes concentration along tregeictories similarly to PSCF, this method has
an advantage that it distinguishes major souraes fnoderate ones by calculating concentration
gradients (Hsu et al., 2003). CWT maps presenté&igin3a and 3b demonstrates smoothed data
split for sampling seasons. The concentration gradiindicate Po Valley and East-Europe as
significant contributors of Plk and related PMF sources. Seasonally, high exteomtibution

can be observed during spring and winter, reachihgg m* and 30 ug it for PMys and
ammonium nitrate, respectively. In addition, otkeurces show potential external contribution

during summer (fossil fuels combustion and glas&ingg and autumn (ammonium sulphate,

10



345 industrial, road-traffic and glassmaking). In pautar, the external contributions of ammonium

346  sulphate from East-Europe reach 14 |ig during autumn and winter.

347

348 Results of trajectory-based methods are intere$bing number of reasons and may have

349  significant implications for air quality assessmant mitigation measures adopted, or to adopt, in
350 the study area. PM is a critical pollutant in Venice and in the Naath Italy due to the frequent
351 exceeding of European air quality standards.

352

353  Ammonium nitrate and combustion source is the roamtributor of PM s apportioned by the PMF
354 analysis and also has PSCF and CWT maps quitaagdketad PM s for source locations,

355  probability/concentrations and seasonal trends edtids scenario, it is evident that it plays a key
356 role in breaching of Pl standards. Although the source apportionment baseparated the two
357  main components behind this source (likely becafisiee limitation to distinguish elemental and
358 organic carbon), results indicate they have likesimilar potential origin, which is principally

359 linked to weather conditions and anthropogenic siomns. Nitrate aerosol mainly derives from the
360 atmospheric oxidation of NCand the combustion of fossil fuels (road trafficlandustries) is by
361 far the dominant source of nitrogen oxides in Eardy@oreover, nitrate is a semi-volatile

362 compound and its partitioning is favoured towardipke-phase in coldest periods. Similarly,

363  combustion emissions generally increase in colpesods due to contributions from domestic

364 heating and the recent increase of the numberllgft gtoves in use in Northern Italy is expected to
365 boost this trend. Results of PSCF and CWT showoagtpotential contribution from regional

366 transports from Po Valley (spring, autumn, wintamyl from Central (spring) and Eastern (winter)
367 Europe. These findings are in line with the EEAagse maps (EEA, 2015), which clearly show that
368  Northern Italy, Central Europe and in minor extemine Eastern Countries are affected by the
369  highest annual average levels of measured. Ni@e seasonal behaviour is also consistent with
370 results, since spring and winter were the coldesbgs during the sampling campaign. Moreover,
371  carbonaceous matter that can be considered maiialed to combustion processes presents the
372 highest contribution in central Europe and theor@iC/PMyo is generally larger in this area (Putaud
373 etal., 2010).

374

375  The increasingly high standard for fossil fuels amustrial emissions in Central Europe have lead
376  asignificant drop of S@evels in Central and Western Europe to conceatratwell below 1Qug

377  m > (EEA, 2015). However, SGstill reach high concentrations (>{1§ m ) in some Eastern and
378  Southeastern locations (e.g., Poland, Romaniaj&dblgaria, Greece and Turkey). Since;$0

379 the main precursor of sulphate aerosol and ammosulphate account for 17 % -24 % of total
11
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PM,_ s mass in Venice, results of this study indicat&angy influence of trans-boundary transports.
However, many studies attribute $&hd ammonium sulphate aerosol in the Mediterraneaa

also to the high maritime traffic in particular fibre role of S@as gaseous precursor on secondary
formation processes (e.g.: Cesari et al., 20148at et al., 2015), nevertheless shipping emissions
are not the main trigger of PM pollution episodesaintered in the Mediterranean basin (Salameh
et al., 2015).

Moreover, a recent study conducted in the Venagmne(Masiol et al., 2015) demonstrated that
sulphate levels are constant, showing similar dadigds and mean throughout the region and
highlighting that both the accumulation/removalgasses in the region are similar. In regards to
SO, Sacca Fisola (a Venice monitoring station clasiné Grand Canal where cruise ships pass)
shows similar concentration to the IND site on aimiean (ARPAV, 2011). IND site is affected

by industrial activities (petrochemical plant, cpalwer plant) and shipping traffic. Therefore,
despite maritime traffic contributes strongly tdlptant source in the coastal area, in the studg ar

it can be considered negligible with respect teottontributions.

Although glass-making industry source is considefddcal origin because the emissions from the
Island of Murano, the high probability in PSCF d@hd high concentration gradient in CWT are not
surprising. The trajectories coming from SE aremfissociated with typical wind regimes called
“Scirocco”, which bring hot and wet air masses fritv@ Adriatic region. Under this wind regime,
the Island of Murano is just upwind to the sampkitgs and the results of trajectory analyses may
be subjected to an artefact. However, a transbayrmtain cannot be excluded for this source. The
elemental tracer in this source (As and Cd) caal®e linked to industrial processes, mining and
other anthropogenic activities (Moreno et al., 20061 et al., 2010).

4.3 Cluster on wind data and CPF

Five groups of days with similar atmospheric ciatidn patterns were found in data obtained from
both the weather stations. A 15 % cut-off level hasn applied while processing data. Average
wind speeds (Ws) and predominant directions wese ghotted for the full period and each group
in Fig. 4. Kruskal-Wallis test has been appliethighlight which sources are statistically different

(p value < 0.05) respect to the average conditfalhsampled days) among the identified groups.

Group 1 (N=44) includes days with prevailing wimdrh quadrant I, with high speeds and very low
percentage of calm wind hours (0.5 %). Fast noatétexly winds called “bora” form peculiar cold
and gusty downslope windstorms blowing over theiddr Sea and bringing air masses from

Northern Europe. Generally, in the study area tigeséitions may cause increased sea-spray
12
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generation and dispersion of pollutants (Masi@le2010). In fact, in these conditions, a general
decrease of all contributions can be observed ithiae sites, in particular for industrial, glass-
making and ammonium nitrate show a clear drop mirdautions (-54 %, -48 %, -83 % on mean,
respectively) and are statistically different te thll period mean. Group 2 (N=93) includes days
with middle intensity winds blowing mainly from N-B\ other directions are negligible. This group
is mainly composed of autumn and winter days amdrepresent the atmospheric circulation
occurring during cold periods. In these days, fdsgls contribution decrease and, on the contrary
an increase in industrial component can be obsarnvidD (+39 %) and URB sites (+42 %) as

well as traffic (+35 % and +34 % in IND and URBspectively). Thishows that the wind speed is
decisive in the dispersion of pollutants and evemall decrease could lead to a widespread
accumulation of pollutants.

Group 3 (N=75) includes conditions with ~50 % ofhds from quadrant | and ~50 % of winds from
the quadrant Il. Winds from quadrant Il are frequeainly during the warmer seasons, in fact no
winter days are included due to the sea-breezalatron, but they can describe a peculiar wind
pattern called “Scirocco,” bringing warm air masgesn southern Adriatic and Mediterranean
regions. Fossil fuels, industrial and ammoniumatérare statistically different to the full period
mean: fossil fuels shows an increase in contrilbu@et9% and +21% in IND and URB,
respectively) while industrial and ammonium nitrat@tributions decrease with the lowest
contributions reached in SRB (-51% and -55%, resgeyg). The highest wind speed (2.0-2.7m s
1) favours the dispersion of these sources but exghtire transport of fossil fuel related compounds.
Moreover, the decrease on ammonium nitrate cortoibwcan be also linked to the fact that winter
samples (enriched in nitrate and ammonium) arenctided in this group.

Group 4 includes only spring days (SRB=31; IND=RB=29) characterized by wind blowing
from SE. In these conditions clean air from Add&ea results in low contributions of all sources
except fossil fuels combustion. Similar to groupvi)d from Il quadrant enhances the input of
fossil component (+44 %, +80 % and +61 % in IND,BJ&d SRB respectively). Group 5 (N=11)
includes days characterized by a high percentagenaf calm (about 20 %), low speeds (1 - 1.9
m/s) and no prevailing direction. These “stagndtmnditions were associated to the rise of
locally emitted pollutants (Masiol et al., 2010);fact an increase of industrial and ammonium
nitrate contribution can be observed in all thrieesg+30 % and +50 % on mean, respectively).
Among the identified sources, industrial, ammonmitrate and fossil fuel combustion appear more
sensitive to atmospheric circulation changes. htiqadar, fossil fuels contribution enhance in days
characterized by wind blowing from SE (group 3 dhavhile industrial and ammonium nitrate

levels are most affected by the different wind sh&espite this, our analysis does not help in

13
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understanding the source locations with respeetith sampling site, may be due to a widespread
pollution condition that affects the study area.

In this view, the application of CPF method prowdiee most probable sources of pollution for
each location. CPF values for each sources thatrapp to PM sare plotted in polar coordinates in
Fig. 5. CPF permits to better highlight the possibkation of each identified source. The highest
probabilities are reached to the sources charaetéhby a significant local contribution (traffic,
industrial and glass-making) whereas the probgkaisociated to ammonium nitrate and
ammonium sulphate tends to be lower accordingdis #econdary origin and the homogeneous
distribution in the study area (Squizzato et &12).

Traffic shows high probability toward east in &t¢e sites and south in URB and IND site in
correspondence with the street located near thelsagsites.

In SRC the highest probability for industrial cabtrtion is reached toward north: this may be due
to the influence of the engineering works for tbestruction of high-tide preventing dams at the
Venice Lagoon entrance.

The highest probability for glass-making is reactedard south and east in IND site due to the
emissions of local industries in Murano Island glied east of the site. Fossil fuels shows the
highest probability associated to wind blowing fr&B. This highlights the influence of the
combustion processes occurring in the industriaezon URB and IND site. In regards to SRB site,
the increase of probability can be due to the shiffic toward Venice.

4.5 Lenschow approach

Yearly, local sources contribute for 91§ m 2 of PM, s amounting to 28 % and 30 % of masses in
URB and IND site respectively (Table 2). Seasonalig highest local contributions were observed
in spring and winter both in URB (11,& m > and 15.5:g m ) and IND site (10.4,g m > and
12.5ug m3) whereas the highest percentage was reached imsu(81 % in URB and 40.5 % in
IND site). Among the identified sources, ammoniuitnate and ammonium sulphate show the
lowest local contribution (31 % and 26 % respedyiveonfirming the results obtained applying the
CWT, highlighting high external contribution forebe sources. Traffic sources show the highest
local contribution (83 % and 74 % in URB and INBegiespectively), followed by glass making,
industrial and fossil fuels combustion.

During heavy PM events (> 7%ercentile) local contribution on PM expresseddmm ° increases
(20.4ug m %) whereas the local contribution percentages anéasito the average conditions (28.4
% and 27.7 %, respectively). Nevertheless, conisigehe mass percentage, no significant

variations have been observed for all periods antptes for PM and its sources. Fossil fuels

14
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source represents an exception: during these ethentscal contribution reaches the 56 % and the
63 % in URB and IND respectively that is about ®vibe average percentage of samples.

On this basis, local contribution is important d@nd strongly affected to local atmospheric
circulation that governs the level of PM and itsngmnent. During high polluted episodes the local
contributions do not increase and the increaseMb&iRd related sources can be addresses to

external contribution.

Conclusions

The knowledge of ground-wind circulation and poeribng-range transports is fundamental to
evaluate how and how much local or external sourtag affect the air quality at a receptor site.
In this study, the results of a recent source apponent study carried out in Venice (Eastern Po
Valley) are used as input for different statistiapproaches. Meteorology-based methods (back-
trajectories and wind-based methods) have beentasietermine the influence of external and
local contribution on identified P4 sources.

About applied methodologies some considerationbeadone:

» Cluster on back-trajectories represents an easgffedtive method to evaluate the potential
effects of long-range/regional transports. It hetpanderstanding the area of origin but
does not provide a precise location.

» Generally, PSCF and CWT analyses return very simaglsults to cluster but they give some
more clues about the potential source location.

» Despite CWT distributes concentration along thgttaries similarly to PSCF, this method
has an advantage: it distinguishes major sources fnoderate ones by calculating
concentration gradients and it becomes more efieati estimating of external
contributions.

» Cluster on wind data partially help in understagdime source locations respect to each
sampling site. The analysis can be affected to spoEad pollution condition and the wind
speed component tends to dominates in the intatpyes of results respect to direction.

* The application of CPF provides understanding efrtifost probable sources location, with
the highest probability associated to the locatsesirespect to the external ones (e.g. road
traffic).

* Lenschow's approach represents a useful methastitoate local contribution but it
requires to have a good knowledge of the study amddts emission sources and more than
one measurement sites at least one of these coatsliel@s a background sifénis may be a

limitation to its applicability.
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Obtained results highlighted the complexity of aspireric dynamics in the study area and our
influence on PM and sources levels: (i) externaltigbutions are a not negligible intake of PM

and (ii) local atmospheric circulation determiné$edent levels of source contribution and some
specific direction have been detected.

PM sources contributions are influenced by extegoatribution coming mainly from Po Valley

and East-Europe. Seasonally, high external conioibwan be observed during spring and winter
reaching 40 pg mand 30 pg it for PM, sand ammonium nitrate, respectively. Moreover, the
external contributions of ammonium sulphate, tegtesent the second PM mass source, reach 14
ig m* during autumn and winter over East-Europe.

Among the identified sources, industrial, ammonmitrate and fossil fuel combustion appear more
sensitive to local atmospheric circulation changegarticular, fossil fuels contribution enhanoe i
days characterized by wind blowing from SE whiléustrial and ammonium nitrate levels are most
affected by the different wind speed. Other soudmerot show a strong dependence on the wind
direction.

Lenschow’s approach has allowed to estimate tha tntribution on PM and its sources: yearly,
local sources contribute for 9.8 m > of PM,.s amounting to 28 % and 30 % of masses in URB and
IND site, respectively. During heavy PM eventsltheal contribution percentage are similar to the
average conditions (28.4 % and 27.7 %, respecdivegnce the increase of PM and related sources
can be mainly addresses to external contributiatly @ssil fuels represent an exception: during
these events the local contribution reaches th B#d the 63 % in URB and IND, respectively,

about twice the average percentage of samples.
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Table captions

Table 1. Average concentrations (ug fif) and percentage difference respect to all samplesean (A%)

in SRB samples of PMs and source contributions for each identified backrajectories cluster.

Table 2. Local contribution expressed in pg mMand % estimated using Lenschow' approach for URB
and IND site.

Figure captions

Fig. 1. Sampling site locations (a), gridded backdjectory frequencies (b) and back-

trajectories clusters (c).
Fig. 2. PSCF probabilities for PMsand identified sources (7% percentile).

Fig. 3a. CWT for PM, 5, ammonium nitrate and ammonium sulphate sources.
Fig. 3b. CWT for industrial, traffic, glassmaking and fossil fuel combustion sources.

Fig. 4. Results of cluster analysis on wind data:dx-plots and wind roses for each identified

cluster (Chs = wind calm hours; Ws = average windpeed). Boxes represent inter-quartile
20
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ranges; squared dots are the median, while whiskergpresent quartiles + (1.5*inter-quartile

ranges).

Fig. 5. CPF plots for the highest 25% of the massatributions.
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Table 1. Average concentrations (g i) and percentage difference respect to all samplesean A%) in SRB samples of PMs and source contributions

for each identified back-trajectories cluster.

PM,: Industrial Fossil fuels Amm. Nitrate Glass-making Amm. Sulfate Road traffic

Mean A (%) Mean A (%) Mean A (%) Mean A (%) Mean A (%) Mean A (%) Mean A (%)
Atlantic (N=7) 23.6 -5 31 -13 2.2 15 15.8 35 1.6 57 1.0 -83 0.2 -75
Central EU (N=18) 16.2 -35 29 21 2.1 11 78 -33 0.7 -30 22 -62 06 -16
Northern EU (N=14) 15.6 -37 24 -34 1.1 -45 9.0 -24 0.8 -27 20 -66 04 -32
East — Austria (N=42) 26.4 7 45 24 1.7 -10 12.0 2 1.4 33 6.1 2 0.9 35
Eastern EU (N=21) 34.6 40 5.8 62 09 -54 12.5 7 1.2 18 13.4 124 0.9 39
South (N=37) 25.0 23 -36 3.1 60 12.3 5 0.8 -26 6.3 5 05 -23
Western MED (N=15) 24.9 3.4 -5 15 -24 13.7 17 08 -21 51 -14 0.6 -11
All samples 24.7 3.6 1.9 11.7 1.0 6.0 0.7




Table 2. Local contribution expressed in pg Mand % estimated using Lenschow' approach for URB ath IND site.

PM joca Industrialiocy Fossiligca Amm. nitratgycg Glassgca Amm. sulfatgo, Traffic jpcq

pg m* % pgm° % pgm> % pgm° % ugm % ugm % pgm’ %
Via Lissa (URB)
All samples 9.8 27.7 25 40.0 1.3 34.8 5.6 31.0 1.2 58.8 1.0 25.6 5.2 82.8
Spring 11.3 26.3 25 522 1.2 32.0 6.2 20.5 1.6 67.7 1.8 39.0 5.0 86.9
Summer 45 31.2 1.7 325 1.4 32.2 0.8 1.2 59.3 0.5 20.1 2.5 76.3
Autumn 5.7 24.5 1.6 429 1.6 43.2 4.5 50.3 1.1 64.3 0.7 23.9 6.9 84.7
Winter 155 28.6 3.3 318 0.2 42.5 5.9 30.1 1.1 44.4 1.2 25.7 5.1 81.2
Heavy PM Events (>75percentile) 20.4 28.4 4.4 41.8 2.5 56.3 7.9 24.6 1.3 51.7 1.8 19.1 6.1 80.9
Malcontenta (IND)
All samples 9.8 299 46 53.8 1.9 54.6 5.1 34.0 1.1 57.5 1.3 31.3 3.4 74.3
Spring 104 317 49 69.3 2.0 46.1 6.3 36.7 1.4 69.5 1.8 42.8 5.1 91.3
Summer 89 405 3.7 528 1.9 40.0 3.6 55.2 1.3 67.3 0.5 28.3 0.6 58.5
Autumn 6.6 25.4 3.1 48.2 2.3 64.4 2.3 39.9 0.5 44.0 15 33.0 3.5 75.2
Winter 125 24.8 59 484 1.1 81.9 5.6 28.2 0.8 38.0 1.4 26.6 2.9 66.9
Heavy PM Events (>7%percentile) 17.6 27.2 6.9 46.0 1.8 62.6 6.0 26.4 0.9 41.8 1.5 20.8 3.6 66.4




LI

13

oV

Adriatic Sea

latitude

60
55
50
45
40

35

b)

T
10

longitude

20

30

Counts
24209

12882
6855
3647
1941

‘ 1033
550

292
156

| |

55

Atlantic (5%)

50

45

40

Western MED (9%)
| |

Northern EU (9%)

Central EU (11%)"
g\

\st - Austria (27%)

-20

-10 0

lon

10 20




latitude

latitude

latitude

PSCF probability

O 01 02 03 04 05 0.6

Fossil fuels Ammonium nitrate
5 1 1 |

latitude
latitude

-10 0 10 20

B0 —

55 4

50

latitude
latitude

45

40

35

longitude longitude longitude



20

10

summer (JJA)

-10

winter (DJF)

summer (JJA)

spniie|

summer (JJA)

spniie|

spring (MAM)

apnjie|

-10

20

longitude



latitude

latitude

latitude

latitude

0

10

10
|
winter (DJF)

1 |
spring (MAM)

Industrial

Traffic

1.2
1

Los

r 0.6

r 0.4

Glassmaking




Source contribution (ug m3)

Source contribution Source contribution Source contribution Source contribution

Source contribution

ALL.: full period

N
N

N
o

-
(e}

N
N

(o]

N

o

SRB

E

: : 80
URB IND
1 60
140

120

o n¥7),

B Fossil Fuels
Il Traffic

(Mg m3)
N

B Amm. Nitrate
[J Amm. Sulfate

Group 1

B Industrial
[ Glass Making

SRB

:Eaﬁaé

URB IND
{60
{40

20

aﬁﬁgﬁ ﬁﬁﬁaﬁo

(¢-w 6r) @€Y "Wy

Group 2

80

SRB

=

=

URB IND

1 60

{ 40

I 1 20

(¢-w 6r) aeyIN "Wy

SRB

Bab.n

URB
{ 60

1 40

80

(¢-w Bri) @eNN "wwy

:

"

Group 4

80

SRB

8.8,

URB IND

1 60

1 40

- ﬂé 1L

(¢-w Brl) @NN "Wy

Group 5

80

SRB

Aa E

URB IND

1 60

1 40

N
o
(¢-w 6r) aj1€YN "Wy

B D

o

o E

Chs15%. i - Chs 4%
Ws16mst ... Ws 2.4 m's™!
i \v):\lv.'
:6‘3/.3 o A
20'%\ 25%
SRB - 3 URBandIND . .~
$

Wind speed (ms™): [l 05— 1
O 1-»

] 2-3
O s-4

[

Chs05%
Ws34ms' =

Chs0.5%  /m
Ws40ms'

W E
oo L 9% i
o 18%
27% 18%
. 3B% . 24%
45% 30% i

URB and IND s

Chs 2.4% - .
Ws21ms' |

-‘2_{% -

. ) . 3% -
0% e sy -

URBandINDg

Chs 1.3%

wezrms [y

Chs5%
Ws2.0ms'

wo R -3
Vo Loo4% Y 6%
Lo B Ao o 2%
18% e 24%

0% e 30%
“SRB

URB and IND _

Chs14%. ...~
Wsi6ms!

Chs4.0%
Ws27ms'

12%
18%
24%

30%

URB andIND ¢



Amm. 0 Amm. , 0
Sulfate ) Nitrate

o R 90
AT
(

AR
/NINES
TR,
TN

;ﬁ
7 5
,//«/ -

/

9.
a
L)

270

SRS
Wz,
ot

WAL
iz
Z A0,

NS

T

o

Y
Zl

s

N

‘ g




HIGHLIGHTS

PM,slocal and external sources have been evaluatet Hueopean hot-spot area
Meteorology-based methods have been applied tes@pportionment results
External contributions were evaluated applying @ciry Statistical Methods
Effects on PM sources of ground-wind circulatiottgras were also investigated

Local source contributions have been estimatedwatg the Lenschow' approach



Cluster analysis on back-trajectories

The principal purpose of back trajectories clusigis to group trajectories having similar
geographic origins and histories. The subsequardlow of clusters with chemical data associated
to air pollutants is a simple but powerful waynéer insights into the potential contribution of
long-range transports from different pathways. €hame several ways in which clustering can be
performed several measures of the similarity (€grlslaw, 2015). The Euclidean distandg (
parameter is the most common technique used imdeuof studies (e.g., Abdalmogith and
Harrison, 2005; Owega et al., 2006; Borge et 8072 Markou and Kassomenos, 2010;

Rozwadowska et al., 2010). It that can be defireed a
dy, = (Z((XL - X2i)2 +(Yy _Yzi)z))y2 (Eq. 1)
i=1

where X, Y1 and X%, Y, are the latitude and longitude coordinates of liegjlkectories 1 and 2,
respectively, and is the number of back trajectory points (96 hanrthis case). In this study a
non-hierarchical clustering method (K-Means) haanb&pplied. The appropriate number of clusters
has been selected by using the analysis of thesjpatial variance (TSV), individuating when a

large change in TSV occurs.

PSCF

The PSCF was initially developed to identify tHeely locations of the regional PM sources (Lee
and Hopke, 2006; Pekney et al., 2006) and calcutate probability that a source is located at
latitudei and longitudg. The basis of PSCF is that if a source is locatembordinates andj, an

air parcel back-trajectory passing through thaation indicates that material from the source can
be collected and transported along the trajectotii¢ receptor site. PSCF solves:

mi]-
PSCF=—" (Eq. 2)

n;

where 1} is the total number of end points that fall in ijle cell and ng is the number of end points
in the same cell that are associated with sampégsiceeded the threshold criterion (Carslaw,
2015). The PSCF value can be interpreted as thditammal probability that concentrations larger
than a given criterion value are related to thesags of air parcels through a grid cell with this
PSCF value during transport to the receptor sigu(ét al., 2003). This method is suitable for
obtaining first knowledge of possible source regi@dvorska et al., 2008 and references therein).
Generally, PSCF values of 0.00-0.50 are considesddw, values of 0.51-1.00 are considered as
high. In this study, PSCF has been calculatedusia 75th percentile of source contribution as

threshold criterion.



CWT

The main limitation of PSCF analysis is that grddiscan have the same PSCF values from
samples of slightly higher or extremely higheremittn concentrations. As a consequence, larger
sources cannot be distinguished from moderate dimesconcentration weighted trajectory (CWT)
is a method of weighting trajectories with assamatoncentrations (Hsu et al., 2003). In this
procedure, each grid cell gets a weighted concdasmtrabtained by averaging sample
concentrations that have associated trajectorasctbssed that grid cell as follows, i.e. each
concentration is used as a weighting factor fordsédence times of all trajectories in each gelll ¢
and then divided by the cumulative residence tiramfall trajectories (Hsu et al., 2003; Cheng et
al., 2013):

1 M
Ci==w—2Cy (Eq. 3)

|:1Ti]-| 1=1

WhereC; is the average weighted concentration in the gglti(cj). G is the measured
concentration (source contributions in this study)is the number of trajectory endpoints in the
grid cell {,j) associated with th€, sample, andl is the number of samples that have trajectory
endpoints in grid cellif). In summary, weighted concentration fields shawaentration gradients
across potential sources and highlight the relatignificance of potential sources (Hsu et al.,
2003).

CPF
The conditional probability function (Kim et al.0@3a; Kim and Hopke, 2004) analyses local
source impacts from varying wind directions using source contribution estimates from PMF
coupled with the time-resolved wind directions. TCieF estimates the probability that a given
source contribution from a given wind directionlveikceed a predetermined threshold criterion.
CPF is defined as:

cPF = e

s (Eq. 4)

wheremy, is the number of occurrences from wind sediv(11.25 degree) that exceeded the
threshold criterion, and, is the total number of data from the same windose@o minimize the
effect of the atmospheric dilution, the daily fiaaial contributions from each source relative ® th
total of all sources were used rather than thelatessource contributions (Kim et al., 2003a). The
same daily fractional contribution was assignedaoh hour of a given day to match the hourly
wind data; hence 24 h was set as threshold critdgion,,. Calm winds (< 1 m$) were excluded

from this analysis due to the isotropic behavidwvimd vane under calm winds. The threshold



criterion has been fixed to the uppef"2frcentile of the fractional contribution of eaiurce
according to most previous studies (Kim et al.,2&Xim and Hopke, 2004; Kim et al., 2005).
The sources are likely to be located at the dimastthat have high conditional probability values
(Kim et al., 2005).
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