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1. INTRODUCTION 

Atmospheric Particulate Matter (PM) concentrations can vary widely across Europe due to 

different climatic conditions and local features such as anthropogenic source types, emission 

rates and dispersion patterns. Moreover, natural contributions such as biogenic aerosols, forest 

fires, sea salt and Saharan dust intrusions impact differently from one region to another (Pey et 

al., 2013; Manders et al., 2010; Hoyle et al., 2011; Hodzic et al., 2007). 

Urban PM10 concentrations show significant variability across Europe as reported by routine 

monitoring networks (EEA, 2013) and research studies (Querol et al., 2004; Putaud et al., 2010; 

Lianou et al., 2011; Kukkonen et al., 2005).  For PM2.5 the spatial variability across Southern 

Europe is less known because in most air quality zones it is not as widely measured as PM10. 

As a consequence, there is limited information on the geographical variability of the coarse 

fraction (PM10-2.5), which is often linked to local sources and whose evidence of health 

concern is increasing (Brunekreef and Forsberg, 2005). 

Comparability of data is also hampered by the fact that most research studies analyzed PM data 

from different periods or with different sampling calendars. An example of this is given by the 

multi-city studies aimed at investigating the short and long-term health effects of exposure to 

PMx mass concentrations, NOx and SO2 (Eeftens et al., 2012; Medina et al., 2004; Meng et al., 

2013; Romieu et al. 2012).  

Moreover, the comparison of bulk PM concentrations only, without the necessary chemical 

characterization of collected samples and source apportionment analysis, does not allow for an 

in depth investigation of sources limiting the scope for air quality management purposes. 

For instance, PM10 and PM2.5 mass and particle number were continuously measured for 18 

months in urban background locations across Europe to determine the spatial and temporal 

variability of particulate matter in Helsinki, Athens, Amsterdam and Birmingham, but no 

information on PM composition and sources was provided (Lianou et al., 2011). In another 

study, Querol et al. (2004) compared the PM10 and PM2.5 levels and chemistry of seven 

selected EU regions with at least one year of data coverage, at regional, urban background and 

kerbside sites. However, available datasets were not simultaneous,  from within 1998 to 2002. 

Kukkonen et al., (2005) analyzed in detail four selected episodes involving substantially high 

concentrations of PM10 that occurred in Oslo, Helsinki, London and Milan but in different 

periods. More recently, the ESCAPE project (Eeftens et al., 2012) investigated the health 

effects of long-term exposure to ambient air pollution across Europe.PM2.5, PM10 and particle 

composition were compared at 20 sites across 2008-2011, but measurements were done 3 times 

for 14 days in different seasons without covering the full year period. 

The AIRUSE LIFE project created the first harmonized dataset of Southern European cities for 

PM10 and PM2.5 levels and composition, following the same sampling protocol and 1 year 

(2013) calendar in Barcelona (Spain), Porto (Portugal), Florence and Milan (Italy), and Athens 

(Greece). The goal is to characterize the similarities and heterogeneities in PM sources and 

contributions across the Mediterranean region (Figure 1). Originally AIRUSE focused on 4 

cities, but Milan was added to the list given the high demographic and scientific interest of this 

big city and the offer of ARPA Lombardia to collaborate in the project. 

Once the main sources of PM10 and PM2.5 are identified, the strategic goal of the AIRUSE 

project is to test and develop specific measures to improve air quality in Southern Europe, 

targeted to meet air quality standards and to approach as closely as possible the WHO 

guidelines. 
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Figure 1. Map of the 5 AIRUSE cities. 

2. METHODS 

2.1. PM sampling and measurements 

PM measurements were carried out from January 2013 to February 2014, simultaneously at 

five urban stations in Barcelona, Porto, Florence, Milan and Athens. PM10 and PM2.5 samples 

were collected simultaneously over 24 hours, every third day, on quartz microfiber and/or 

Teflon filters. Furthermore, in order to evaluate the chemical fingerprint of Saharan dust, 

additional PM10 and PM2.5 samplings were performed at each city under selected Saharan 

dust intrusions after forecasting the occurrence of this phenomenon. The forecast was based on 

the interpretation of: i) air mass back trajectories calculated with the HYSPLIT4 model from 

NOAA (Draxler and Rolph, 2003); ii) predictions of dust concentrations by the SKIRON 

model, University of Athens (http://forecast.uoa.gr.html) and Barcelona Supercomputing 

Center (NMMB/BSC-Dust forecasts) prediction models. 

For shorter periods, aerosol was sampled also with the Streaker sampler (Figure 2), which 

allows the collection of the coarse and fine aerosol (i.e. PM2.5-10 and PM2.5, respectively) 

with 1-hour time resolution (D’Alessandro et al., 2003). With this sampler, the aerosol coarse 

and fine fractions are collected, respectively, on a Kapton foil and a Nuclepore filter, which are 

paired on a cartridge that rotates at constant speed for a week so that a circular continuous 

deposit of particular matter (―streak‖) is produced on both stages. 

Porto

Barcelona

Florence

Athens

Milan

http://forecast.uoa.gr.html/
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Figure 2. The streaker sampler with collection foils (left) and their PIXE analysis (right). 

 

The details of each monitoring site and instrumentation used are described below: 

- BCN-UB: Barcelona (Spain). PM10 and PM2.5 were collected by means of sequential 

DIGITEL DH1080 high volume samplers (30 m
3
/h) on 150 mm diameter quartz fiber 

filters (Pall) at the Palau Reial station (41º23´14´´N, 2º6´56´´E, Figure3). This is an 

urban background (UB) site located within the University Campus (South West part of 

the city) and part of the local air quality network. The nearest trafficked road (Diagonal 

Avenue, 90,000 vehicles/day) is located 200 m away (Figure 3).  

 

          

Figure 3.Location and picture of the Barcelona monitoring site (BCN-UB). 
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- POR-TR: Porto (Portugal). The urban traffic (TR) station is located in Praça 

Francisco Sá Carneiro (41º09´46.10´´ N; 8º35´26.95´´ W, Figure 4) and part of the 

National Air Quality Network, QualAr. It is located in the eastern side of Porto city, 

next to the Fernão de Magalhães Avenue and at 600 meters from the Inner Circular 

Motorway. Two low volume samplers (TECORA) operating at 2.3 m
3
/h collected PM10 

and PM2.5 onto 47 mm diameter Teflon filters.  

Ancillary measurements:  

o A parallel PM2.5 and PM2.5-10 sampling was carried out by a high-volume 

sampler operating at 66.8 m
3
/h with an Andersen PM10 sampling head and 

Sierra impaction plates, enabling the sequential collection of PM2.5-10 and 

PM2.5 samples onto quartz micro-fiber filters (Whatman was used from the 

beginning until 7 July 2013. After this date, filters from Pall were used).  

o Hourly samplings of PM2.5 and PM2.5-10 were carried out by means of the 

STREAKER sampler during 4 weeks from the end of January to the beginning 

of March 2013 and during 3 weeks in June-July 2013. 

        

Figure 4. Location and picture of the Porto monitoring site (POR-TR). 

- FI-UB: Florence (Italy). The urban site Bassi is an air quality UB monitoring station 

(43°47'8.33"N, 11°17'13.19"E, Figure 5) of the Environmental Protection Agency of 

Tuscany. PM10 and PM2.5 samples were collected by means of two low volume (2.3 

m
3
/h) CEN equivalent sequential samplers (HYDRA Dual Sampler); each sampler is 

equipped with two inlets so that aerosol can be simultaneously collected on Teflon and 

quartz microfiber filters (47 mm diameter, Pall and Aquaria, respectively) 

Ancillary measurements:  

o Hourly samplings of PM2.5 and PM2.5-10 were carried out by means of the 

STREAKER sampler for 4 winter weeks (January-February 2013) and 3 

summer weeks (June-July 2013). 
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Figure 5. Location and picture of the Florence monitoring site (FI-UB). 

 

- ATH-SUB: Athens (Greece). The Demokritos sub urban background station is part of 

the Global Atmosphere Watch network (GAW-DEM
1
) and is located in NCSR 

―Demokritos‖ campus (37°.99’50’’°N 23°.81’60’’°E, Figure 6), at the North East 

corner of the Greater Athens Metropolitan Area and at an altitude of 270 m a.s.l. The 

suburban site is away from direct emission sources in a vegetated area (pine).  

PM10 and PM2.5 samples were collected on Teflon filters (Pall, Teflon and Whatman, 

PTFE) by means of low volume (2.3 m
3
/h) samplers (Sequential 47/50-CD with Peltier 

cooler, Sven Leckel GmbH, Tecora Echo PM sampler and Demokritos EN12341 

sampler).  

PM10 and PM2.5 were also collected on quartz microfiber filters (MCV, QF1) by 

means of High Volume Samplers (Sequential High-Volume Sampler CAV-A/MSb, 

MCV, SA) 

Ancillary measurements:  

o PM10 and PM2.5 quartz microfiber filters were also analyzed by means of ICP. 

These samples were used for intercomparison between different filter types. 

o Hourly samplings of PM2.5 and PM2.5-10 were carried out by means of the 

STREAKER sampler for 3 summer weeks (June-July 2013) and 3 winter weeks 

(January-March 2014. 

                                                 

1http://gaw.empa.ch/ gawsis/reports.asp?StationID=2076202728 

http://gaw.empa.ch/%20gawsis/reports.asp?StationID=2076202728
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Figure 6. Location and picture of the Athens monitoring site (ATH-SUB). 

 

- MLN-UB: Milan (Italy). The MI-Pascal urban background station is part of the ARPA 

Lombardia Air Quality Network, and it is one of the Italian Supersites for the D. Lgs. 

155/2010 (Italian transposition of 2008/50/CE). It is located in the eastern side of 

Milan, the University area called ―Città Studi‖ (45º28´44´´ N, 9º14´07´´ E; Figure 7), in 

a playground about 130 m from the road traffic. In this site different measurements have 

been running for years: gaseous pollutants (SO2, NOx, O3, NH3), number size 

distribution with OPC Grimm (31 size classes), PM10 and PM2.5 with beta-analyzers 

and gravimetric systems (for QA/QC measurements and for analysis for chemical 

composition) with low volume samplers, PM1 with gravimetric system, optical Black 

Carbon with a Multi Angle technique. 

Ancillary measurements:  

o PM10 and PM2.5 were also collected on quartz microfiber filters (PallFlex 

QAT-UP) by means of High Volume Samplers (Sequential High-Volume 

Sampler Digitel DH80) during short-term campaigns.  
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Figure 7. Location and picture of the Milan monitoring site (MLN-UB). 

 

In addition to these fixed sampling long term campaigns, shorter sampling campaigns were 

performed at traffic sites in Barcelona (BCN-TR) and Athens (ATH-TR). 

- BCN-TR: Barcelona (Spain). The traffic site was installed during April-May 2013 in 

Valencia road (typically 11,000 vehicles/day, 41°24'11.08"N, 2°10'37.60"E, Figure 8). 

This is a preferred one-way route from the city center to the northern exit of the city. 

Valencia road is a 19 m wide five-lane road, with the outer right lane exclusive for 

buses and taxis and one additional parking lane on the left side. The orientation (45º-

225º) of the road and the 7-store buildings may generate street canyon effect during the 

early afternoon hours. PM10 and PM2.5 samples were collected on quartz fiber filters 

(Pall) by means of high volume (MCV, 30 m
3
/h) samplers. PM2.5 samples from BCN-

TR were only used for the determination of the PM mass concentration and were not 

processed for chemical analysis which was done with PM10. 

Ancillary measurements:  

o Hourly samplings of PM2.5 and PM2.5-10 were carried out by means of the two 

stage low volume STREAKER sampler during 5 weeks (April-May 2013), 

allowing the collection of around 4500 hourly samples analyzed for elemental 

composition by means of PIXE. 
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Figure 8. Location and picture of the Barcelona traffic monitoring site (BCN-TR).      

 

- ATH-TR: Athens (Greece). The Aristotelous Monitoring station of the National Air 

Quality Network was selected as a typical traffic impacted site. The station is located at 

the 1st floor open balcony of the Ministry of Health facing a busy crossroad (37.99°N 

23.72°E, at an altitude of 64 m a.s.l., Figure 9). The urban traffic site is located at the 

Athens commercial center and it is mainly affected by vehicle emissions. PM10 and 

PM2.5 samples were collected on Teflon filters (Pall, Teflon and Whatman, PTFE) by 

means of low volume (2.3 m
3
/h) samplers (2 Sequential 47/50-CD, Sven Leckel 

GmbH). PM10 was also collected on quartz microfiber filters (Pall Tissuequartz) by 

means of low Volume Samplers (Sequential Low-Volume Sampler, MCZ, GmbH or 

Derenda PNS 16-3.1). Due to lack of resources, quartz filters for PM2.5 were not 

collected until the end of the campaign (see ancillary measurements) for the 

PM10/PM2.5 indicative ratio to be derived for the traffic site. 

Ancillary measurements:  

o Hourly samplings of PM2.5 and PM2.5-10 were carried out by means of the 

STREAKER sampler for 4 summer weeks (July-August 2013) and 6 winter 

weeks (January-March 2014). 

o 14 days of parallel sampling by means of low volume (2.3 m
3
/h) samplers (2 

Sequential 47/50-CD, Sven Leckel GmbH) of PM2.5 and PM10 quartz fiber 

filters for EC/OC analysis. Mean PM2.5/PM10 ratios were obtained for 

elemental and organic carbon. 
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Figure 9.Location and picture of the Athens traffic monitoring site (ATH-TR). 

2.2. Sample treatment and analysis 

Before sampling, quartz microfiber filters were dried for 5 h and conditioned for 48 h at 20 ºC 

and 50% of relative humidity. Weights of blank filters were measured three times every 24 h by 

means of a microbalance (1 µg sensitivity). After weighing, Ø47mm filters were kept in Petri 

holders, while Ø15cm and large rectangular filters were kept in aluminum foils. After 

sampling, filters were brought back to the laboratory to be weighed two more times every 24 

hours of conditioning at the same temperature and relative humidity as the first weighing.  

Once the weights of samples were determined, filters were destined for several analytical 

determinations. These procedures are briefly listed below, according to the different species 

analyzed: 

- Major elements and trace elements were determined: 

o In Teflon filters by different techniques: PIXE (Particle Induced X-Ray 

Emission), without any pretreatment (Lucarelli et al., 2014);after acid digestion 

(5 ml HF, 2.5 ml HNO3, 2.5 ml HClO4) of 1/2 of each filter,  consecutively by 

ICP-MS (Inductively Coupled Plasma Mass Spectrometry) and ICP-AES 

(Inductively Coupled Plasma Atomic Emission Spectroscopy) (Querol et al., 

2001) to assure comparability between the two techniques (only for Porto 

samples); by ICP-AES after digestion with HNO3-H2O2 in a microwave oven 

according to the EU method EN14902:2005 (Traversi et al., 2014), only for 

Florence samples; by XRF (X-Ray Fluorescence) with polarized primary X-Ray 

beam and several secondary targets, after an intercomparison with PIXE, only 

for Milan samples; 

o In quartz filters by ICP-MS  and ICP-AES  after acid digestion (5 ml HF, 2.5 ml 

HNO3, 2.5 ml HClO4) of 1/4 of each filter (Querol et al., 2001); 

o In Teflon and MCE filters by XRF (X-ray Fluorescence), only for Milan 

samples. 



 

Deliverable B2.4: PM speciation and source apportionment  

AIRUSE LIFE11 ENV/ES/584 

12 / 144 

- Water soluble ions by IC (Ion Chromatography), after extraction in 20 ml of MilliQ 

water (with ultrasonic bath for 30 min)of ½ or ¼ of filter; 

- On quartz filters organic carbon (OC) and elemental carbon (EC) by thermal/optical 

analysis with the EUSAAR2 temperature program by means of Sunset analyzers. Filters 

from POR-TR were analyzed in a thermo-optical transmission system described in 

detail elsewhere (Pio et al., 1998, 2011). 

- On the PM10 quartz microfiber filters, Carbonate Carbon (CC), by means of the 

procedure described by Pio et al. (1994): briefly, the carbonate measurement setup 

comprises four components: a mass flow meter, a reaction cell, an infrared CO2 

analyser, and a computer terminal for data acquisition. A portion of each filter (9 mm 

punches) is acidified with orthophosphoric acid (20%) in a free CO2 gas stream to 

convert the carbonate carbon to CO2, which is then detected by the infrared analyser. 

- On the PM2.5 quartz filters levoglucosan, by means of Ion Chromatography after 

extraction in 10 ml of MilliQ water (with ultrasonic bath for 30 min)-          on 1.5 cm² 

punch from quartz filter. 

 

Samples of PM2.5 from BCN-TR were only used for the determination of the PM mass 

concentrations and were not processed for chemical analysis as was done for PM10 at this site. 

PM10 and PM2.5 samples collected during Saharan dust episodes were also analyzed for 

elemental composition by means of PIXE/ICP techniques. 

As concerns the samples with hourly resolution, collected with the streaker sampler, they were 

analyzed by PIXE at the LABEC laboratory of Florence (Italy), using a beam spot (2 mm
2
) 

corresponding to one hour of aerosol sampling on the streaker. These measurements allow for 

the determination of the elemental concentrations (atomic number Z >10) with hourly time 

resolution. 

Some elements were detected by different techniques; this guaranteed a quality assurance check 

of the obtained data. 

A summary of the performed analyses is reported in Tables 1a-1b. 
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Table 1a: Summary of the number and type of samples collected for each city and analytical 

technique in colors, during the long term measurements. 

Long term measurements BCN-UB FI-UB MLN-UB POR-TR ATH-SUB 

 

Daily 

PM10 

Mass 122 226 379 123 197 

Elements 125 226* 241
§
 123* 197

ǂ
 

 

PIXE 

Ions 122 226 337 123 197 

 

ICP 

ECOC 122 226 348 123 197 

 

SUNSET 

CC 122 226 89 123 197  XRF 

Levoglucosan   324   

 

Infrared 

PM2.5 

Mass 126 243 378 126 243 

 

IC 

Elements 126 243* 361 126* 243* 

 

GC 

Ions 126 243 374 126 243 

  ECOC 126 243 370 126 243 

  Levoglucosan 126 243 356 126 243 

  
Hourly 

PM2.5-10 Elements  640  800 480 

  PM2.5 Elements  640  800 480 

  *intercomparison between PIXE and ICP on Teflon filters   

ǂ
intercomparison between Teflon (PIXE) and quartz (ICP)  filters 

§
 intercomparison between PIXE and XRF on Teflon and MCE filters   

 

 

Table 1b: Summary of the number and type of samples collected for each city and analytical 

technique in color during the short time campaigns focusing on traffic sites. 

Traffic site campaigns BCN-TR ATH-TR 

 

Daily 

PM10 

Mass 59 64 

Elements 59 64 

 

PIXE 

Ions 59 64 

 

ICP 

ECOC 31 78 

 

SUNSET 

PM2.5 

Mass 59 64 

 

IC 

Elements  64 

 

GC 

Ions  64 

  ECOC  64 

  Levoglucosan  14 

  
Hourly 

PM2.5-10 Elements 210 480 

  PM2.5 Elements 210 480 
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2.3. Source apportionment  

Source apportionment studies of atmospheric particulate matter are often performed by means 

of receptor models that are based on the mass conservation principle: 





p

k

jkikij fgx
1

     i=1,2,…,m   j=1, 2…. n  (1) 

where xij is the concentration of the species j in the the i
th 

sample, gik is the contribution of the 

source k
in

 the i
th 

sample and fjk is the concentration of the species j in source k. Equation (1) can 

be also expressed in matrix form as X=GF
T
. If fjk are known for all the sources then the 

Chemical Mass Balance (CMB) can be applied (Watson et al., 1984), as for this model the 

experimental profiles of all major sources are needed. When both gik and fjk are unknown, factor 

analysis (FA) techniques such as Principal Components Analysis (PCA) (Thurston and 

Spengler, 1967; Henry and Hidy, 1979) and Positive Matrix Factorization (PMF) (Paatero and 

Tapper, 1994) are used for solving equation (1). PMF can be solved with the Multilinear 

Engine (ME-2) developed by Paatero (1999) and implemented in the version v5 of the US EPA 

PMF (http://www.epa.gov/heasd/research/pmf.html). 

In this study, the US EPA PMF v5 was applied to the five datasets obtained at BCN-UB, FI-

UB, ATH-SUB, MLN-UB and POR-TR. Since PMF is a weighted least-squares method, 

individual estimates of the uncertainty in each data value are needed. The uncertainty estimates 

were based on the approaches by Polissar et al., (2008) and Amato et al., (2009). Species which 

retain a significant signal were separated from the ones dominated by noise, following the 

signal-to-noise (S/N) criterion defined by Paatero and Hopke (2003). Species with S/N<0.2 are 

generally defined as bad variables and removed from the analysis and species with 0.2< S/N < 

2 are generally defined as weak variables and down weighted by a factor of 3. Nevertheless, 

since S/N is very sensitive to sporadic values much higher than the level of noise, the 

percentage of data above detection limit was used as complementary criterion.  

In those cases where the PMF model was not able to resolve a Saharan dust source, the Saharan 

dust contribution was estimated according to the methodology proposed by SEC (2011).  

Once the source contributions are obtained, these were plotted in polar coordinates as a 

function of wind direction and speed by means of the PolarPlot function available in the 

OpenAir software (Carslaw, 2012; Carslaw and Ropkins, 2012). 

 

 

 

 

 

 

  

http://www.epa.gov/heasd/research/pmf.html
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3. RESULTS 

3.1. PM10 and PM2.5 levels 

As shown by Figure 10, the observed mean PMx levels during the study period (January 2013 

to February 2014) were as follows: 

 PM10 in the urban background (UB) reached 19-22 µg/m
3
 in FI and BCN, and 39 

µg/m
3
 in MLN. In the suburban background (SUB) site in ATH levels reached 20 

µg/m
3
, whereas at the traffic (TR) sites of POR, BCN and ATH concentrations reached 

34 µg/m
3
. 

 For PM2.5, levels reached 13-15 µg/m
3 

at the UB sites of FI and BCN, 31 µg/m
3 

in 

MLN, 11 µg/m
3 

in SUB site of Athens, 20 µg/m
3
 in TR site of ATH and 26 µg/m

3
 in 

POR-TR and BCN-TR. 

All sites meet EU legal requirements (2008/50/EC) for the annual limit value of PM10 (40 

µg/m
3
). However, the legal requirement of not exceeding 50 µg/m

3
 for the percentile 90.4 of 

the annual values (daily limit value) was exceeded at MLN-UB (72 µg/m
3
), POR-TR (52 

µg/m
3
) and ATH-TR (52 µg/m

3
). The annual EU target value of PM2.5 (25 µg/m

3
, 

2008/50/EC) was exceeded at POR-TR (26 µg/m
3
) and MLN-UB (31 µg/m

3
), as well as in the 

short measurement campaign of BCN-TR (26 µg/m
3
). 

For the UB sites mean levels are similar in the cities with the exception of MLN with relatively 

higher levels, due to intense local and regional PM source contributions and to the specific 

meteorology of the Po Valley, with frequent and intensive atmospheric thermal inversions that 

induce regional accumulation of pollutants. 

For the TR sites very similar mean PM10 levels were recorded at ATH, BCN and POR 

(µg/m
3
), and in the first two cities these exceeded by around 55% the PM10 levels measured at 

SUB and UB sites, respectively. This highlights the relevance of traffic emissions for PM10 

levels at the study cities. 

For PM2.5, similar and relatively lower values (as compared with PM10) were recorded at UB 

and SUB sites (11-15 µg/m
3
), with the exception of MLN (31 µg/m

3
). In the case of the TR 

sites, mean levels reached 26 and 20 µg/m
3
 for BCN and ATH, respectively, whereas for POR 

these reached 27 µg/m
3
. Since levels of PM10 were very similar in the three TR sites (34 µg/m

3
 

in all cases), it is expected to be additional non-traffic related source contributions that account 

for the POR and BCN PM2.5 increase with respect to ATH-TR. 

UB and SUB PM2.5/PM10 ratios were close to 0.7 in the case of FI and BCN, 0.5 for ATH and 

0.8 for MLN (Figure 10). At TR sites these ratios increased up to 0.8 in BCN and POR and 0.6 

in ATH (Figure 10). Although at TR sites levels of resuspension of road dust are expected to be 

higher than at UB sites (and consequently the PM2.5/PM10 to decrease), the proximity to the 

exhaust emissions (dominated by fine PM) causes a shift of the PM load to the fine fraction. 

When considering the stricter WHO guidelines, all cities exceeded both the PM10 and PM2.5 

annual mean thresholds, with the exception of PM10 in FI. It is worth noting that the sampling 

year was particularly rainy in most of the study sites, including Florence. The daily PM2.5 

WHO threshold was not attained only in POR.  
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Figure 10. PM10 90.4
th

 percentile value and mean annual levels of PM10, PM2.5 and ratios 

PM2.5/PM10 for the study period at the five AIRUSE cities compared with the 

2008/50/EC limit values and the WHO guidelines. Blue bars: Urban background sites, 

Dark grey: Traffic sites; Grey: Sub-urban background sites. DLV: daily limit value; 

ALV: annual limit value; ATV: annual target value. 
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3.2. Seasonal patterns 

As shown by Figure 11, seasonal trends for PM10 at the 5 AIRUSE cities were very different. 

ATH-SUB was characterized by higher spring-summer and lower autumn-winter PM10 levels 

probably due to higher African dust influence in the warm seasons. A similar but much 

smoother trend was observed for BCN-UB. For POR-TR, the highest levels were recorded in 

summer and the lowest in spring. At MLN-UB, lower levels were recorded in spring and 

summer, when PM10 levels reached similar levels to BCN, FI or ATH; however in autumn and 

winter levels at MLN were higher by a factor of more than 2 with respect to the other seasons 

and most of the other cities. This is due to the aforementioned atmospheric stagnation features 

of the Po Valley that favored the accumulation of intensive winter PM emissions. At FI-UB a 

similar trend was observed but with a less pronounced winter increase than that described for 

MLN. In fact, also Florence is located in a closed basin (the Arno river valley), which is 

characterized by stagnant conditions during the cold season. PM2.5 levels followed similar 

seasonal patterns to those described above for PM10 at each city. 

 

 

Figure 11. Seasonal variation of mean levels (± standard deviation) of PM10 and PM2.5 levels 

for the study period at the five AIRUSE cities. 
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3.3. PM speciation 

I) Elemental Carbon, EC, and Organic Carbon, OC (Organic Matter, OM) 

EC traces the influence of the emissions from traffic, mainly from diesel vehicles (Querol et al., 

2013); it is carrier of highly health relevant organic species (WHO, 2012). Mean levels of EC 

reached 1.1 µg/m
3
 in PM10 at the UB sites of BCN and FI and 1.9 µg/m

3
 at the UB site of 

MLN (Figure 12). At the SUB site of ATH, EC levels were lower (0.4 µg/m
3
 in PM10, Figure 

12) due to the higher distance from traffic ways, but also due to the lower proportion of diesel 

vehicles in the fleet of ATH compared to the other 3 cities. Until recently (2012), use of diesel 

for private cars was not allowed in this city. 

As expected, levels of EC at traffic sites were higher than at UB sites by a factor ranging from 

3.6 to 4.9. EC levels recorded for PM10 are very close to those of PM2.5 (PM2.5/PM10 ratios 

for EC levels from 0.9 to 1.0) pointing to the very fine size of the EC-bearing diesel soot 

particles. 

The results revealed thus that EC (mostly from diesel soot) levels are increased by a factor from 

4 to 5 in the TR sites with respect to the UB and SUB sites. 

Organic matter (OM) was calculated by multiplying OC by a factor accounting for non-C  

atoms which may have according to location and existing sources. This factor ranged within 

1.2-1.8. Mean levels of organic matter (OM, Figure 12) reached 5.0 and 5.5 µg/m
3
 in PM10 at 

the UB and SUB sites of BCN and ATH, but increased up to 9.8 and 15.7 µg/m
3
 at the UB sites 

of FI and MLN. At traffic sites, levels of OM also increased with respect to the UB sites up to 

values of 7.9 to 13.6 µg/m
3
 at BCN, POR and ATH. 

OM has also a fine grain size since PM2.5/PM10 ratios for this component ranged from 0.7 to 

1.0. 

OM/EC ratios for PM10 ranged from 1.6 to 4.1 at the TR sites, reaching values of 4.4 at the UB 

site of BCN, 8.2 and 8.7 at the UB sites of MLN and FI and 13 at the SUB site of ATH. This 

ratio indicates the proximity to the emission sources but also the possible influence of biomass 

burning. Thus primary diesel soot is characterized by an OM/EC ratio close to 1.0, whereas a 

higher ratio indicates a major relative abundance of secondary OM, due to a longer distance 

from emission hotspots (from TR to UB to SUB) and/or a higher contribution from biomass 

burning to PMx levels, since OM/EC from biomass burning is much higher (Puxbaum et al., 

2007). Also biogenic emissions can increase the OM/EC ratio. 

Levels of OM+EC accounted for around 27-30% of the PM10 load at the UB and SUB sites, 

with the exception of FI and MLN (45-58%). At the TR sites this contribution increased with 

respect to the respective UB sites by a factor of 40 to 100%. In PM2.5 the OM+EC load 

increased as compared with PM10 and reached from 37 to 69% of the PM2.5 mass. This is due 

mainly to the decrease of mineral dust and sea salt in PM2.5 when compared with PM10 (see 

following sections). 

The higher levels of OM recorded at MLN, FI, and partially at POR, are probably the result of 

a high contribution to PM10 levels from biomass burning (BB). This is also supported by the 

high OC/EC ratios. Biomass burning PM emissions are characterized by high OM loads but 

also by a high OC/EC ratio when compared with traffic emissions. In the case of MLN the 

frequent atmospheric stagnation episodes also favor the formation of secondary OM as is also 

described later for nitrate. To a lesser extent this also applies for FI, where stagnant conditions 

are common during winter. 
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II) Sea salt 

Sea salt was calculated based on the main composition of sea spray (ss) as the sum: ssNa + Cl + 

ssMg + ssK + ssCa + ssSO4
2-

. Mean levels of sea salt (Figure 12) in PM10 reached 0.6-0.7 

µg/m
3 

at the inland Italian cities (FI and MLN, 2-3% of the PM10 load) and 1.5-1.6 µg/m
3
 (7-

8% of the PM10 load) at the Mediterranean coastal sites. However, at the Atlantic site (POR) 

much higher levels were recorded (4.4 µg/m
3 

in PM10, 13% of the PM10 load at the TR site). 

As expected, due to the coarse mass size distribution of sea salt, levels were reduced by a 71-

86% in PM2.5 with respect to PM10, with the exception of MLN, where levels of sea salt were 

only reduced by around 38% in PM2.5. 

III) Mineral dust 

Mineral dust was calculated based on average crust composition as: Al2O3 + SiO2 + 1.42*Fe + 

1.94*Ti + 1.2*nssK + nssMg + nssCa + CO3
2- 

(nss corresponds to non sea spray fraction). 

Mineral dust at UB sites reached around 2.2 µg/m
3
 as annual mean in FI-UB and 3.8-4.8 µg/m

3 

at the UB and SUB sites of BCN, MLN and ATH (Figure 12). These levels account for 18% 

and 25% of the PM10 mass at BCN and ATH and 12 and 10% at FI and MLN, respectively. At 

the TR sites levels of mineral dust increased by around 10 to 70% with respect to UB sites as a 

consequence of the road dust emissions. At TR sites mineral dust accounts for 10-20% of the 

PM10. 

As also expected from the coarse mode of occurrence of mineral dust, levels of this PM 

component were much lower in PM2.5, down to 20-49% of the PM10 levels. The contribution 

of dust reached from 4 to 10 % of PM2.5 for all sites. 

IV) Sulphate and nitrate 

There is a clear trend to markedly increase levels of sulphate from FI-BCN to POR-MLN to 

ATH (1.7-1.9 to 2.4-2.9 to 3.7 µg/m
3
 in PM10 and 1.5-1.7 to 1.9-2.0 to 2.9 µg/m

3
 in PM2.5, 

Figure 12). This is probably due to the influence of the use of coal and petroleum coke/fuel oil 

for power generation in or/and around the high sulphate regions of this study, but also it may be 

caused by the influence of SO2 emissions from petrochemical plants. In the case of POR, when 

the site is under the influence of NW winds, one of the major sources of sulphate could be the 

Porto Refinery, which began operating in 1970. It is a crude oil industrial processing plant that 

has an annual installed capacity of 4.5 million tons and produces a wide range of products 

including fuels, lubricants, aromatics (BTX) for the petrochemical industry, industrial solvents 

and petroleum waxes. Emissions from shipping in the harbor may represent another possible 

source (Figure 13). 

As expected from the fine mode of occurrence of ammonium sulphate ((NH4)2SO4 or 

NH4HSO4), 76% to 85% of sulphate in PM10 is present in PM2.5. 

Levels of nitrate in PM10 show a less marked spatial variability, with the exception of MLN, 

with mean annual levels reaching 1.2 (FI-ATH) to 2.0 (BCN-POR) µg/m
3 

and 6.0 µg/m
3
 in 

MLN. This marked difference between MLN and the rest of the other AIRUSE regions is 

mainly due to the specific meteorological and emission patterns of the Po Valley. In this case, it 

coincides with a large urban and industrial agglomeration (with the associated road traffic), 

with the consequent elevated atmospheric emissions and a peculiar meteorology favoring 

frequent and marked thermal inversions that cause the accumulation of pollutants and the 

formation of high levels of ammonium nitrate (NH4NO3) from the high anthropogenic NOx and 

NH3 emissions. In particular, high NH3 levels, emitted from agricultural and animal husbandry 

activities, can be transported from the southern part of the Po Valley to the urbanized northern 
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part, inducing ammonium nitrate formation. On the other hand, it is noticeable the relatively 

coarse mode of nitrate in all cases, since levels in PM2.5 are generally 50-60% lower than in 

PM10, with the exception of MLN by 40% and the ATH SUB area by 85%. These large 

fractions of coarse nitrate are probably due to the high temperatures and dry conditions reached 

in summer in the study regions. At ambient temperature exceeding 25
o
C, NH4NO3 may be 

decomposed in gaseous HNO3 and NH3, and in turn a fraction of this HNO3 may react with 

NaCl or CaCO3 to give coarse NaNO3 or Ca(NO3)2. This likely accounts for the large 

differences observed for nitrate in the coarse and fine size fractions at MLN and ATH, with 

60% of nitrate residing in the fine aerosol at the first site and only 15% at the latter. The 

hypothesis of a temperature-driven behaviour of nitrate is reinforced by the seasonal trends of 

the ratios between fine (PM2.5) nitrate and PM10 nitrate: most of the nitrate, i.e. 60-80% of it, 

is in PM2.5 during fall and winter, while the percentage drastically decreases during spring-

summer, down to roughly 15%. Seasonal trends are less and less pronounced when passing 

from cities with continental climate as FI (and MLN) to coastal ones with mild climate as POR 

and BCN, and it is not visible in ATH, with a warmer climate. 

The contribution of sulphate, nitrate and ammonium (secondary inorganic aerosols, SIA) to the 

PM10 load reaches 15-21% of PM10 in BCN-UB, BCN-TR, POR-TR, ATH-TR and FI-UB, 

but 30-31% at both MLN-UB and ATH-SUB sites. In spite of the prevailing fine mode of these 

PM components, the contribution of SIA to the PM2.5 load remains similar to that of PM10, 

with 13-23% and 31-37% for the above groups of sites. The latter two cities (MLN and ATH) 

are both characterized by similarly high SIA loads, but due to different causes, whereas at 

MLN SIA is dominated by ammonium nitrate, at ATH ammonium sulphate prevails. 

The ion balances between cations and anions of the daily PM10 and PM2.5 samples collected 

at the 5 AIRUSE cities are reported in Figure 14. The results showed that there was a 

neutralization of the acidic components of the PM10 and PM2.5 in all cases with the exception 

of FI in the PM2.5 fraction. Thus the balances range from Anions=0.82*Cations (BCN, 

R
2
=0.72) to Anions=1.0*Cations (POR, R

2
=0.96). A slope lower than 1.0 means that there is a 

cation load in excess, probably due to the occurrence of Ca and Mg-bearing carbonate minerals 

(Alastuey et al., 2005). This is expected to occur specially during African dust episodes (see 

low anion/cation samples present in the balance of BCN). In the case of FI PM2.5 samples, the 

regression fits with Anions=1.12*Cations (R
2
=0.95) which points to a slightly acidic character 

of the PM samples with a fraction of 13% of the anionic species being present as acidic ones. 

V) Secondary vs primary PM 

The secondary fraction was obtained as: 

Secondary aerosols: NO3
-
 + SO4

2-
 + NH4

+
 + (OC-(EC*a))*b 

where a expresses the ratio of primary OC/EC ratio (averaged among existing sources, and 

varying within 0.7-2.2)) and b accounts for the non-C atoms in secondary aerosol mass 

(varying within 1.6-2.1). Figure 15 shows that for PM10, at the UB and SUB sites the 

secondary fraction dominated the PM10 mass by contributing from 53% (BCN) to 71% 

(MLN), whereas at traffic sites the primary contribution prevailed (60-63%). For the 

calculation of the secondary and primary fractions all values are normalized by the sum of 

reconstructed PM mass. This high load of secondary PM mass is very important to be taken 

into account in designing air quality plans, since these components are formed into the 

atmosphere from organic and inorganic gaseous precursors. The organic and inorganic 

secondary contributions to PM10 are very well balanced (close to 50-50% in most cases), but 

not in the case of PM10 in FI-UB, where 65% of the secondary PM10 load is from organic 
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aerosols (Figure 15), indicating probably a relative contribution from biomass burning 

compared with the other sources. The contributions of secondary PM to PM2.5 increase when 

compared with PM10 due to the lower contributions of dust and sea salt to the fine fraction. 

This secondary contribution then ranged from 66% (BCN) to 82% (ATH) in the UB and SUB 

sites and from 42 to 67% at the traffic sites (Figure 15). 

VI) Biomass burning tracers 

Levels of levoglucosan and K are usually considered as tracers of biomass burning (Fine et al., 

2001, Gonçalves et al., 2010, Nava et al., 2014). In fact, levoglucosan is a sugar emitted into 

the atmosphere exclusively by breaking cellulose chains during biomass burning. Levoglucosan 

levels varied by one order of magnitude: 22 (BCN), 53 (ATH), 287 (FI), 303 (MLN) and 407 

(POR) ng/m
3
 in PM2.5 (Figure 16), reflecting a very clear difference of the impact of biomass 

burning on air quality across southern European cities. The values obtained should be 

considered as minimum levels because it is well known that levoglucosan may be degraded in 

high oxidizing environments (Simoneit et al., 1999). This impact is mostly due to differences in 

using biomass burning for domestic purposes, but also in POR and MLN peak events were 

detected in summer as a consequence of the impact of the emissions of forest fires and/or 

agricultural fires. The decreasing impact of biomass burning on PM2.5 levels when passing 

from MLN to FI to POR to ATH and to BCN is clearly demonstrated by the time series of daily 

levels of levoglucosan (Figure 16). On the other hand, levels of K in the fine fraction (PM2.5) 

may also increase as a consequence of the influence of inorganic biomass burning ash 

contributions to the PM load. In this case, the differences are also evident but less marked than 

for levoglucosan: 89 (BCN), 121 (ATH), 178 (FI), 327 (POR) and 348 (MLN) ng/m
3
 in PM2.5 

(Figure 16). This lower differentiation is due to the fact that K may be partially supplied by 

mineral dust (clay minerals and feldspars) and probably by specific industrial sources. In fact K 

in the TR sites exhibits higher levels due to road dust contributions (Amato et al., 2009). 

VII) Trace elements 

Metallurgy and heavy industry tracers: Levels of Ti, Mn, Sr, Cu, Zn, Sn, Ni, Ba and Pb are 

higher in MLN, and in some cases in POR (Zn, Ba, Pb, Cd), when compared with the other 

sites. 

Coal combustion tracers: Levels of As and Se are relatively higher in POR and ATH pointing 

to a possible local, regional or long range transport influence of emissions from coal 

combustion sources on air quality. Northern Greece has a number of large coal fired power 

plants that may partly account for these concentration levels. Transport of emissions from coal 

fired power plants from the Balkans, Eastern Europe and Turkey may also contribute. In the 

case of POR, the coal power plant located 15 km southeast of Porto was deactivated in 

December 2004 and there was no coal combustion activity at the area during the campaign. The 

closest coal fired power plant is located in Northwestern Spain, at around 300 km from Porto. 

Is it possible that other industrial sources of As and Se (ceramic, glass, and cement production, 

among others) may also contribute to increased levels of these elements. 

Non-exhaust vehicle emission tracers: Levels of Cu, Sb, Ba and Sn are also relatively high in 

the traffic sites (BCN-TR, POR-TR and ATH-TR) when compared with UB sites. 

Shipping emission tracers: Levels of V are 4 to 2 times higher in the cities with a harbor (POR, 

BCN and ATH) pointing to the fact that, in spite of the possible use of fuel oil or petroleum 

coke for power generation or industrial processes, shipping emissions are the main sources of 

these heavy oil combustion tracers in the AIRUSE cities. 
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Rare Earth Elements (REEs) are usually occurring in mineral dust and the ratio Ce/La in the 

Earth's crust is close to 2. The marked decrease of this ratio may be used as a tracer of the 

influence of emission from La-based oil cracking in petrochemical plants. In this study most of 

the cities have a ratio Ce/La close to 2.0 with the exception of FI and ATH (1.0 and 1.3), this 

indicating the possible influence of this type of emissions at both sites, although other sources 

for La cannot be discounted. 

 

 

 

Figure 12. Levels of PM components in PM10 and PM2.5 in the 5 AIRUSE cities. 
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Figure 13. Location of the Porto’s refinery, harbor and sampling site. 

3.4. PM10 and PM2.5 mass closure (origin) 

 

I) PM components 

 Concerning the composition and origin of the main components of PM10 important 

differences were observed among the cities. Thus in FI-UB, MLN-UB, POR-TR and 

ATH-TR, OM+EC was the main PM10 constituent, accounting for 58, 45, 37 and 50% 

of the PM10 load and 69, 45, 48 and 59% of the PM2.5. However at BCN-UB and 

ATH-SUB these PM components were still dominant but made up only 27 and 30% of 

PM10 and 37 and 45% of PM2.5. 

 The PM fraction accounted by secondary inorganic aerosols (sulphate, nitrate, and 

ammonium) showed also significant variations with a load of 18-21% of PM10 for FI-

UB and BCN-UB, 30% for ATH-SUB and 31% in MLN-UB, and 20-23% of PM2.5 for 

FI-UB and BCN-UB, 31% in MLN-UB and 37% for ATH-SUB. For traffic sites the 

SIA percentage was reduced due to the increase of contributions from OM+EC (mostly 

from exhaust emissions) and mineral dust (mostly from road dust), and made up from 

13 to 15% of PM10 and PM2.5, with the exception of ATH-TR, with 20 and 27% of 

PM10 and PM2.5, due to the high load. 

 Mineral dust was one of the main PM10 components at all sites ranging from 10 

(MLN-UB) to 25% (ATH-SUB) of the PM10 load. In PM2.5, as expected from the 

coarser mode of occurrence of mineral dust, the contribution was reduced down to 4 

(FI) – 10% (ATH) in all cases. 

 The sea salt contribution reached the maximum at the Atlantic site, 13% of PM10 and 

5% of PM2.5 in POR, followed by the other two Mediterranean coastal sites, BCN and 

ATH (7 and 8 % of PM10 and 3 and 2 % of PM2.5); the minimum sea salt contributions 

were recorded in the inland Italian cities, MLN and FI (2-3% of PM10 and 1% of 

PM2.5). 
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 The unaccounted mass of PM is that resulting from the difference of the gravimetric 

measurements of the filters and the sum of all the components determined by chemical 

analysis. This unaccounted mass is usually attributed to water molecules contained in 

potential remaining moisture, and crystallization and formation water (water molecules 

in the structure of specific chemical species), as well as heteroatoms contained in the 

organic species and not analyzed. In this study the unaccounted mass was higher at 

BCN and POR (23-31% of the PM10 and PM2.5) and similarly lower (5-14%) in all the 

other sites. 

II) Origin of PM in the different cities 

Based on the above results we might describe the chemical composition of PM10 and PM2.5 

inthe different cities as follows (Figure 17): 

 BCN-UB 

o PM10: Made up by similar proportions of OM+EC, SIA and mineral dust+sea 

salt. This composition reflects a mix of high traffic density and regional 

pollution as main causes of the PM pollution in the city. 

o PM2.5: The mineral dust and sea salt contribution is reduced from 1/3 in PM10 

to 1/6, the OM+EC contribution increases to around 2/3 with the remaining part 

being made by SIA, slightly reduced with respect to PM10 because 50% of 

nitrate has a coarse mode of occurrence. 

 ATH-SUB  

o PM10: Similar composition to that described for BCN, but with slightly higher 

mineral dust (25%) +sea salt (8%) contribution and much higher sulphate load 

(19%). This differentiation may arise from the higher African dust influence and 

the higher coal or S-rich heavy oil combustion emissions in this region of the 

EU or from the influence of Eastern/Southeastern European countries and 

Turkey. 

o PM2.5: The influence of ammonium sulphate is very large (sulphate alone is the 

26% of the PM2.5 mass) indicating the high influence from coal combustion or 

other S-bearing fuels. The remaining PM2.5 mass is dominated by OM+EC 

(another 45%). Levels of SIA are slightly reduced with respect to PM10 because 

85% of nitrate has a coarse mode of occurrence. 

 FI-UB 

o PM10: A large contribution of OM (52%), probably due to a high contribution 

from biomass burning from the domestic sector, 18% of SIA and around 15% of 

dust (12%) and sea salt (3%). The dominant secondary origin of PM10 (56% of 

PM10 being secondary in origin) is partially favored by the high emissions, with 

a relevant contribution from biomass burning, and the specific stagnant 

conditions and reduced boundary layer depths. 

o PM2.5: OM is contributing in an even higher proportion (OM+EC , 69%) and 

the other contributions are relatively reduced with respect to PM10. Again 50% 

of the PM10 nitrate is not present in PM2.5 due to the occurrence of coarse 

nitrate. 
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 MLN-UB 

o PM10: Dominated by OM (around 40%), but with a very high contribution of 

ammonium nitrate (22%) and relatively low dust (10%) and sea salt (2%) 

contributions. The speciation data reflect a high biomass burning contribution 

while the high nitrate load points to traffic, biomass and probably industrial 

sources. The high registered concentrations and the dominant secondary origin 

of the PM10 (71% of PM10 being secondary in origin) are partially favored by 

the high emissions and the specific stagnant conditions and reduced boundary 

layer depths induced by the typical meteorology of the Po Valley. 

o PM2.5: Similar loads of OM+EC (45%) and ammonium nitrate (23), but 

reduced sea salt and mineral loads (1 and 4%). In this case most of the nitrate in 

PM10 is present in PM2.5 (94%) pointing to the prevalence of fine ammonium 

nitrate over coarse nitrate as described in the other sites. 

 BCN-TR  

o PM10: Similar contributions to those described for BCN-UB but with reduced 

relative contribution of SIA (13%) and higher contribution of mineral matter 

(20%), OM (27%), and specially EC (12%), due to a higher load of road dust 

and vehicle exhaust PM that dilute the regional SIA contribution. 

 POR-TR  

o PM10: Very similar compositional patterns to BCN-TR: OM+EC close to 37% 

(14% EC), SIA and dust about 12-15% each and sea salt 13%. The proportion of 

sea salt, EC and OM are higher in POR-TR than in BCN-TR due to the Atlantic 

location of Porto and to the higher influence of fuel (both fossil and biomass) 

combustion. 

o PM2.5: Similar composition to PM10 with increased proportion of OM+EC 

(29+19%) and reduced of mineral dust and sea salt (8 and 5%). SIA levels are 

slightly reduced with respect to PM10 because 40% of nitrate has a coarse mode 

of occurrence. 

 ATH-TR  

o PM10: Very similar compositional patterns to the other traffic sites: OM+EC 

reaches 50%, SIA and dust about 20% and 10%, respectively, and sea salt 7%. 

The ratio OM/PM is higher than at the other TR sites. This ratio may be affected 

by domestic combustion sources often including use of biomass fuels. The high 

concentrations of ammonium sulphate indicate a significant influence of 

regional sources or industrial and shipping sources at the immediate vicinity of 

Athens, west of the Metropolitan area (Eleftheriadis et al., 2014). This may be 

the reason why concentrations at the traffic site located closer to these areas are 

higher in relation to the ATH-SUB levels (by up to 20% and 50% for sulphate 

and nitrate, respectively). Nitrate concentrations are also affected by traffic. 

o PM2.5: Similar composition to PM10 with increased proportion of OM+EC 

(46+13%) and reduced contribution of mineral dust and sea salt (3 and 2%). 
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Figure 14. Ion balance of anionic (ions-: Cl
-
, NO3

-
 and SO4

2-
) and cationic (ions+: NH4

+
. Na

+
, K

+
, Ca

2+
, Mg

2+
) species in daily samples of 

PM10 and PM2.5 from the five AIRUSE cities.  
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Figure 15. Relative contributions of secondary and primary PM components to the mean PM10 

and PM2.5 levels at the 5 AIRUSE cities. Values are normalized by the sum of PM mass 

reconstructed with the chemical analysis. 
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Figure 16. Annual (top) and daily (5 bottom graphs) levels of biomass burning tracers 

(levoglucosan and K) in PM2.5 from the 5 AIRUSE cities. 

 

0

50

100

150

200

250

300

350

400

450

BCN-UB BCN-TRAFFPOR-TRAFF FI-UB MIL-UB ATH-SUB ATH-TRAFF

n
g/

m
3

0

50

100

150

200

250

300

350

400

BCN-UB BCN-TRAFFPOR-TRAFF FI-UB MIL-UB ATH-SUB ATH-TRAFF

n
g/

m
3

Levoglucosan KPM2.5 PM2.5

0

500

1000

1500

2000

2500

3000

1-1-13 1-2-13 1-3-13 1-4-13 1-5-13 1-6-13 1-7-13 1-8-13 1-9-13 1-10-13 1-11-13 1-12-13 1-1-14

n
g/

m
3

0

500

1000

1500

2000

2500

3000

1-1-13 1-2-13 1-3-13 1-4-13 1-5-13 1-6-13 1-7-13 1-8-13 1-9-13 1-10-13 1-11-13 1-12-13 1-1-14

n
g/

m
3

Levoglucosan  MLN-UBPM2.5

Levoglucosan  POR-TRPM2.5

4200 3500

3500

0

500

1000

1500

2000

2500

3000

3500

1-1-13 1-2-13 1-3-13 1-4-13 1-5-13 1-6-13 1-7-13 1-8-13 1-9-13 1-10-13 1-11-13 1-12-13 1-1-14

n
g

/m
3

Levoglucosan  FI-UB

0

500

1000

1500

2000

2500

3000

3500

1-1-13 1-2-13 1-3-13 1-4-13 1-5-13 1-6-13 1-7-13 1-8-13 1-9-13 1-10-13 1-11-13 1-12-13 1-1-14

n
g/

m
3

Levoglucosan  ATH-SUBPM2.5

0

500

1000

1500

2000

2500

3000

3500

1-1-13 1-2-13 1-3-13 1-4-13 1-5-13 1-6-13 1-7-13 1-8-13 1-9-13 1-10-13 1-11-13 1-12-13 1-1-14

n
g

/m
3

PM2.5 Levoglucosan  BCN-UB

PM2.5



 

Deliverable B2.4: PM speciation and source apportionment  

AIRUSE LIFE11 ENV/ES/584 

29 / 144 

 

 

Figure 17. Mass closure of PM10 and PM2.5 chemical speciation data for the 5 AIRUSE cities. 

3.5. Source apportionment 

 Barcelona (BCN-UB) 3.5.1.

For BCN-UB (January 2013-January 2014), the best PMF solution was found pooling PM10 

and PM2.5 samples in a single input matrix for PMF, comprising 234 samples, 30 strong 

species (EC, OC, NH4
+
, Cl

-
, NO3

-
, Al, Ca, Fe, K, Mg, Na, S, Li, Ti, V, Cr, Mn, Ni, Cu, Zn, Ga, 

As, Rb, Sr, Cd, Sn, Sb, La, Ce and Pb), 2 weak species (Se and Ba) and setting PM as total 

variable with 400% uncertainty (US EPA, 2014). The distribution of residuals, G-space plots, 

Fpeak values and Q values were explored for solutions with number of factors varying between 

6 and 10. The most reliable solution was found with 8 factors/sources, adding a 7% extra 

uncertainty and a minimum (base run) Q robust value of 7054, found over 30 runs (seed 

number 33), which exceeded the theoretical Q value (5650) by 24%. Species concentrations 

were reconstructed within 79-101%. Several constraints were added to the base run solution. 

Such constraints were of both physical and chemical nature and aimed at reducing the 

rotational ambiguity of the PMF problem, driving the solution towards a priori information 

based on mass conservation principle or partial knowledge of emission sources (Amato et al., 

2009; Paatero and Hopke, 2008). More specifically, in the case of Barcelona, the following 

constraints were introduced: 
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1. Pulling the difference of source contributions between PM10 and PM2.5 to zero, only 

for those days and sources where PM2.5 contribution was higher than PM10 

contribution in the base run solution (96 cases). The % of dQ was set at 5% for each 

constraint and the converged results used totally 2.9% dQ. 

2. Pulling the chemical profile (24 species) of the non-exhaust source towards the 

experimental profile of road dust obtained in Barcelona (Amato et al., 2009). The % dQ 

was set at 5% for each elemental constraint and the converged results used totally 

13.2% dQ. 

3. Pulling the ratios Cl
-
/Na, S/Na, K/Na, Ca/Na, Mg/Na of the sea salt profile to the 

literature values of 1.8, 0.084, 0.037, 0.038, 0.119 respectively. The % dQ was set at 

5% for each ratio and the converged results used totally 3.2% dQ. 

 

The 8 sources identified in Barcelona (Figure 18) were: Vehicle exhaust (VEX), Vehicle non-

exhaust (NEX), Secondary nitrate (SNI), Mineral (MIN), Secondary sulphate & organics 

(SSO),Industrial (IND), Heavy oil combustion (HOC) and Aged sea salt (SEA), similarly to 

those found by Querol et al. (2001; 2004) and Amato et al. (2009). 
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Figure 18. PMF factors profiles obtained in Barcelona (BCN-UB). 
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The Vehicle exhaust (VEX) comprises organic particles (42% of OC explained variation) from 

motor exhaust, as well as EC (51%) and trace metals from brake wear (Cu, Sb, Sn, Ba, Cr) 

(Figure 18). The presence of K (22% of variation) might be explained as a possible mix with 

long-range biomass burning aerosols, although their contribution is almost negligible, as 

reported by previous studies (Reche et al., 2012). The ratio OC/EC of 1.8 reveals a significant 

proportion of secondary organic aerosols(Querol et al., 2013) from oxidation of primary 

volatile organic compounds (VOCs) both from fuel combustion (including exhaust emissions) 

and probably from enhanced anthropogenic transformation of biogenic VOCs by NOx (Hoyle et 

al., 2011). Another secondary product in this case mostly from motor exhaust emissions is 

ammonium nitrate, which was identified as a separate factor. Average source contributions 

from VEX were 3.3 µg/m
3 

(14%) to PM10 levels and 3.0 µg/m
3
(21%) to PM2.5 levels with an 

average PM2.5/PM10 ratio of 0.91 due to the very fine mode of motor exhaust particles (Figure 

19). However, source contributions are highly season-dependent with maxima in winter due to 

the coupled effect of the lower temperature (favoring condensation of VOCs), shallower height 

of the planetary boundary mixing layer (PBL) and the lower sea breeze ventilation. 

 

 

Figure 19. Pie chart of the identified source contributions in Barcelona (BCN-UB) in PM10 

and PM2.5. 

 

The Vehicle non-exhaust source (NEX) was object of several auxiliary equations aimed at 

pulling the original (base-run) factor, already traced by Cu, Mn, Fe, Sn and Sb (Figure 18), 

towards the well-known emission profile of road dust in Barcelona, as experimentally obtained 

by a previous study (Amato et al., 2009). This approach was proved to be effective in 

separating the mineral component due to traffic emissions (road dust) from other mineral 

sources. However, a contribution from direct brake and tire wear cannot be disregarded in this 

factor. As the target source profile, the NEX factor is traced by both the aforementioned brake 

wear metals/metalloids (22-31%) and crustal species from road surface wear (Ca, Al, Ti, Rb, Sr 

among others; 20-37%). NEX emissions increased levels of PM10 by 2.6 µg/m
3 

(11%) and 

PM2.5 levels by only 0.2 µg/m
3
 (2%) with a very low PM2.5/PM10 ratio (0.1). Conversely to 

the MIN source, NEX contributions were rather constant across the year with slightly higher 

values in winter, as already found by Amato et al., (2009) and probably due to low seasonal 

variation of the emission potential (Figures 19 and 20).  
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Figure 20. Time variability of source contributions in Barcelona (BCN-UB) in PM10 (top) and 

PM2.5 (bottom). 

 

The Secondary nitrate (SNI) factor explained about 35% of NH4
+
and most of the variance of 

NO3
-
 (Figure 18), as oxidation product of local gaseous NOx emissions (road traffic and 

industrial plants). Based on the NOx emission inventory of the Special Environmental 

Protection Area of Barcelona (BCN-SEPA) 50% of SNI-nitrate can be apportioned to road 

traffic (Amato et al., 2009) while in other cities a large proportion may derive from biomass 

burning activities, which are not found in Barcelona. As expected, in winter ammonium nitrate 

formation is favored by low temperature and higher humidity while in summer it becomes 

volatilized more quickly due to higher temperature. On the annual basis, average SNI 

contributions were 3.2 and 2.0 µg/m
3
 in PM10 and PM2.5 respectively (ratio PM2.5/PM10 of 

0.63), including a proportion of semi volatile organic aerosols, which easily condense on the 

high surface area of ammonium nitrate particles (Figures 19 and 20).  

The total contribution from traffic can be estimated as the sum VEX+NEX +0.5*SNI-nitrate, 

which results in 7.1 and 4.0 µg/m
3
 in PM10 (31%) and PM2.5 (26%), respectively. This 

indicates a clear relative decrease of road traffic emissions with respect to other sources in 

Barcelona, when compared to the 2003-2007 period, when mean contributions of 46% and 51% 

for PM10 and PM2.5 were estimated in a nearby site (Amato et al. 2009). The effect of 

lowering PM emissions in EURO5 vehicles, the reduction of the urban traffic flow in the city 

from 2007 to 2012 (around 9% according the city council, Ajuntament de Barcelona, 2014) and 

the measures taken by the public transport company (TMB) may account for this decrease. 

The Mineral factor (MIN) was identified by the typical crustal species such as Al, Ca, Li, Ti, 

Rb, Sr (all with explained variation above 40%) Mg, Ga, La and Ce (above 30%) (Figure 18). 

This source is also responsible for significant concentrations of K, Fe and Na due to their 

presence in clay minerals and feldspars. The MIN source is interpreted as a mixture of several 
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sources, including soil resuspension, urban works, regional mineral dust and Saharan dust. 

However, by means of Action B3 the quantification of Saharan dust contribution (SAH) could 

be separated from the non-Saharan (or Local DUST, LDU). The overall composition of MIN 

reveals a significant enrichment in Ca when compared to the average crust composition 

(Mason, 1966; Rahn 1976) indicating an anthropogenic component such as particles from 

concrete or limestone. The overall MIN contribution was 2.8 µg/m
3 

(12%) to PM10 levels (0.3 

µg/m
3 

from SAH) and 1.0 µg/m
3 

(7%) to PM2.5 levels. The average PM2.5/PM10 ratio of 0.36 

confirms the expected coarse size distribution. Contributions from LDU are generally higher in 

warmer months although high concentrations were observed in November and December 2013 

(Figure 20). 

The factor Secondary sulphate &organics (SSO), traced by SO4
2-

 and NH4
+
(Figure 18), is the 

result of the formation of secondary sulphate in the atmosphere from the photochemical 

oxidation of locally emitted gaseous sulphur oxides (in Barcelona mostly from shipping and 

with lower relevance from industrial activities in this region) and from long range transport. 

Condensation of VOCs is suggested by the relatively high content of OC (15%). Source 

contributions from SSO were generally higher in summer than in winter due to the higher 

photochemical activity during warmer months. Annual average contributions of SSO in 

Barcelona were 5.9 (26%) and 5.6 (39%) µg/m
3
 in PM10 and PM2.5 respectively (ratio 

PM2.5/PM10 of 0.95) (Figures 20 and 21). 

The Industrial factor (IND), explains most of the variance of Zn, Cd and Pb, and in minor 

proportion As, Mn and Cu, with OC being the major constituent (Figure 18). This source has 

been identified in prior studies at the urban background of Barcelona and allocated to the 

Llobregat industrial basin (SW of Barcelona) with higher impact on the SW part of the city and 

during night-time due to the land breeze transport (Amato et al., 2011; Minguillón et al., 2012). 

Mean IND concentrations during the AIRUSE campaign were 1.7 µg/m
3 

(8%) and 1.3 µg/m
3 

(9%) in PM10 and PM2.5 respectively. No discernable seasonality is observed. 

Similarly to road traffic, industries are responsible for a significant part (30%) of NOx 

emissions, therefore the total contribution from IND should be calculated as IND+0.3*SNI 

which results in 2.7 and 1.9 µg/m
3
 in PM10 and PM2.5, respectively. 

The Heavy oil combustion (HOC) factor is characterized by high concentrations of EC, S and 

traced by V and Ni reflecting the influence of residual oil combustion processes mostly from 

shipping and in a minor proportion from industries in this region (Figure 18). HOC particles are 

rather fine (0.84 as PM2.5/PM10 ratio) and contributed more in summer than in winter, 

similarly to SSO. On annual average HOC increased PM10 and PM2.5 concentrations by 0.9 

(4%) and 0.7 (5%) µg/m
3
, respectively. 

The Aged sea salt factor (SEA), traced by Na and Cl
-
, is interpreted as sea salt particles 

including aged sodium nitrate, thus this is the contribution of a mixture of natural and 

anthropogenic emissions. SEA contributed on average 2.5 (11%) and 0.4 (3%) µg/m
3
, 

respectively, to PM10 and PM2.5 samples, with a coarse PM2.5/PM10 ratio (0.16), without 

significant seasonal variation (Figures 19 and 20). 
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Figure 21. Source fingerprints in Barcelona (BCN-UB): source apportionment of the species 

used in PMF (average of the two fractions). 

 

Finally, average source contributions to PM10 and PM2.5 during the days in which PM10 

concentration is above 40 µg/m
3 

are reported in Table 2 (no days with PM10 above 50 µg/m
3 

were recorded during the 126 sampling days). Traffic (as sum of VEX, NEX and about 50% of 

SNI-nitrate) and Secondary Sulphates are the sources which give the most relevant 

contributions, with 52 and 15% of PM10 and 54 and 26% of PM2.5, respectively. 

Table 2: Source contribution (%) to PM10 and PM2.5in Barcelona during the days in which 

PM10 concentration was above 40 µg/m
3
.  

  PM10 

% 

PM2.5 

% 

Aged sea salt 2 1 

Saharan dust <1 <1 

Local dust 4 2 

Sec. sulphate & organics 19 22 

Veh. non-exhaust 14 2 

Veh. exhaust 13 20 

Veh. nitrate 14 15 

Heavy oil combustion 4 6 

Industrial 17 18 

Non-traffic nitrate 13 13 

unaccounted - - 
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G-space plots allow exploring rotational ambiguity and identifying possible correlations 

between source contributions. In the case of Barcelona (BCN-UB) source pairs revealed no 

correlation between sources, with most of edges coincident with zero values of x and y axis. 

However, plotting the NEX against the VEX contributions (Figure 22), although the two 

emission processes are different and no correlation is visible, a lower edge can be observed 

indicating that for very high NEX contributions, high VEX contributions are also found, but not 

the other way around (when street is wet after rain, resuspension of road dust is low). 

 

Figure 22. G space plot between vehicle NEX and VEX daily contributions in Barcelona (BCN-

UB). 

The errors associated with source contributions estimates were calculated based on the standard 

error of the coefficients of a multiple regression between the daily PM concentration 

(independent variable) and the eight source contributions for that day (dependent variables). As 

a result we obtained the symmetric error for each source contribution (Table 3). 

 

Table 3: Annual average source contributions and standard error (µg/m
3
) in Barcelona (BCN-

UB). na: not available. 

 

PM10 PM2.5 PM10 PM2.5 

 

Annual mean 

contribution 
Standard error 

Vehicle exhaust (VEX) 3.3 3.0 0.3 0.3 

Vehicle non-exhaust (NEX) 2.6 0.2 0.6 0.1 

Secondary nitrate (SNI) 3.2 2.0 0.2 0.1 

Secondary sulphate and organics 

(SSO) 5.9 5.6 0.3 0.3 

Heavy oil combustion (HOC) 0.9 0.7 0.3 0.3 

Local dust (LDU) 2.5 1.0 0.2 0.1 

Saharan dust (SAH) 0.3 na na na 

industrial (IND) 1.7 1.3 0.5 0.4 

Aged sea salt (SEA) 2.5 0.4 0.2 0.03 



 

Deliverable B2.4: PM speciation and source apportionment  

AIRUSE LIFE11 ENV/ES/584 

37 / 144 

In Figure 23, each plot includes PM10 and PM2.5 source contributions in order to improve the 

statistical significance. Nine plots are shown, including the Saharan dust.  

The VEX and NEX plots show maxima with low wind speed, suggesting a nearby source with 

higher impact under stagnant atmospheric conditions. The SNI source points instead to the 

Eastern sector, corresponding to the city center of Barcelona (Figure 23). The local dust (LDU) 

plot shows a main source origin in the south west, but also from the North to a lesser extent, 

while the SAH plot suggests clearly a long-range transport from the Southern sector (Figure 

23). The SSO is mainly transported from the S-SE region, in agreement with both long-range 

transported Sulphate (Eastern Europe), but also possible local sources (harbor), given the 

similarity with the Heavy oil combustion which clearly points at the harbor. The MET source 

shows a clear transport from the NW region of Barcelona metropolitan area, where several 

smelters are located. The SEA follows nicely the coast line (Figure 23).  

 

Figure 23. Polar plots of daily source contributions in Barcelona (BCN-UB). 
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3.5.1.1.Source apportionment conclusions for BCN-UB 

In the urban background of Barcelona (BCN-UB) road traffic is the most important source of 

PM10 (31% which includes vehicle exhaust, non-exhaust and 50% of SNI-nitrate, Figure 24) 

and the second largest source of PM2.5 (26%). Another 35% of PM10 mass is related to non-

traffic secondary particles formed in the atmosphere from gaseous precursors (non-traffic NOx, 

SO2, VOCs and NH3), which is the main component of PM2.5 (42%, Figure 24). Other 

anthropogenic sources are local dust (11% and 6% for PM10 and PM2.5 respectively), 

Industries (11% and 12%) and Heavy oil combustion (4% and 5%, mostly from shipping). The 

sum of natural sources (Sea salt and Saharan dust) contributed only 7% and 3% in PM10 and 

PM2.5 (Figure 24), although a biogenic secondary component is also expected but could not be 

estimated. 

Figure 24 also shows PM10 and PM2.5 average source contributions only for the days with 

PM10 concentrations above the threshold of 40 µg/m
3
. During these high pollution events 

(mostly in winter) road traffic is responsible for 42% and 38% of PM10 and PM2.5, 

respectively. Non-traffic nitrate also increases its importance, while the rest of sources do not 

change (industries and heavy oil combustion) or become relatively less important (secondary 

sulphate and local dust).  

 

 

 

Figure 24. Simplified pie chart of source contributions in Barcelona (BCN-UB) in PM10 and 

PM2.5. 
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3.5.1.2 Validation of PMF results from daily data with hourly data 

In Barcelona the AIRUSE streaker campaign was carried out at BCN-TR (Valencia avenue, 

used also as control site for the dust suppressants campaign in Barcelona). Streaker 

measurements at a background site were available from 2010 (Dall’Osto et al., 2013). Six and 

three factors were identified in the fine and in the coarse fraction, respectively: Sulphate & oil 

combustion, Brake wear, Mineral dust, Road dust, Sea salt and Metallurgy in the fine fraction, 

Mineral dust, Vehicle non-exhaust  and Sea salt in the coarse one (Figures 25a and 25b).  

The Sulphate & oil combustion source is characterized by S, V and Ni and corresponds to mix 

the above SSO and HOC factors. This factor does not exhibit a clear diurnal variation, 

indicating a regional rather than a local source (Figure 25a).  The hourly PM2.5 samples allow 

separation between Brake wear and Road dust (Figure 25a) instead of the obtained NEX source 

with daily samples, the first showing two peaks during traffic rush hours while the latter only 

showing a morning peak. The polar plots are clearly oriented with the direction of the street 

canyon (Valencia Avenue, Figure 26). The Vehicle exhaust source (VEX) cannot be identified 

because, as reported in the methodology, EC and OC cannot be detected by PIXE, the only 

technique applicable to the streaker sample analysis. The Industrial factor in the fine fraction is 

characterized by Zn, Pb and also Mn. It shows maxima during the first hours of the day, when 

the sea breeze is not yet developed and the air mass may come from a land-breeze (Figure 25a). 

The polar pot clearly points to the SW, where the metallurgy facilities are located (Figure 26). 

The Sea salt source was identified both in the coarse and in the fine fractions (Figures 25a and 

25b), in both cases showing a rather constant value across the 24 hours, although a minimum is 

observed during 7-9 am. The polar plots clearly point to the coast line (Figure 26). 

 

Figure 25a. Intra-daily variability of sources impact on an hourly basis in Valencia Avenue in 

Barcelona  in the fine fraction (arbitrary units). 
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Figure 25b. Intra-daily variability of sources impact on an hourly basis in Valencia Avenue in 

Barcelona  in the coarse fraction (arbitrary units). 

 

Figure 26. Polar plots of hourly source contributions (a.u.) in Valencia avenue in Barcelona. 
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 Florence (FI-UB) 3.5.2.

For the city of Florence (January 2013-January 2014), the best solution was found pooling 

PM10 and PM2.5 samples in a single input matrix for PMF, comprising 232 samples, 25 strong 

species (EC, OC, Levo, Na, Mg, Al, Si, S, Cl, K, Ca, Ti, Mn, Fe, Ni, Cu, Zn, As, Se, Br, Rb, Sr, 

NH4, NO3 and V), 4 weak species (Ba, Pb, Cr and Cd) and setting PM as total variable with 

400% uncertainty (US EPA, 2014). The distribution of residuals, G-space plots, Fpeak values 

and Q values were explored for solutions with number of factors varying between 6 and 11. 

The most reliable solution was found with 10 factors/sources, with a minimum (base run) Q 

robust value of 3878, found over 30 runs (seed number 25), which resulted 13% lower than the 

theoretical Q value (4460). Species concentrations were reconstructed within 80-100%, with 

few exceptions (As 72%, Pb 68% and Cd 69%). 

Some constraints were added to the base run solution: such constraints were of both physical 

and chemical nature and aimed at reducing the rotational ambiguity of the PMF problem, 

driving the solution towards a priori information based on the mass conservation principle or 

partial knowledge of emission sources (Amato et al., 2009; Paatero and Hopke, 2008). More 

specifically, in the case of Florence, the following constraints were introduced: 

1. Pulling down the EC and OC contributions in the Saharan Dust source profile and the 

NO3 contribution in the Sea Salt profile. The % dQ was set at 1% for each elemental 

constraint and the converged results used totally 0.9% dQ. 

2. Pulling down the Saharan Dust source contributions during a period (1-22/07/13) when 

the advection of desert dust can be excluded on the basis of all the used transport 

models (Skiron, NMMB and Hysplit). The % dQ was set at 0.5% for each day and the 

converged results used totally 1.4% dQ. 

3. Pulling the difference of source contributions between PM10 and PM2.5 to zero, only 

for those days and sources where PM2.5 contribution was higher than PM10 

contribution in the base run solution (55 days). The % of dQ was set at 0.5% for each 

constraint and the converged results used totally 7.0% dQ. 

The 10 sources identified in Florence were: Aged sea salt (SEA), Saharan dust (SAH), 

Secondary sulphate & organics (SSO), Vehicle non-exhaust (NEX), Biomass burning (BB), 

Secondary nitrate (SNI), Vehicle exhaust (VEX), Heavy oil combustion (HOC), Local dust 

(LDU) and Fresh sea salt (FSS). 
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Figure 27. PMF factor profiles obtained in Florence (FI-UB). 
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The Vehicle Exhaust (VEX) is mainly composed of organic particles (it accounts for 26% of 

OC) from motor exhaust, as well as EC (36%) (Figure 27). The ratio OC/EC of 3.7 reveals a 

significant proportion of secondary organic aerosols (Querol et al., 2013) from oxidation of 

primary volatile organic compounds (VOCs) from fuel combustion (including exhaust 

emissions) and probably from enhanced anthropogenic transformation of biogenic VOCs by 

NOx (Hoyle et al., 2011). Another secondary product, in this case mostly from motor exhaust 

emissions, is ammonium nitrate, which was found as a separate factor (SNI). The average 

source contribution from VEX was 2.5 µg/m
3 

both in PM2.5 and PM10 indicating that this 

source is completely in the fine mode. This contribution corresponds to 13% of PM10 and 18% 

of PM2.5 mass concentrations (Figure 28). 

 

Figure 28. Pie chart of the identified source contributions in Florence (FI-UB) in PM10 and 

PM2.5. 

 

The Vehicle non-exhaust source (NEX) is traced by Cu, Fe, Ba and Mn (Figure 27); it is 

mainly composed of OC, EC and Fe, but it also receives significant mass contributions by 

crustal species like Ca, Si and Al. This source represents the road dust that is resuspended by 

traffic, but it also includes a contribution from direct brake and tire wear. The average source 

contribution from NEX is 1.9 µg/m
3 

(10%) in PM10 and 0.3 µg/m
3
(2%) in PM2.5 (Figure 28), 

with a very low PM2.5/PM10 ratio (0.15), which is reasonable for a dust resuspension/abrasion 

source. Higher values are observed in winter (Figure 29).  

The Secondary Nitrate (SNI) factor explained about 24% of NH4
+ 

and 66% of NO3
-
 (Figure 

27), as oxidation product of local gaseous NOx emissions. On the basis of the emission 

inventory, in Florence 80% of NOx are due to road traffic and  10% to domestic heating, 

with only  2% due to stoves and chimneys (http://servizi2.regione.toscana.it/aria/); it is 

however highly suspected that this datum underestimates the contribution of domestic heating 

by BB to NOx. The SNI also receives a significant mass contribution by OC, which is 

reasonable as semi volatile organic aerosols can easily condense on the high surface area of 

ammonium nitrate particles. On the annual basis, average contributions were 2.2 µg/m
3
 and 1.9 

µg/m
3 

in PM10 (11%) and PM2.5 (14%), respectively (ratio PM2.5/PM10 of 0.9) (Figure 28). 

This source shows a strong seasonality, with higher values during the cold period (when most 

of the exceedances of the daily PM10 limit value occur) and very low contributions in 

summertime (Figure 29). This behavior may be due not only to higher emissions, but also to 

lower mixing layer heights, which favor accumulation of local pollutants near the surface, and 

lower temperatures, which foster the particulate phase of nitrates and reduce the impact of 

http://servizi2.regione.toscana.it/aria/
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negative sampling artefacts, while nitrate volatilization is known to be produced by higher 

temperatures (Chow et al., 2005). 

The total contribution from traffic can be therefore estimated as the sum VEX+NEX +0.8*SNI-

nitrate, which results in 5.7 and 4.0 µg/m
3
 in PM10 (29%) and PM2.5 (28%), respectively. 

 

Figure 29. Time variability of source contributions in Florence (FI-UB) in PM10 and PM2.5. 

 

The Biomass burning (BB) profile is characterized by levoglucosan, EC, OC, K, and, to a lesser 

extent, by S, Cl, Zn, Br, Pb and nitrate (Figure 27). This source explains 84% of levoglucosan, 

30% of EC and 36% of OC. Levoglucosan, EC-OC, S, Cl and K are typical BB components, 

but during bark and waste wood combustion also Zn, Br and Pb may become relevant (Joller et 

al., 2007; Corrigan et al., 2013). The OC/EC ratio in this profile (6.1) is within the ranges 

reported in literature for this source (Bernardoni et al., 2011). The average source contribution 

from BB is3.0 µg/m
3 

(16%) in PM10 and 2.9 µg/m
3 

(21%) in PM2.5 (Figure 28), with a very 

high PM2.5/PM10 ratio (0.95), which is reasonable for a combustion source. As expected, the 

contributions of this source are highly season-dependent with maxima in winter (Figure 29) 

when, as already observed, there are most of the exceedances of the limits. 

The Secondary sulphate & organics (SSO) factor, which accounts for 76% of S and 72% of 

NH4
+ 

(Figure 27), is the result of the formation of secondary sulphate in the atmosphere from 

the photochemical oxidation of gaseous sulphur oxides (which in Florence are mostly of 

regional origin). On the basis of the emission inventory, in Florence 50% of SO2 
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(http://servizi2.regione.toscana.it/aria/) is due to the power production sector. It is worth noting 

that in Tuscany there is the most important geothermal power plant of Italy and a fraction of 

sulphates may be produced by H2S transformations in the atmosphere. Condensation of VOCs 

is suggested by the high content of OC. The annual average contribution is about 4 µg/m
3
 both 

in PM10 and PM2.5, indicating that this source is completely in the fine mode. This amount 

corresponds to 20% of PM10 and 29% of PM2.5 mass concentrations (Figure 28). Source 

contributions were generally higher in summer than in winter (Figure 29) due to the enhanced 

photochemical activity and the higher air circulation during warmer months, which favor the 

formation of secondary sulphates and their distribution over the regional area. 

The Heavy Oil Combustion (HOC) factor is traced by V and Ni (it accounts for 97% and 40% 

of the average concentration of these elements) and is characterized by high concentrations of 

EC, OC and S. This source reflects the influence of residual oil combustion processes, mostly 

from activities that are located outside the city, like energy production, refinery, industrial 

plants and shipping. HOC particles are rather fine (0.85 as PM2.5/PM10 ratio) and, similarly to 

SSO, they contributed more in summer than in winter (Figure 29), due to the higher air 

circulation, which favors their transport and distribution on the regional area. On annual 

average HOC increased PM10 and PM2.5 concentrations by 0.9 (5%) and 0.8 (6%) µg/m
3
, 

respectively (Figure 28).  

PMF identified two mineral dust sources: Saharan dust (SAH) and Local dust (LDU), both 

traced by the typical crustal species such as Al, Si, K, Ca, Ti, Fe, Rb and Sr (Figure 28). The 

first one is characterized by a source profile that is very close to the average crust composition, 

with enrichment factors (EF), calculated with respect to Al using the average continental crust 

composition reported by (Mason, 1966; Rahn 1976), that are all close to one: 0.99 (Mg), 0.83 

(Si), 1.08 (K), 0.92 (Ca), 1.0 (Ti) and 1.1 (Fe). Conversely the LDU source profile is 

contaminated by OC and nitrate, it is highly enriched in Ca (EF 14.0) and Fe (2.1) and also the 

EFs of Mg, Si, K and Ti deviate from unity by 30-60%. While LDU contributes all the 

yearlong, the SAH time trend is characterized by concentration peaks during days classified as 

Saharan intrusions (on the basis of both models and satellite observations) and it is close to zero 

in all other days. As expected, for both these sources the average PM2.5/PM10 ratio is quite 

low: 0.24 for SAH and 0.12 for LDU (the lower ratio for local dust with respect to Saharan dust 

seems reasonably explained by the particle size fractionation experienced during the transport).  

The overall mineral dust contribution (LDU+SAH) was 3.1 µg/m
3 

(16%) to PM10 levels (0.7 

µg/m
3 

from SAH) and 0.5 µg/m
3 

(3%) to PM2.5 levels (0.2 µg/m
3 

from SAH).  

PMF identified two sea salt sources: Fresh sea salt (FSS) and Aged sea salt (SEA). The first 

one is traced by typical marine elements like Na, Cl and, to a lesser extent, Mg and Br (Figure 

27), with inter-elemental ratios (Cl/Na: 1.9, Mg/Na: 0.15) in accordance with those reported in 

the literature for seawater (Bowen, 1979). The time pattern is characterized by short episodic 

peaks (Figure 29), occurring when air masses are directly transported by strong winds to 

Florence from the seaside (mainly from the Tyrrhenian Sea). The SEA source is also 

characterized by typical sea salt elements like Na, Mg and Br, but completely depleted in Cl 

and enriched in sulphates, nitrates and OC (Figure 27). It is well known that different 

heterogeneous reaction between airborne sea-salt particles and gaseous pollutants, like nitric 

and sulphuric acid, may lead to Cl volatilization and nitrates and sulphates formation (Seinfeld, 

1986; Singh, 1995). Thus, this SEA source is a mixture of anthropogenic and natural source 

contributions. As expected, for both sources, the PM2.5/PM10 ratio is quite low: 0.18 for SEA 

and 0.06 for FSS. The overall sea salt contribution (SEA+FSS) was 1.8 (9%) and 0.2 (2%) 

http://servizi2.regione.toscana.it/aria/
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µg/m
3
 respectively for PM10 and PM2.5 (Figure 28). In Figure 30 the source contributions to 

the different chemical species are summarized. 

 

Figure 30. Source fingerprints in Florence (FI-UB): source apportionment of the species used 

in PMF (average of the two fractions). 

Finally, average source contributions to PM10 and PM2.5 during the days in which PM10 

concentration is above 50 µg/m
3 

are reported in Table 4. Traffic (37 and 26% of PM10 and 

PM2.5, respectively, as sum of VEX, NEX and about 80% of SNI-nitrate) and Biomass burning 

(30 and 32% of PM10 and PM2.5) are the sources which give the most relevant contribution. 

Table 4: Source percentage contributions (%) to PM10 and PM2.5in Florence (FI-UB) during 

the days in which PM10 concentration is above 50 µg/m
3
. 

  PM10 

% 

PM2.5 

% 

Fresh sea salt <1 <1 

Aged sea salt <1 <1 

Saharan dust <1 <1 

Local dust <1 <1 

Sec. sulphate & organics 6 6 

Veh. non-exhaust 9 1 

Veh. exhaust 5 5 

Veh. nitrate 22 20 

Heavy oil combustion 3 3 

Industrial - - 

Non-traffic nitrate 13 12 

Biomass burning 30 33 

unaccounted 8 20 
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As aforementioned, G-space plots allow exploring rotational ambiguity and identifying 

possible correlations between source contributions. In the case of Florence (FI-UB) source 

pairs revealed no correlation between sources, with most of edges coincident with zero values 

of x and y axis. The only exception is given by the SNI-BB couple. Plotting the SNI against the 

BB contributions (Figure 31), a moderate correlation may be indeed observed. This behavior 

may be explained by the fact that both sources have the same strong seasonality with higher 

values in winter.  

 

Figure 31. G space plot between SNI and BB daily contributions in Florence (FI-UB). 

The errors associated with source contribution estimates were calculated based on the standard 

error of the coefficients of a multiple regression between the daily PM concentration 

(independent variable) and the eight source contributions for that day (dependent variables). As 

result we obtained the symmetric error for each source contribution (Table 5). 

 

Table 5: Annual average source contributions and standard error (µg/m
3
) in Florence (FI-UB). 

 PM10 PM2.5 PM10 PM2.5 

 

Annual mean 

contribution 
Standard error 

Vehicle exhaust (VEX) 2.5 2.5 0.2 0.2 

Vehicle non-exhaust (NEX) 1.9 0.27 0.4 0.05 

Secondary nitrate (SNI) 2.2 1.9 0.1 0.1 

Biomass burning (BB) 3.0 2.9 0.2 0.1 

Secondary sulphate and organics (SSO) 3.9 4.0 0.2 0.2 

Heavy oil combustion (HOC) 0.9 0.8 0.2 0.1 

Local dust (LDU) 2.3 0.29 0.2 0.02 

Saharan dust (SAH) 0.7 0.17 0.1 0.02 

Fresh sea salt (FSS) 0.8 0.05 0.1 0.01 

Aged sea salt (SEA) 1.0 0.18 0.4 0.07 
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In Figure 32, the polar plots of the ten identified sources are shown (each plot includes PM10 

and PM2.5 data in order to improve the statistical significance). 

VEX  

NEX

 

SNI  BB  

SSO  

HOC

 

FSS  SEA  

LDU  SAH  

Figure 32. Polar plots of daily source contributions in Florence (FI-UB). 
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The VEX, NEX, SNI and BB plots show maxima with low wind speed, suggesting a local 

origin with higher impact under stagnant atmospheric conditions. This means that BB is 

probably produced by local domestic heating and sources related to traffic (VEX, NEX and 

partially SNI) are connected to local/urban traffic. A completely different behavior may be 

observed for SSO, which is higher for higher wind speeds, supporting the hypothesis that 

secondary sulphates and organics are mainly transported from outside the urban area (in 

particular, in the South of Tuscany there is an important geothermal power plant). As expected, 

both sea salt sources (SEA and FSS) have high concentrations for high-speed winds from the 

Western sector, in the direction of the Tyrrhenian coast. Also the HOC source points to the 

Western sector, which is reasonable as heavy oil combustion sources, like energy production, 

refinery, industrial plants and shipping, are mainly located in that direction. Finally, the SAH 

plot clearly suggests a long-range transport from the Western sector. This result is in agreement 

with transport model calculations (and satellite observations), which demonstrate that the main 

route of mineral dust from the Saharan region to Tuscany is through the Tyrrhenian Sea. The 

La/Ce ratio may be used as a tracer of the influence of emissions from La-based oil cracking in 

petrochemical plants. In FI the average value of 1.0 indicates the possible influence of this type 

of emissions; this is supported by the polar plot showing high La/Ce values for western winds 

(Figure 33), where a petrochemical plant is located, about 90 km away, in the province of 

Livorno.  

 

Figure 33. Polar plots of La/Ce in Florence (FI-UB). 

 

3.5.2.1 Source apportionment conclusions for FI-UB 

A simplified pie chart of source contributions is shown in Figure 34: the SSO contribution is 

increased by adding the SO4
2-

 excess of SEA; the total traffic contribution is estimated as the 

sum of VEX, NEX and the percentage of SNI which is due to traffic; the total BB contribution 

is estimated adding to the BB source the percentage of SNI which is due to BB (namely 2%; we 

recall here that this percentage, deduced from the Emission Inventory data base, very likely 

underestimates the BB contribution); the SNI source is reduced by the two contributions that 

have been attributed to traffic and BB and increased by an amount corresponding to the 

remaining part of SEA. 

In the urban background of Florence (FI-UB) road traffic is the most important source of PM10 

(29%) and PM2.5 (28%). Another important contribution comes from secondary particles 

formed in the atmosphere from gaseous precursors like NOx, SO2, VOCs and NH3 (sum of 

secondary nitrate and secondary sulphate and organics sources in Figure 34), which accounts 

for 29% of PM10 and 36% of PM2.5. Other anthropogenic sources are Biomass burning (16% 
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and 21% for PM10 and PM2.5 respectively), Heavy oil combustion (5% and 6%) and Local 

dust (12% and 2%). The sum of natural sources (fresh sea salt and Saharan dust) contributed 

only 8% and 1.5% in PM10 and PM2.5, although a biogenic secondary component is also 

expected but could not be estimated. 

In Figure 34, source contributions to PM10 and PM2.5 during the days in which PM10 

concentration is above 50 µg/m
3 

are also reported. Traffic and Biomass burning are the sources 

that give the most relevant contributions, accounting for 37 and 26% and 30 and 32% of PM10 

and PM2.5, respectively. 

 

 

Figure 34. Simplified pie charts of source contributions in Florence (FI-UB) in PM10 and 

PM2.5: average over all the sampling period (above) and during the days in which 

PM10 concentration is above 50 µg/m
3
 (below). 

 

3.5.2.2 Validation of PMF results from daily data with hourly data 

Five and four factors were identified in the fine and in the coarse fraction, respectively: Traffic, 

Aged sea salt, Local dust in both fractions, Secondary sulphate and Biomass burning in the fine 

fraction, Fresh sea salt in the coarse fraction. 

The Traffic source is mainly traced by Fe, Cu and Mn, both in the fine and in the coarse 

fraction. It corresponds to the Non-exhaust source (NEX) and represents the road dust that is 

re-suspended by traffic and the contribution from direct brake and tire wear. This is confirmed 

by its time trend with peaks during traffic rush hours (Figures 35 and 36) and by the source 

polar plot, which shows that it is a local source (Figure 37).  The vehicle exhaust source (VEX) 

cannot be identified because, as reported above, EC and OC cannot be detected by PIXE. The 

Biomass burning source is characterized by K, and, to a lesser extent, by S, Cl, Zn, Pb. The 

time trend of this source supports the identification of this source as biomass burning for 
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domestic heating: it is characterized by a periodic pattern with peaks starting in the evening and 

lasting several hours. The absence of the evening-night peak on some days is explained by the 

meteorological conditions. The polar plot shows that it is a local source, with some influence 

also from the hills surrounding Florence on the north/east side of the town, where many houses 

are equipped with chimneys. 

 

Figure 35. Time variability of source contributions in Florence (FLO-UB) in the fine fraction 

for the winter streaker campaign (arbitrary units). 
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Figure 36. Daily variability of traffic and local dust (fine fraction) sources contributions in 

Florence (FI-UB) in the fine fraction (arbitrary units). 

 

The Secondary sulphate source is characterized by S and corresponds to the Secondary 

Sulphate & Organics (SSO) factor.  This factor does not exhibit a clear diurnal variation, 

indicating a regional rather than a local source, as confirmed by the polar plot. The smooth 

hourly time pattern is typical of secondary aerosols. The absence of the secondary nitrates 

source is due to the fact that streaker samples cannot be analyzed by IC to obtain nitrate 

concentration (the sulphates source is on the contrary identified as traced by elemental S). 

As for the daily samples, the PMF identified two sea salt sources in the coarse fraction: Fresh 

sea salt (FSS) and Aged sea salt (SEA). The first one is traced by typical marine elements like 

Na, Cl and, to a lesser extent, Mg, S and Br with inter-elemental ratios (Cl/Na: 1.9, Mg/Na: 

0.15) in accordance with those reported in the literature for seawater (Bowen, 1979). The time 

pattern is characterized by episodic peaks (Figure 35), occurring when air masses are directly 

transported by winds to Florence from the Tyrrhenian Sea (see the polar plot in Figure 37). The 

SEA source is also characterized by typical sea salt elements like Na, Mg and Br, but depleted 

in Cl. The polar plot shows again its provenance from the Tyrrhenian Sea. The source 

identified in the fine fraction is intermediate between the two. 

The Local dust profile is characterized primarily by Ca, and, to a lesser extent, by Al, Si, Ti, Sr 

and Mn , with enrichment factors (EF), calculated with respect to Al using the average 

continental crust composition reported by (Mason, 1966; Rahn 1976), higher than 1 mainly for 

Ca and Fe and Mn. The soil factor can be due not only to soil but also to other anthropogenic 

activities such as construction, demolition works and releases from buildings and other surfaces 

through weathering and other erosive processes. The time trend shows normally peaks during 

the day when anthropogenic activities are maxima. No Saharan dust intrusions were present 

during the weeks when the streaker sampler was used. The polar plots show a contribution in 

the fine and the coarse fraction both local and from the center of the town where most of the 

construction works take place. 
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Figure 37. Polar plots of hourly source contributions (a.u.) in Florence (FI-UB). 

 Athens (ATH-SUB) 3.5.3.

The best solution for Athens (ATH-UB) was achieved using the combined dataset of available 

PM10 and PM2.5 data. The results of the combined dataset were compared and found to be 

very consistent with the results obtained using PM10 and PM2.5 datasets separately. After the 

examination of the residuals, G-space plots, Fpeak values and Q values with number of factors 

varying between 5 and 10, a solution of 8 factors was found to be the optimum. The matrix 

comprised 256 samples with 22 strong species (EC, OC, Na, Mg, Al, Si, Cl, K, Ca, Ti, Mn, Fe, 

Ni, Cu, Zn, Br, V, As, Pb, NH4
+
, NO3

-
, SO4

2-
) and 3 weak species (Sr, Cd, Sb). PM mass was 

set as total variable with 400% uncertainty assigned to it, while 5% extra modeling uncertainty 

 Fine Sulfate Fine Sea Salt 

Fine Biomass Burning Fine Traffic Coarse Traffic 

Coarse local soil Coarse Fresh sea salt Coarse Aged sea salt 

Fine local dust 
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was added to the individual species. Q robust was found to be similar to the theoretical Q (Q 

robust = 4301 versus Q theoretical = 4216, difference of 2%).  

For the cases with daily PM2.5 contribution significantly higher than PM10 contribution, 

PM2.5 contribution was either set to zero (2 cases) or pulled down maximally (4 cases), 

depending on the respective PM10 contribution. The % of dQ was left at the default option of 

0.5%.  

OC was pulled up in Heavy oil combustion factor. This constraint resulted in Biomass burning 

factor losing all its OC. For this reason, finally two constraints on the source profiles were 

applied simultaneously: (i) OC was pulled up in Heavy oil combustion factor and (ii) OC was 

set to have the original value of the unconstrained solution in the Biomass burning factor. The 

% of dQ was left at the default option of 0.5%.  

The 8 factors identified for both PM10 and PM2.5 in Athens were attributed to the following 

sources (Figure 38): Heavy oil combustion (HOC), Vehicle exhaust (VEX), Secondary nitrate 

(SNI), Mineral (MIN), Vehicle non-exhaust (NEX), Biomass burning (BB), Secondary sulphate 

and organics (SSO) and Fresh sea salt (SEA).  
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Figure 38. PMF factor profiles for PM10 and PM2.5 samples collected in Athens (ATH-SUB). 
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Secondary nitrate (SNI) explains the highest percentage of the nitrates, while it also includes 

major sea salt components such as Na and Mg (Figure 38). Cl is absent from this factor due to 

Cl depletion, a phenomenon known to occur when urban pollutants such as nitric acid 

remaining in the gaseous phase in poor NH3 environments interact with sea-salt and other 

available species (minerals) (Eleftheriadis et al., 1998; Zhuang et al. 1999). This factor is 

therefore associated with mixing of urban gaseous emissions (from traffic, fossil fuel 

combustion or biomass burning) with marine aerosol and is representative of relatively fresh 

local urban emissions. Secondary nitrate factor contributes more in the colder months of the 

year, which is in accordance with the seasonal character of nitrate salts formation (nitrate 

particle phase is favored by low temperatures and high relative humidity while high 

temperatures during warm season lead to its volatilization). This factor contributes 15% of 

PM10 (3.2 μg/m
3
) mass and 6% of PM2.5 mass (0.7 μg/m

3
). The higher contribution to coarse 

particle fraction (PM10/PM2.5 ratio equal to 0.22) is due to the availability of sea salt and other 

basic species (such as K and Ca) in this fraction. 

Vehicle non-exhaust (NEX), as expected, is a mixture of elements from various origins. This 

factor is traced by metals that originate from brake, tire and vehicle body wear (Cu, Zn, Cd, Sb, 

Fe) 9-67% and from the wear of the road surface (Ca) 23% (Figure 38). This source is 

contributing 8% of PM10 mass (1.8 μg/m
3
) and 5% of PM2.5 mass (0.6 μg/m

3
, Figure 39). It 

has no clear seasonal pattern (Figure 40) probably due to low seasonal variation of the emission 

potential. Particles from this source are rather coarse (PM2.5/PM10 ratio of 0.31). 

 

Figure 39. Pie chart of the identified source contributions in Athens (ATH-SUB) in PM10 and 

PM2.5. 

 

The Vehicle exhaust (VEX) factor contains organic aerosol (56% of OC explained variation) 

from motor vehicle exhaust, as well as EC (31%) and trace metals from brake wear (Cu, Sb, 

Cd) (Figure 38). Average source contributions from VEX were 2.1 µg/m
3 

(10%) to PM10 

levels and 1.7 µg/m
3
 (15%) to PM2.5 levels with an average PM2.5/PM10 ratio of 0.82. The 

high PM2.5/PM10 is to be expected because primary particles that originate from this source 

are fine. The contribution from this source for both PM fractions shows no significant seasonal 

trend (Figure 40). 

The Heavy oil combustion (HOC) factor is traced by the high variance of EC, V and Ni (Figure 

38). Heavy oil combustion in the area may originate from residential heating, the petrochemical 

industries at the west of the Athens Metropolitan area and shipping emissions from the Piraeus 

harbor and the close Aegean shipping routes (Karanasiou et al. 2009). On annual average HOC 
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contributes 4% of PM10 and 7% of PM2.5 mass (0.8 μg/m
3 

for both size fractions). 

PM2.5/PM10 ratio for this source is 0.94 as expected for aerosols originating from combustion 

processes. No clear seasonal trend is observed for HOC probably because of the variety of the 

sources that may contribute to this factor (residential heating and shipping), and may have 

higher contribution in different seasons (Figure 40), however large contributions during the 

winter months (December-February) are observed while contributions decreased significantly 

in early spring. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 40. Time variability of source contributions in Athens (ATH-SUB) for PM10 (top) and 

PM2.5 (bottom). 

 

The Fresh sea salt factor (SEA) is characterised by naturally occurring seawater bearing Na, Cl 

and Mg (Figure 38). This source has an impact almost exclusively to the PM10 fraction. It 

increases PM10 mass by 5% (1.0 μg/m
3
) and PM2.5 by 1% (0.1 μg/m

3
) per year. This source 

has no clear seasonal trend (Figure 40), and offers a number of high intensity incidents 

probably when the conditions are favorable for direct transfer of marine aerosol from the sea to 

the sampling location. 

The factor Secondary sulphate & organics (SSO) explains the highest percentage of SO4
2-

 and 

NH4
+ 

(Figure 41), while it also contains OC (Figure 38). These components are the result of 

secondary aerosol formation in the atmosphere from the photochemical oxidation of emitted 
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gaseous sulphur oxides and VOCs, the former combined with NH3. These processes may have 

variable time scales depending on the kinetics of reactive species and meteorological 

conditions. Aerosol formation may be due to local emissions converted shortly after emission 

or be the result of formation during regional and long range transport of precursor species 

released by distant anthropogenic and natural sources. Source contributions were generally 

higher in summer than in winter due to the higher photochemical activity during warm months 

(Figure 40). Annual average contributions were 19% (4.0 μg/m
3
) and 33% (3.8 μg/m

3
) for 

PM10 and PM2.5 respectively (PM2.5/PM10 ratio of 0.96). It is known from previous studies 

that these aerosol components display relatively high and homogeneous concentrations across 

the greater area of Greece and it is more the product of long range transport than of local 

processes (Eleftheriadis et al. 1998; Saffari et al. 2013). In the case of SO2, there is more 

evidence that it is transferred to the Mediterranean Region where it is transformed to sulphates 

due to the high photochemical activity in the area (Pikridas et al. 2013). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 41. Source fingerprints for Athens (ATH-SUB).Average of PM10 and PM2.5. 

The Mineral factor (MIN) contains elements with crustal origin, all with a share of mass higher 

than 34% (Mg, Al, Si, K, Ca, Ti, Mn, Fe, Sr) (Figure 38). The MIN source is interpreted as a 

mixture of several sources, including soil resuspension, urban works, regional mineral dust and 

Saharan dust. However, ongoing work within the AIRUSE project can provide us with means 

to quantify Saharan dust contribution (SAH) dust and separate it from the Local dust (LDU). 

The overall MIN contribution was 5.1 µg/m
3 

(24%) to PM10 levels (3.0 µg/m
3 

from SAH) and 

1.2 µg/m
3
 (11%) to PM2.5 levels (0.7 µg/m

3 
from SAH). The average PM2.5/PM10 ratio of 

0.23 confirms the expected coarse size of the particles coming from this source. Contributions 

from MIN are higher in the warm season (spring and summer months) while the peak 

contributions correspond to Saharan dust events (Figure 40). 
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The Biomass burning factor (BB) is identified by EC, OC and K with variations 6-18% in the 

factor (Figure 38). The factor contains tracers of waste burning such as As, Cd, Sb and Pb with 

variations ranging from 12% to 72%. This source has a significant contribution to both PM10 

(1.4 μg/m
3
, 7%) and PM2.5 (1.2 μg/m

3
, 11%) mass. Due to the economic crisis and the 

increased diesel oil prices (which was the most common way of residential heating in Greece), 

citizens of Athens have turned to alternative ways of heating, such as wood burning. In many 

cases treated wood or even combustible waste are used as fuel. This source has a clear seasonal 

pattern contributing to PM mass exclusively in the colder months of the year (Figure 40), with 

the exception of some events taking place during August, which could be attributed to some 

uncontrolled waste burning incidents or forest fires. Finally, average source contributions to 

PM10 and PM2.5 during the days in which PM10 concentration is above 50 µg/m
3 

are reported 

in Table 6. The mineral dust is the source that gives the most relevant contribution, therefore in 

Athens Saharan dust intrusions play a relevant role in air quality. 

Table 6: Source contribution (%) to PM10 and PM2.5 in Athens (ATH-SUB) during the days in 

which PM10 concentration exceeds 50 µg/m
3
.  

  PM10 

% 

PM2.5 

% 

Fresh sea salt 7 1 

Saharan dust 52 45 

Local dust 1 2 

Sec. sulphate & 

organics 

2 5 

Veh. non-exhaust 3 1 

Veh. exhaust 4 9 

Veh. nitrate 1 1 

Heavy oil 

combustion 

3 10 

Industrial <1 <1 

Non-traffic nitrate 1 3 

Biomass burning 1 2 

unaccounted 24 21 

 

Generally no correlations are expected to exist between the sources, as PMF source should be 

independent from each other. The existence of any correlation is traced by the oblique edges 

that contain the points. One such correlation was observed in Athens data between Secondary 

nitrate and Fresh sea salt (Figure 42). A lower edge can be observed indicating that for very 

high Fresh sea salt contributions, high Secondary nitrate contribution is also found. This is in 

accordance with the Secondary nitrate factor profile which shows that nitrate is mainly formed 

through interaction of gaseous nitric acid with sea salt components. 



 

Deliverable B2.4: PM speciation and source apportionment  

AIRUSE LIFE11 ENV/ES/584 

60 / 144 

 

Figure 42. G space plot between secondary nitrate and Fresh sea salt at Athens (ATH-SUB). 

 

The errors associated to source contribution estimates were calculated based on the standard 

error of the coefficients of a multiple regression between the daily PM concentration 

(independent variable) and the eight source contributions for that day (dependent variables). As 

a result the symmetric error for each source contribution was obtained (Table 7). 

 

Table 7: Annual average source contributions and standard error (µg/m
3
) in Athens (ATH-

SUB). 

 

PM10 PM2.5 PM10 PM2.5 

 

Annual mean 

contribution standard error 

Vehicle exhaust (VEX) 2.09 1.72 0.39 0.27 

Vehicle non-exhaust (NEX) 1.79 0.56 0.50 0.50 

Secondary nitrate (SNI) 3.18 0.71 0.38 0.37 

Secondary sulphate and organics 

(SSO) 3.96 3.79 0.24 0.14 

Heavy oil combustion (HOC) 0.82 0.78 0.97 0.46 

Local dust (LDU) 2.12 0.55 0.28 0.70 

Saharan dust (SAH) 2.99 0.65 0.08 0.12 

Biomass burning (BB) 1.40 1.20 0.59 0.32 

Fresh sea salt (SEA) 0.99 0.07 0.52 1.38 
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Polar plots show the variation of source contributions in polar coordinates with wind speed and 

direction (Figure 43). The plots presented in Figure 43 are based on both PM10 and PM2.5 

source contributions. The directional origin of the sources can be very often recognized by this 

type of analysis when the receptor site and the surrounding terrain do not pose any limitations 

to our assumption that wind direction is directly pointing to the geographical origin of the 

aerosol impacting that site. In the case of Athens interpretation of this analysis must take into 

account that most of the local sources of the urban area are located within a valley confined by 

three mountain sites and the Saronic Gulf to the West. The receptor site is located at the East 

mountain side and the North East corner of the Metropolitan area. Thus, in the case of Athens 

urban background station (ATH-SUB), apart from the mesoscale wind or the cases of stagnant 

conditions, local air mass transport is dominated often by sea breeze and slope winds running 

along the mountain sides with an obvious projection to the horizontal plain. Other complex 

patterns generated by local phenomena can have a strong impact.  

Heavy oil combustion (HOC) sources have a strong contribution at our receptor site mainly 

during stagnant conditions as the maxima appear to have no preference in direction and appear 

at lower wind speed, suggesting distribution of sources across the greater Attica area or higher 

impact during stagnant atmospheric conditions by slow diffusion from the harbor or 

petrochemical plant areas and not transfer by normal wind (Figure 43).  

The Vehicle non-exhaust (NEX) source shows high contributions at low wind speed and a 

uniform distribution from all the directions, which indicate influence by both the dense central 

Athens area and the nearby to the site urban areas (Figure 43). The Vehicle exhaust (VEX) 

source shows increased contributions from the South-Eastern sector, where the high speed 

Attica Tollway (Athens ring road) is located (Figure 43). The Attica Tollway is extensively 

used by residents of the nearby suburban areas, while it also connects these areas with the 

airport.   

Secondary nitrate (SNI) and Fresh sea salt (SEA) originate from West, pointing to the direction 

of the Piraeus harbor and Elefsina Industrial basin, which is a coastal area where the oil 

refineries and other industries are located and SW towards the open Saronic gulf (Figure 43). It 

is interesting that the fresh sea salt is strongly associated with the highest wind values observed. 

Biomass burning (BB) is pointing to the direction of the South-East and South, where is Mount 

Hymettus (Figure 43). As mentioned before, biomass burning in Greece used to be used in the 

previous years mainly for recreation purposes, but after the economic crisis it substituted oil 

combustion as the main method of residential heating. Polar plot patterns similar to Biomass 

burning are observed for Secondary sulphate and organics (SSO) and Vehicular exhaust 

sources (VEX). All these sources’ highest contributions correspond to winds from the South-

East direction, which coincides with the mountain slope next to our receptor site (Figure 43). It 

is therefore likely that this direction indicates transport of pollution extending across the region 

to our background site, by a slope wind which brings to the ground the aerosol normally 

residing on a higher layer in the lower atmosphere. This aerosol is a mixture of local sources 

(e.g. traffic and biomass burning) with secondary aerosol produced in the Greater Athens area 

or transported from longer distances. 

Larger mineral (MIN) contributions correspond to high wind speeds and NW or S-SW 

directions, which point to the strong dust transport events from Africa, exerting a high 

influence on this graphical output with respect to the non-directional contribution of the locally 

generated mineral dust (Figure 43). 
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Figure 43. Polar plots of daily source contributions in Athens (ATH-SUB). 

 

3.4.3.1 Source apportionment conclusions for ATH-SUB 

It is important to highlight that this site is considered as a suburban site, whereas the other 

AIRUSE sites are considered urban background or traffic sites. This means that the levels of 

pollution at this site are probably lower than other urban background sites of Athens that are 

more comparable with the other AIRUSE sites. 

A simplified pie chart of source contributions is shown in Figure 44. The SSO contribution is 

increased by adding the SO4
2-

 excess found in SNI; the total traffic contribution is estimated as 

the sum of VEX, NEX and the percentage of SNI that is due to traffic (according to emission 

inventory data for 2013, 30% of NOx emissions relate to traffic); similarly, total BB 

contribution could be estimated by adding to the BB source the percentage of SNI due to BB, 

but this was not possible, since there are no data from emission inventories regarding NOx 
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emissions by BB; the SNI source is reduced by the two contributions that have been attributed 

to traffic and SSO. 

The results showed that at Athens (ATH-SUB) the largest contribution to PM10 is road traffic 

(22%) and SSO in PM2.5 mass (33%) (Figure 44). SSO includes secondary particles formed 

locally from anthropogenic or natural sources (such as biogenic organic aerosol) or transported 

from longer distances. Vehicular traffic is the second most important source in PM2.5 (22%) 

(Figure 44), while other anthropogenic sources include Biomass burning (7% and 11% for 

PM10 and PM2.5, respectively) and Heavy oil combustion (4% and 7%) (Figure 44). Natural 

sources also present a significant contribution, especially to PM10: Sea salt (5% and 1% for 

PM10 and PM2.5, respectively), Saharan mineral (14% and 6%) and Local dust (10% and 4%, 

Figure 44). 

 

Figure 44. Simplified pie chart of source contributions in Athens (ATH-SUB) in PM10 and 

PM2.5. 

 

In total five exceedances of the EU daily air quality standard (AQS) for PM10 are observed 

during the 1-year campaign. All of these exceedances correspond to days with Sahara dust long 

range transport. The relative contribution of anthropogenic and natural sources during these 

days is shown in Figure 45. The Saharan mineral source presents the largest contribution to 

both PM fractions (52% and 45%, respectively). Heavy oil combustion as well exhibits a 

considerable increase in mass contribution for both PM10 and PM2.5 (from 0.8 μg/m
3
 to 

around 2 μg/m
3
). This result may be related to shipping emissions brought together with Sahara 

dust, along with sea salt which is also increased. Back trajectory analysis shows that during 

these days air masses are coming from the West, which also coincides with the direction of 

Piraeus port and petrochemical plant areas located in the west of the Attica peninsula. Thus, the 

increase in heavy oil combustion contribution may be also related to these sites. No significant 

difference is observed in mass contributions of traffic and secondary nitrate. Biomass burning, 

on the other side, accounts only for a small fraction of PM10 and PM2.5 mass (1% and 3%, 

respectively). Considering that four out of five exceedance days correspond to late spring or 

summer, while the biomass burning source is strongly related to fireplaces and wood stoves 

used during the cold season for residential heating, this decrease in contribution is expected. 

Secondary sulphate also shows a significant decrease in mass contributions which may be 

explained by the influence of air masses from the West. The Western Mediterranean area has in 

general lower sulphate concentration levels in comparison to the usually observed levels in the 

wider Athens area, which are representative of the Eastern part of the Mediterranean.  
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Figure 45. Simplified pie chart of source contributions during days with exceedance of the EU 

daily AQS, in Athens (ATH-SUB) in PM10 and PM2.5. 

 

3.4.3.2 Validation of PMF results from daily data with hourly data 

Seven and five factors were identified in the fine and in the coarse fraction, respectively: 

Traffic, Aged sea salt, Mineral dust, Mineral dust (Ca enriched) in both fractions, Fresh sea salt 

in the coarse fraction, Secondary sulphate, Heavy oil combustion and Biomass burning in the 

fine fraction. 

The Traffic source is mainly traced by Fe, Cu and Mn, both in the fine and in the coarse 

fraction. It corresponds to the Vehicle non-exhaust source (NEX) and represents the road dust 

that is re-suspended by traffic and the contribution from direct brake and tire wear. The 

identification is confirmed by its time trend with peaks during traffic rush hours (Figures 46 

and 47) and by the source polar plot which shows a stronger contribution from the Eastern 

sector where a number of high speed and dense traffic Ring Road highways are located (Figure 

48). The Vehicle exhaust source (VEX) cannot be directly identified because, as reported 

above, EC and OC cannot be detected by PIXE. 

The Biomass burning (BB) source is characterized by K, and, to a lesser extent, by S, Pb. The 

time trend of this source support the identification of this source as biomass burning for 

domestic heating: it is characterized by a periodic pattern with peaks starting in the evening and 

lasting several hours (Figures 46 and 47). The polar plot shows an influence from the densely 

populated western suburbs and city center (Figure 48). 

The Secondary sulphate source is characterized by S and corresponds to the Secondary 

Sulphate & Organics (SSO) factor. This factor does not exhibit a clear diurnal variation, 

indicating a regional rather than a local source, as confirmed by the polar plot (Figure 48). The 

smooth hourly time pattern is typical of secondary aerosols. 

Two sea salt sources have been identified in the coarse fraction: a Fresh sea salt and Aged sea 

salt. The first one is traced by typical marine elements like Na, Cl and, to a lesser extent, Mg, S 

and Br with inter-elemental ratios in accordance with those reported in the literature for 

seawater (Bowen, 1979). The Aged sea salt source is also characterized by typical sea salt 

elements like Na, Mg and Br, but depleted in Cl. This source is related to the Secondary nitrate 

source found in the analysis of daily samples. 
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Figure 46: Time variability of source contributions in Athens (ATH-SUB) in the fine fraction 

for the winter streaker campaign (arbitrary units) 
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Figure 47: Daily variability of Traffic, Biomass burning (fine fraction), Mineral dust Ca 

enriched and Mineral dust (coarse fraction) sources contributions in (ATH-SUB) in the 

fine fraction (arbitrary units) 

 

The high time resolution has allowed the identification of two mineral dust profiles 

characterized primarily by Al, Si, Ca, Ti, Fe, Sr and Mn, with enrichment factors (EF), 

calculated with respect to Al using the average continental crust composition reported by 

Mason (1966) and Rahn (1976), close to 1 mainly for the first one and far higher than 1 for Ca 

and Sr for the second one. The second factor can be due also to anthropogenic activities such as 

construction, demolition works and releases from buildings and other surfaces through 

weathering and other erosive processes. The time trend of the Ca enriched source (Figure 47) 

has maxima during the day when anthropogenic activities are maxima, while the other one has 

a more regular pattern. The high contributions of both mineral dust profiles during 23-27/6 

correspond to long-range transport of Saharan dust. The contribution of the first mineral factor 

decreases after this period, going to almost zero values after the 28
th

 of June, suggesting that 

this factor is mostly related to Saharan mineral dust. The Ca-enriched factor on the other hand 

presents variability in contributions throughout the measurement period, indicating that it is 

more related to local dust, either from soil erosion or anthropogenic activities. 

The Heavy oil combustion (HOC) factor is traced by V, Ni and S. Its polar plots are similar to 

Aged sea salt, pointing again towards aerosol transported from the sea (Figure 48).  
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Figure 48. Polar plots of hourly source contributions (a.u.) in Athens (ATH-SUB). 

 

 Athens (ATH-TR) 3.5.4.

The best solution for Athens (ATH-TR) was achieved using the combined dataset of available 

PM10 and PM2.5 data as PMF input. The results of the combined dataset were compared and 

found to be very consistent with the results obtained using PM10 and PM2.5 datasets 

separately. From the evaluation of the residuals, G-space plots, Fpeak values and Q values with 

number of factors varying between 5 and 10, a solution of 8 factors was found to be the 

optimum result. The matrix comprised of 140 samples with 20 strong species (EC, OC, Mg, Al, 

Ca, Ti, Cr, Mn, Fe, Ni, Cu, Zn, Na
+
, NH4

+
, K

+
, Cl

-
, NO3

-
, SO4

2-
) and 6 weak species (V, As, Br, 

Sr, Ba. Pb). PM mass was set as total variable with 400% uncertainty assigned to it, while 10% 

extra modeling uncertainty was added to the individual species. Q robust was found to be 

similar to the theoretical Q (50% difference). The dataset for ATH-TR differed from the 



 

Deliverable B2.4: PM speciation and source apportionment  

AIRUSE LIFE11 ENV/ES/584 

68 / 144 

datasets used on every other site. An intense sampling campaign took place during the months 

July-August 2013 and January-February 2014. Intense short period sampling campaigns are 

used in many studies, and although the results should be comparable to the other sites some 

differences may arise. For example some events of episodic nature such as African dust 

intrusions or stagnation periods with enhanced pollution may be prominent during the spring 

and autumn, while the impact of some events that did took place during the sampling periods, 

might be intensified due to the smaller number of samples.  

The base solution provided satisfactory results and thus no constrains were applied to the 

solution.  

The 8 factors identified for both PM10 and PM2.5 in Athens were attributed to the following 

sources (Figure 49): Vehicle non-exhaust (NEX), Mineral dust (MIN), Vehicle exhaust (VEX), 

Secondary nitrate (SNI), Biomass burning (BB), Fresh sea salt (SEA), Secondary sulphates and 

organics (SSO) and Heavy oil combustion (HOC).  
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Figure 49. PMF factor profiles for PM10 and PM2.5 samples collected in Athens (ATH-TR). 
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Vehicle non-exhaust (NEX) contains high percentage of a mixture of elements of crustal and 

anthropogenic origin, which are namely Ca 45%, Cr 43%, Mn 36%, Fe 45%, Cu 51%, Zn 25% 

and Ba 48%. NEX is a commonly found source at a traffic site and is the product of the 

vehicular traffic which enhances the resuspension of the dust, which is deposited on the roads, 

as well as emitting dust particles directly due to the wear of the metal parts, brake pads and 

tyres of the vehicles. This source has higher contribution during the cold season which can be 

attributed to the higher traffic in relation to summer months and especially August. It 

contributes 20% of PM10 mass (6.4 μg/m
3
) and 17% of PM2.5 mass (3.4 μg/m

3
). The 

PM2.5/PM10 ratio is 0.53 indicating that the source is emitting significant amount of coarse 

particles. 

 

 

Figure 50. Pie chart of the identified source contributions in Athens (ATH-TR) in PM10 and 

PM2.5. 

 

The Vehicle exhaust (VEX) factor contains organic (OC, 55%) and elemental carbon (EC, 

20%)  (Figure 49). Average source contributions from VEX were 3.2 µg/m
3 

(10%) to PM10 

levels and 2.9 µg/m
3
 (9%) to PM2.5 levels with an average PM2.5/PM10 ratio of 0.9. The high 

PM2.5/PM10 is to be expected because the particles that originate from this source are fine. 

The contribution from this source for both PM fractions is much higher during the cold season 

due to the heavier traffic (Figure 50). 

Secondary nitrate (SNI) contains the highest percentage of the nitrates (62%) as well as a 

significant amount of OC (22%). This factor contributes 12% of PM10 (4.1 μg/m
3
) mass and 

9% of PM2.5 mass (1.87 μg/m
3
). The source has a clear seasonal trend in the contribution 

which is manifested almost exclusively during the cold season due to the thermodynamic 

stability of NH4 NO3 in lower temperatures The PM2.5/PM10 ratio is equal to 0.45.  During the 

summer months the PM2.5/PM10 is 0.4 

The Biomass burning (BB) profile is characterized by OC, K, and, to a lesser extent, by Zn, As, 

Br and Pb (Figure 49). EC-OC, and K are typical BB components, but during treated wood 

combustion Zn, Br and Pb may be also present in the source profile (Kim et al., 2004). This 

source is contributing 12% (4.0 μg/m
3
) to PM10 mass and 19% (3.9 μg/m

3
) to PM2.5. The 
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source has no clear seasonal pattern. Because of the high loadings of EC/OC on the factor, this 

source may have some correlation with VEX. Another explanation might be that some events 

took place during August, which could be attributed to some uncontrolled waste burning 

incidents or forest fires as was observed for the urban background site as well. Since the traffic 

site dataset is much smaller and covers only a period of 4 months, events with high intensity 

such as forest fires may significantly affect the model results. The PM2.5/PM10 ratio is 0.98 

which is considered reasonable for combustion sources. 

 

 

Figure 51. Time variability of source contributions in Athens (ATH-TR) for PM10 (top) and 

PM2.5 (bottom). 

 

Fresh sea salt (SEA) is traced by typical marine elements like Na, Cl and, to a lesser extent, Mg 

and Br (Figure 49), with inter-elemental ratios (Cl/Na: 1.2, Mg/Na: 0.11) in quite good 

agreement with those reported in the literature for seawater (Calzolai et al., 2015). The 

somewhat low Cl/Na ratio indicates that Cl depletion has occurred to some extent. This source 

has a contribution of 7% (2.4 μg/m
3
) to PM10 and 2% (0.4 μg/m

3
) to PM2.5. PM2.5/PM10 

(0.2) ratio reveals that, as expected, the particles originating from this source are coarse. 

Secondary sulfates and organics factor (SSO) was identified by the high abundance of SO4
2- 

and NH3
-
 in the source profile along with the presence of OC. Secondary inorganic aerosols are 

formed from the reaction of H2SO4(g) and HΝΟ3(g) with NH3, giving (NH4)2SO4 and NH4NO3 

accordingly (Squizzato et al., 2013; Stockwell et al., 2003). Secondary sulfates are in many 
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cases attributed to long range transport events (Viana et al., 2008). Previous studies have stated 

that sulfates are ingredients of the ―aged‖ air masses, because the oxidation of SO2 to SO4
2-

 is 

slow (Querol et al., 1998), and thus this species is more related to transported than local 

pollution (Eleftheriadis et al., 1998; Ricard and Jaffrezo, 2002; Saffari et al., 2013; Schaap et 

al., 2004). High sulfate concentrations due to transport have been known to influence Greece, 

as documented by the high levels observed in background areas in the Aegean (Gerasopoulos et 

al., 2006; Lazaridis et al., 2006).  This source has the highest contribution (20% PM10 and 34% 

PM2.5), with pronounced seasonal dependence (much higher contributions during the warm 

season). PM2.5/PM10 ratio was calculated equal to 1, indicating that the particles are 

exclusively in the fine fraction of the size distribution spectrum.  

Mineral dust (MIN) contains high loadings of crustal elements (Mg, Al, Si, Ca, Ti, Sr, Fe). This 

source has a contribution of 4.4 µg/m
3 

(13%) to PM10 mass and of 0.97 µg/m
3 

(5%) to PM2.5 

mass. The average Saharan dust contribution (SAH) is 2.7 µg/m
3 

(8%) for PM10 and 0.5 µg/m
3 

(2%) for PM2.5 dust, while Local dust (LDU) is 1.6 µg/m
3 

(5%) for PM10 and 0.5 µg/m
3 

(2%) 

for PM2.5.  

 

Figure 52. Source fingerprints for Athens (ATH-TR). Average of PM10 and PM2.5 

 

Heavy oil combustion source (HOC) is identified by the high presence of Ni and V in the 

factor. V and Ni are the most common tracers of crude oil burning (Argyropoulos et al., 2013; 

Karanasiou et al., 2009). The ratio of V/Ni is 2 for this factor which is an indicative value for 

shipping emissions in the Mediterranean region. EC and OC are present in the factor as 

expected (Fig. 52) for all combustion processes. The contribution of this source is 6% (1.9 

μg/m
3
) of PM10 and 7% (1.3 μg/m

3
) of PM2.5 on annual basis and is almost constant for both 

seasons.  

No correlations between the source contributions were found, which indicates that the obtained. 

PMF sources are independent from each other.  
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The errors associated to source contribution estimates were calculated based on the standard 

error of the coefficients of a multiple regression between the daily PM concentration 

(independent variable) and the eight source contributions for that day (dependent variables). As 

a result the symmetric error for each source contribution was obtained (Table 8). Table 9 shows 

source contributions during days of PM10 exceedances. 

Table 8: Annual average source contributions and standard error (µg/m
3
) in Athens (ATH-TR). 

 

PM10 PM2.5 PM10 PM2.5 

 

Annual mean 

contribution standard error 

Vehicle non Exhaust (NEX) 6.6 1.3 0.09 0.24 

Mineral dust  (MIN) 4.4 1.0 0.12 0.40 

Vehicle exhaust (VEX) 3.0 3.4 0.18 0.11 

Secondary nitrate (SNI) 4.1 1.9 0.09 0.09 

Biomass burning (BB) 4.0 3.9 0.12 0.09 

Fresh sea    salt (SEA) 2.4 0.4 0.15 0.48 

Secondary sulphates & 

organics(SSO) 6.7 7.0 0.14 0.08 

Heavy oil combustion (HOC) 1.9 1.3 0.17 0.17 

 

Table 9: Source contribution (%) to PM10 and PM2.5 in Athens (ATH-TR) during the days in 

which PM10 concentration exceeds 50 µg/m
3
.  

  PM10 

% 

PM2.5 

% 

Vehicle non Exhaust 26 9 

Saharan dust 5 2 

Local dust 3 2 

Vehicle exhaust 12 18 

Vehicle nitrate 7 3 

Non-traffic nitrate 18 8 

Biomass burning 11 16 

Fresh sea    salt 3 1 

Secondary sulphates & 
organics 11 21 

Heavy oil combustion 5 5 

Unaccounted 0 14 
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Polar plots show the variation of source contributions in polar coordinates with wind speed and 

direction (Figure 53). The plots presented in Figure 53 are based on both PM10 and PM2.5 

source contributions. The directional origin of the sources can be very often recognized by this 

type of analysis when the receptor site and the surrounding terrain do not pose any limitations 

to our aSSOmption that wind direction is directly pointing to the geographical origin of the 

aerosol impacting that site. In the case of Athens, interpretation of this analysis must take into 

account that most of the local sources of the urban area are located within a valley confined by 

three mountains and the Saronic Gulf to the West. The receptor site is located near the center of 

the Metropolitan area. 

Biomass burning (BB) is pointing to the direction of the North, where is Mount Parnitha 

(Figure 53). This is probably attributed to forest fires that took place in mount Parnitha during 

the period of study. Due to the relatively small dataset of the ATH-TR site, in comparison to 

the one used for ATH-SUB, the effect of events with high intensity such as forest fires is much 

larger and apparent. 

Fresh sea salt (SEA) is pointing to SE and N. SE is location of the sea closest to the sampling 

site. The N direction might be attributed to transport from the Aegean sea. Because the Aegean 

sea is an open and turbulent sea, it is expected that the emission rate of sea spray is higher in 

that location and thus transport events from that location may significantly contribute to PM 

mass at the receptor site.  

Larger mineral dust (MIN) contributions correspond to high wind speeds S-SW directions, 

which point to the strong dust transport events from Africa, exerting a high influence on this 

graphical output with respect to the non-directional contribution of the locally generated 

mineral dust (Figure 53). 

Secondary nitrates (SNI), vehicle exhaust (VEX) and Vehicle non-exhaust (NEX), are pointing 

to S, SE directions, to the location of the main part of the city centre. NEX has also high 

contribution for stagnant conditions, showing the close proximity of the source to the sampling 

station, which to be expected for a traffic site.  

Heavy oil combustion (HOC) sources have a strong contribution at the receptor site mainly 

during stagnant conditions as the maxima appear to have no preference in direction and appear 

at lower wind speed, suggesting distribution of sources across the greater Attica area or higher 

impact during stagnant atmospheric conditions by slow diffusion from the harbor or 

petrochemical plant areas and not transfer by normal wind (Figure 49). 

Secondary sulfates & organics (SSO) originate from N direction, from the outskirts of the city. 

Probably secondary aerosols are formed in the outskirts of the city where all the primary 

pollutants are transferred and then the formed secondary pollutants are transferred back to the 

city center. 
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Figure 53. Polar plots of daily source contributions in Athens (ATH-TR). 

 Source apportionment conclusions for ATH-TR 3.5.5.

A simplified pie chart of source contributions is shown in Figure 54. The total traffic 

contribution is estimated as the sum of VEX, NEX and the percentage of SNI that is due to 

traffic (according to emission inventory data for 2013, 30% of NOx emissions relate to traffic); 

similarly, total BB contribution could be estimated by adding to the BB source the percentage 

of SNI due to BB, but this was not possible, since there are no data from emission inventories 

regarding NOx emissions by BB; the SNI source is reduced by the contribution that has been 

attributed to traffic. 

The results showed that at Athens (ATH-TR) the largest contribution to PM10 is road traffic 

(31%) and to PM2.5 SSO (36%) (Figure 54). SSO includes secondary particles formed locally 

from anthropogenic or natural sources or transported from longer distances. Vehicular traffic is 

the second most important source in PM2.5 (25%) (Figure 54), while other anthropogenic 

sources include Biomass burning (12% and 19% for PM10 and PM2.5, respectively) and 

Heavy oil combustion (6% for both size fractions). Natural sources also present a significant 

contribution, especially to PM10: Sea salt (7% and 2% for PM10 and PM2.5, respectively), 

Saharan dust (8% and 2%) and Local dust (5% and 2%, Figure 54). 

 

 



 

Deliverable B2.4: PM speciation and source apportionment  

AIRUSE LIFE11 ENV/ES/584 

76 / 144 

 

Figure 54. Simplified pie chart of source contributions in Athens (ATH-TR) in PM10 and 

PM2.5. 

In total, eight exceedances of the EU daily air quality standard (AQS) for PM10 are observed 

during the sampling campaign. The relative contribution of anthropogenic and natural sources 

during these days is shown in Figure 55. The contribution of traffic has the highest increase, 

followed by SNI for both PM10 (from 10.2 μg/m
3
 to 25.7 μg/m

3
 and from 3.0 μg/m

3
 to 11.1 

μg/m
3
) and PM2.5 (from 5.05 μg/m

3
 to 9.24 μg/m

3
 and from 1.39 μg/m

3
 to 2.61 μg/m

3
). Heavy 

oil combustion also exhibits a considerable increase in mass contribution for both PM10 and 

PM2.5 (from 1.9 μg/m
3
 to around 3 μg/m

3
). Both Saharan and local dust contributions remain 

constant, as well as SSO, for both PM fractions, while SEA is reduced, which indicates that in 

ATH-TR, counter to ATH-SUB, the anthropogenic sources are responsible for the EU daily 

limit violations.  

 

Figure 55. Simplified pie chart of source contributions during days with exceedance of the EU 

daily AQS, in Athens (ATH-TR) in PM10 and PM2.5. 

 Porto (POR-TR) 3.5.6.

For POR-TR (January 2013-January 2014), the best solution was found pooling PM10 and 

PM2.5 samples in a single input matrix for PMF, comprising 226 samples, 27 strong species 

(EC, OC, levoglucosan, Na, Mg, Al, Si, P, S, Cl, K, Ca, Ti, Cr, Mn, Fe, Ni, Cu, Zn, Br, NO3
-
, 

Li, As, Rb, Sb and Ba), 6 weak species (V, NH4
+
, Cd, Sn, La and Pb) and setting PM as total 

variable with 400% uncertainty (US EPA, 2014). The distribution of residuals, G-space plots, 
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Fpeak values and Q values were explored for solutions with number of factors varying between 

6 and 9. The most reliable solution was found with 8 factors/sources, adding an extra 7% 

uncertainty and a minimum (base run) Q robust value of 7040.4, found over 30 runs (seed 

number 30), which exceeded the theoretical Q value (5800) by 21%. Species concentrations 

were reconstructed within 79-104%. 

Constraints were added to the base run solution. Such constraints were of both physical and 

chemical nature and aimed at reducing the rotational ambiguity of the PMF problem, driving 

the solution towards a priori information based on mass conservation principle or partial 

knowledge of emission sources (Amato et al., 2009; Paatero and Hopke, 2008). More 

specifically, in the case of Porto, the following constraint was introduced: Pulling the 

difference of source contributions between PM10 and PM2.5 to zero, only for those days and 

sources where PM2.5 contribution was higher than PM10 contribution in the base run solution. 

The % of dQ was set at 5% for each constraint and the converged results used totally 2.9% dQ. 

The 8 sources identified in Porto (Figure 56) were: Biomass burning (BB), Secondary nitrate 

(SNI), Heavy oil and secondary sulphate (HOS), Mineral (MIN), Sea salt (SEA), Industrial 

(IND), Vehicle non-exhaust (NEX), and Vehicle exhaust (VEX). 
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Figure 56. PMF factors profiles obtained in Porto (POR-TR). 
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Biomass burning (BB) comprises levoglucosan, the traditional tracer of this source (84% of 

explained variation), as well as OC (29% of OC explained variation) and EC (11%) (Figure 

56). A high OC/EC ratio (2.9) is also characteristic of biomass burning emissions (Gonçalves et 

al., 2010). The presence of K (17% of explained variation), another BB tracer, helps 

corroborating the assignment to this source. Lower proportions of ammonium, nitrate and 

chloride were also associated with this source. Although, on average, the contribution of BB 

explains 17% of the PM2.5 mass throughout the sampling campaign (Figure 57), the impact is 

especially high in the winter months, due to the generalized use of wood for residential heating 

(Figure 58). It should be noted that results from a survey questionnaire carried out in the early 

fall of 2010 to assess residential wood combustion (RWC) practices in the 18 districts of 

mainland Portugal revealed that emissions of PM2.5 from RWC in the country represented 

30% of the primary PM2.5 emissions reported in official inventories. In the Porto district, 

which, in addition to the municipality with the same name, encompasses another 17 

municipalities, it was estimated that about 250 kton of wood are annually burnt by 

householders for heating purposes, which contributes to the emission of 1.3 kton/year of PM2.5 

(Gonçalves et al., 2012). The contribution of BB to PM is also higher in September (Figure 58). 

Several wildfires were registered in the Porto district in this particularly hot and dry month. 

According to the Institute for Nature Conservation and Forests (ICNF, 2014), this district 

recorded the highest number of occurrences and one of the largest burnt areas. 

The Secondary nitrate (SNI) factor explained about 16% of NH4
+ 

and most of the variance of 

NO3
-
 (58%) (Figure 56. NOx emissions from road traffic and industrial plants represent the 

primary source (Oliveira et al., 2010), although, in winter, biomass burning could also 

contribute to the detection of NH4
+ 

and NO3
- 
in the particulate phase (Calvo et al., 2015). On an 

annual basis, the SNI contributions to PM10 and PM2.5 were, on average, 3.2 and 1.4 µg/m
3
, 

respectively (ratio PM2.5/PM10 of 0.44), including a proportion of semi volatile organic 

aerosols, which easily condense on the high surface area of ammonium nitrate particles 

(Figures 57 and 58). Although in winter ammonium nitrate formation is favored by low 

temperature and higher humidity and in summer it is volatilized more quickly due to higher 

temperature, a marked seasonality is not observed (Figure 58). This is likely related to the fact 

that in summertime wildfires represent an additional source of nitrate precursors.  

The factor Heavy oil and secondary (HOS) was traced by V and Ni (Figure 56), but also had a 

high contribution from SO4
2-

 and NH4
+
. When the sampling site, in particular, and the city 

center, in general, is under the influence of NW winds, one of the major sources of these 

constituents could be the refinery, which began operating in 1970. It is a crude oil industrial 

processing plant that has an annual installed capacity of 4.5 million tons and produces a wide 

range of products including fuels, lubricants, aromatics (BTX) for the petrochemical industry, 

industrial solvents and petroleum waxes. Emissions from ships in the harbor, located at short 

distance from the refinery, may represent another source. Source contributions for this factor 

were generally higher in summer than in winter (Figure 58) due to the higher photochemical 

activity during warmer months. Annual average contributions to PM10 and PM2.5 were 3.5 

(10%) and 3.3 (13%) µg/m
3
, respectively. These constituents are concentrated in fine particles 

(ratio PM2.5/PM10 of 0.97) (Figures 57 and 58). 

The Mineral (MIN) factor was identified by the typical crustal species, such as Al, Si, Ca, Li, 

Ti, Rb, Ce, La (all with explained variation above 50%), Cr, Mn, Fe, Ba and K (above 20%) 

(Figure 56). The MIN source represents a mixture of diverse contributions, mainly from 

fugitive and diffuse emissions (e.g. soil resuspension and constructions works). It should be 

noted that, as suggested by the results of Action B3, Saharan dust intrusions rarely reach the 
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Porto area and, when this occurs, the input of desert particles is rather low. The overall 

composition of the Mineral factor reveals a significant enrichment in Ca, Fe and K when 

compared to the average crust composition (Mason, 1966; Rahn, 1976), indicating an 

anthropogenic component. Ca-rich particles may originate from concrete or limestone. 

Additionally potassium, beside from biomass burning, may result, together with Fe, from 

particle traffic emissions (Lawrence et al., 2013), as it may be deposited on the roads and 

resuspended afterwards. The overall MIN contribution was 6.3 µg/m
3 

(18%) to PM10 and 3.8 

µg/m
3 

(15%) to PM2.5 levels. The mean PM2.5/PM10 ratio of 0.63 indicates a considerable 

fraction on fine particles.  

The Sea salt (SEA) factor, traced by Na
+
, Cl

-
 and Mg

2+
 (Figure 56), is associated with sea spray 

aerosol. It contributes, on average, 5.5 (16%) and 1.1 (4%) µg/m
3
, respectively, to PM10 and 

PM2.5. The PM2.5/PM10 ratio (0.21) reveals the dominance of these sea spray components in 

coarse particles. Sea salt particles are more abundant in winter, when Atlantic winds pick up 

(Figures 57 and 58).  

The Industrial (IND) factor, traced by Zn (70% of explained variation), also encompasses 

substantial percentages of Cd, Pb and Mn (Figures 56 and 59). Mean contributions during the 

AIRUSE campaign to PM10 and PM2.5 concentrations were, for both size fractions, 1.2-1.3 

µg/m
3
, corresponding to 4% and 5% respectively (Figure 57). No discernible seasonality is 

observed (Figure 58). Previous works carried out in Porto, in which principal component 

analysis has been applied to the aerosol chemical composition databases, also pointed out 

industrial sources, probably related to refuse incineration or metallurgy, as a separate factor that 

had a strong contribution from Zn, Pb and Mn (Oliveira et al., 2010; Pio et al., 1998).  

The Vehicle non-exhaust (NEX) factor is traced by the aforementioned brake wear 

metals/metalloids (Cu, Ba, Cr, Fe, Sn and Sb), which individually explained 45-63% of the 

variation (Figure 56). NEX emissions accounted for 2.9 µg/m
3 

(8%) of PM10 and only 1.3 

µg/m
3
 (5%) of PM2.5 levels (Figure 57). A PM2.5/PM10 ratio of 0.45 denotes the predominance 

of brake and tire wear components in coarse particles. Differently to the MIN source, NEX 

contributions were rather constant over the year with slightly higher values in winter (Figure 

58). A similar observation was reported by Amato et al. (2009) for an urban site in Barcelona, 

suggesting low seasonal variation of NEX emissions (Figures 57 and 58).  

Vehicle exhaust (VEX) comprises organic particles (38% of OC explained variation) from 

tailpipes, as well as EC (60%) (Figure 56). The ratio OC/EC of 0.64 reveals a predominance of 

primary organic aerosol (Alves et al., 2015) from fuel incomplete combustion in vehicle 

engines. The presence of K (24% of variation), S (13%) and Br (24%) is also noted. Potassium 

is found in all unleaded fuels (Spencer et al., 2006). It is also used as an antifreeze inhibitor and 

as an additive in some oil types. Sulphur is a naturally occurring component of crude oil and is 

found in both gasoline and diesel. However, recent pollution reduction strategies have forced to 

lessen the sulphur content of fuels to near-to-zero levels. Sulphur is also used in engine oil anti-

wear additives (Fitch, 2004). Before leaded fuels were phased out, bromine was used to prepare 

1,2-di-bromoethane, which was an anti-knock agent. However, this use has declined as lead has 

gradually been removed from fuel. Bromine compounds are now being tested in batteries for 

electric cars, designed to produce zero emissions. Average source contributions from Vehicle 

exhaust were around 8.0 µg/m
3
 for both size fractions, corresponding to 23% of PM10 and 32% 

of PM2.5 levels. The average PM2.5/PM10 ratio of 0.99 reveals an overwhelming contribution 

of exhaust particulate constituents to the lowest size fraction, which is related to the very fine 

mode of motor exhaust particles (Figures 57 and 58). Furthermore, besides representing the 
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most significant source to particulate matter levels, the contribution of Vehicular Exhaust 

emissions did not show significant variations between seasons, emphasizing a constancy in 

traffic patterns, which overlaps the seasonal weather and atmospheric dynamics. Traffic has 

been also pointed out as the main contributor to atmospheric particulate levels in previous 

sampling campaigns (Oliveira et al., 2010). 

 

Figure 57. Pie chart of the identified source contributions (µg/m
3 

and %) in Porto (POR-TR) to 

PM10 and PM2.5. 

 

 

Figure 58. Time variability of source contributions in Porto (POR-TR) in PM10 (top) and 

PM2.5 (bottom). 

The total contribution from traffic can be estimated as the sum (VEX)+(NEX)+0.6*(SNI-

nitrate), which results in 12.3 and 10.1 µg/m
3
 in PM10 (36%) and PM2.5 (39%), respectively. 

This indicates a clear preponderance of urban traffic emissions in Porto, at least in the vicinity 

of the sampling site. Oliveira et al. (2010) estimated that direct vehicle emissions and road dust 

resuspension contributed with 44–66% to the fine aerosol and with 12 to 55% to the coarse 

particle mass at two contrasting sites in the center of the city of Porto (roadside and urban 

background), showing typically highest loads at roadside. The assumption that 60% of SNI-

nitrate originates from road traffic is based on NOx emission estimates from the inventory of 
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The North Regional Coordination and Development Commission for different sectors, sources, 

and activities (DAO-UA/CCDR-N, 2009).  

 

Figure 59. Source fingerprints in Porto (POR-TR).Average of PM10 and PM2.5 samples. 

 

Finally, average source contributions to PM10 and PM2.5 during the days in which PM10 

concentration is above 50 µg/m
3 

are reported in Table 10. Traffic (as sum of VEX, NEX and 

60% of SNI-nitrate), Biomass burning (as sum of BB and 16% of SNI-nitrate) and Mineral dust 

are the sources which give the most relevant contribution. 

Table 10: Source contribution (%) to PM10 and PM2.5 in Porto (POR-TR) during the days in 

which PM10 concentration is above 50 µg/m3. 

  PM10 

% 

PM2.5 

% 

Sea salt 3 <1 

Saharan dust <1 <1 

Local dust 27 22 

Heavy oil & secondary 5 2 

Veh. non-exhaust 6 3 

Veh. exhaust 25 30 

Veh. nitrate 4 1 

Industrial 2 1 

Non-traffic nitrate 3 1 

Biomass burning 25 33 

unaccounted - 5 
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The error associated with source contribution estimates were calculated based on the standard 

error of the coefficients of a multiple regression between the daily PM concentration 

(independent variable) and the eight source contributions for that day (dependent variables). As 

a result we obtained the symmetric error for each source contribution (Table 11). 

 

Table 11: Annual average source contributions and standard error (µg/m
3
) in Porto (POR-TR). 

 PM10 PM2.5 PM10 PM2.5 

 

Annual mean 

contribution standard dispersion 

Vehicle exhaust (VEX) 7.9 8.1 0.7 0.7 

Vehicle non-exhaust 

(NEX) 2.9 1.3 0.5 0.2 

Secondary nitrate (SNI) 3.2 1.4 0.4 0.2 

Heavy oil & 

secondarysulphate (HOS) 3.4 3.3 0.2 0.2 

Industrial (IND) 1.2 1.3 0.2 0.2 

Biomass burning (BB) 4.2 4.4 0.2 0.2 

Mineral (MIN) 6.3 3.8 0.3 0.2 

Sea salt (SEA) 5.5 1.1 0.4 0.1 

 

Figure 60 shows the variation of source contributions as a function of wind speed and direction, 

quickly gaining a graphical impression of potential source influences. The vector daily 

averages of wind data are used in order to match the 24-h resolution of source contributions. 

Eight plots are shown, each one including PM10 and PM2.5 source contributions in order to 

improve the statistical significance. 

The Secondary nitrate (SNI), Heavy oil and secondary (HOS), Vehicle exhaust (VEX) and non-

exhaust (NEX) plots show maxima with low wind speed, suggesting nearby sources with 

higher impact under stagnant atmospheric conditions. In addition to nearby sources, the 

Biomass Burning (BB) plot also reveals higher contribution when the winds blow from the 

southeast to southwest sectors, likely transporting plumes from large residential areas on the 

outskirts or from neighbor municipalities (e.g. Vila Nova de Gaia) with energy use patterns 

more similar to those of rural counties. The intense daily traffic from suburban dormitories, 

such as Gaia, to the Porto city center, is the likely cause of the high concentrations from SNI, 

NEX and VEX associated with southerly and southeast winds. The Sea salt (SEA) source 

shows a clear transport from the Atlantic Ocean, under westerly winds. Low to moderate 

contributions from Industrial and Mineral (MIN) sources are associated with transport from the 

northeast to the southeast sectors (Figure 60). An unknown number of small metallurgical 

industries, smelters, woodworking industries (including furniture manufacturing) and other 

familiar industries are spread by inland neighboring municipalities in this northeast to southeast 

sector (e.g. Gondomar, Valongo, Paredes). 
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Figure 60. Plots of daily source contributions as a function of wind speed and direction 

particulate matter in Porto (POR-TR): (BB) Biomass burning, (SNI) Secondary nitrate, 

(HOS) Heavy oil & secondary, (MIN) Mineral, (SEA) Sea salt, (IND) Industrial, (NEX) 

Vehicle non-exhaust and (VEX) Vehicle exhaust. 

 

3.5.4.1 Source apportionment conclusions for POR-TR 

In the traffic site of Porto (POR-TR), road traffic is, as expected, the most important source of 

PM10 (36%) and PM2.5 (39%) (Figure 61). Another 18% and 15% of PM10 mass are related 

to Mineral and sea salt particles, respectively, mostly contributing to the coarse aerosol 

fraction. Biomass burning, that is mainly associated with residential wood combustion, 

accounts for 13% of the PM10 levels, representing 18% of PM2.5. Heavy oil and secondary 

sulphate constituents, which encompass emissions from shipping and a petro-refinery complex, 

contribute to 10% and 13% in PM10 and PM2.5, respectively (Figure 61).  

When the mean source contributions that have been estimated with the annual dataset are 

compared with the assignments for days exceeding the limit of 50 µg/m
3
, some features stand 

out (Figure 61). The contribution from biomass burning to PM2.5 and PM10 doubles on 

exceedance days, whilst the input from traffic does not change significantly and sea salt 

decreases in relation to the overall average. It is worth noting that approximately half of the 

exceedances were recorded in late August and early September, when intense wildfires struck 

the region. The other half was registered in winter months, indicating the input from residential 

wood combustion to the atmospheric particulate loads. The contribution from mineral dust also 
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increases during exceedance days. The highest contributions from this source to the particulate 

matter levels were observed during the intense wildfire period, suggesting soil dust entrainment 

into the smoke aerosols. Post-fire soil erosion may also have contributed to enhanced PM10 

and PM2.5 concentrations. 

 

Figure 61. Simplified pie chart of source contributions (µg/m
3
 and %) in Porto (POR-TR) to 

PM10 and PM2.5. Annual mean (top), Days with PM10 >50 µg/m
3
 (bottom) 

 

3.5.4.2 Validation of PMF results from daily data with hourly data 

Using hourly data from the streaker-PIXE, six and five factors were identified in the fine and in 

the coarse fraction, respectively: traffic, aged sea salt, mineral dust and industry in both 

fractions; secondary sulphate (including a contribution from heavy oil) and biomass burning in 

the fine fraction; fresh sea salt in the coarse fraction. 
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Figure 62. Time variability of source contributions in Porto (POR-TR) for the winter streaker 

campaign (arbitrary units, a.u.). 
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The traffic source is mainly traced by Fe, Cu and, to a lesser extent Mn, in both the fine and 

coarse fractions; nevertheless, the coarse fraction profile of this source is heavily characterized 

also by Cr, Ni, Rb, Zr and Ba. The interpretation of these profiles as a traffic source is also 

reinforced by the daily time trends, showing peaks in both the fractions during the traffic rush 

hours (Figures 62 and 63); further, the source polar plots suggest a local emission for this 

source, that is near to the sampling site, which is actually characterized as a traffic site (Figure 

64). The traffic source identified by the use of the streaker corresponds to the Vehicle non-

exhaust source (NEX) resolved on the daily data; the difference between the fine and coarse 

source profiles shows that the road dust that is re-suspended by traffic and the contribution 

from direct brake and tire wear is higher in the coarse fraction. As aforementioned, the Vehicle 

exhaust source (VEX) cannot be identified, as its main tracers, EC and OC, cannot be detected 

by PIXE. 

 

Figure 63. Daily time trends of the traffic source (a.u.), in the fine (F) and coarse (C) fractions 

in Porto (POR-TR). 
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Figure 64. Polar plots of hourly source contributions (a.u.) in Porto (POR-TR), for the fine (F) 

and coarse (C) fractions. 

 

As for the daily samples, the PMF on the streaker hourly data identified, in both fractions, the 

contribution of the Industry (IND) emissions: Zn and, to a lesser extent, Pb mainly characterize 

this source. The time trend for this source shows sharp peaks always occurring around 11pm, 
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probably linked to a specific phase of an industrial process (Figure 65). The polar plots for this 

source point to a location of the emission of this source close to the sampling site. Within the 

city and nearby there are several industries, most of them of small scale and not properly 

inventoried, whose welding, metalworking, foundry and metallurgical activities may contribute 

to the emission of non-ferrous metals. 

 

Figure 65. Daily time trends of the Industry source (a.u.), in the fine (F) and coarse (C) 

fractions in Porto (POR-TR). 

 

The Biomass burning (BB) source is mainly characterized by K, and, to a lesser extent, by Cl, 

Pb and Ni. The time trend of this source (Figure 62) supports the interpretation of this factor as 

BB for domestic heating: the average daily time trend (Figure 66) clearly shows a sharp 

increase of the contribution of this source in the late afternoon, when most of the fireplaces are 

lit, and a slow decrease after some hours, as fires extinguish during the night. The polar plot 

shows a local origin for this source, with a prevailing influence from the south-western sector, 

where most of the Porto city is located. In addition, winds from this direction transport the 

plumes from the biggest suburban dormitory of the metropolitan area (Vila Nova de Gaia). This 

municipality, with more than 300,000 inhabitants, spreads over an area of about 168 km
2
, 

encompassing many parishes with deeply rooted rural habits.  

As for the daily samples, the PMF on the streaker hourly data identified, in the fine fraction, a 

Heavy oil and secondary sulphate (HOS), characterized by S and, to a lesser extent, by Ni and 

V.  This factor has a daily trend with maxima during the night and minima during the day, 

mainly driven by the meteorological conditions, indicating a regional rather than a local source; 

this is also confirmed by the polar plot (Figure 64). These characteristics (time trend and polar 

plot) are typical of aerosol with secondary origin. The polar plot does not show any clear 

prevailing emission direction; nevertheless during the streaker sampling weeks somehow 

relevant sources appear to be located NE and SW with respect to the sampling site. The 

northeast direction appears to be also linked to the Industrial source (see above); in the SW 

direction there is the Douro River, with some ship traffic along and anchorages on its mouth: 

however, the cargo vessel dock is located at the international harbor of Leixões, NW from the 

sampling site. Another major source to the Northwest is the refinery, a crude oil industrial 

processing plant. The observed direction, and the daily time trend, could be the result of the 
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recirculation of air masses over the coast, due to the diurnal variation of the land/sea breezes 

combined with a channeling effect by the river. 

Concerning the secondary aerosol, it is worth noting that the secondary nitrates source, 

identified with the daily samples, cannot be found in the streaker hourly data as its main tracer, 

nitrate, cannot be detected by PIXE, which is almost the only analytical technique applicable on 

the streaker samples. 

 

Figure 66. Daily time trends of the Biomass burning (BB), Heavy oil & secondary sulphate and 

Mineral dust sources (a.u.) at Porto (POR-TR). 

 

The Mineral dust profile is characterized by crustal markers as Si, Al, Ca, Ti, K, Mn and Na; 

the enrichment factors (EF), calculated with respect to Al using the average continental crust 

composition reported by (Mason, 1966; Rahn 1976), are close to 1, thus reinforcing the 

interpretation of this source as mineral dust.  This source does not show any clear daily/time 

trend; nevertheless, the slight tendency to higher contributions during the day rather during the 

night (Figure 66) points to the possible emission of dust also during anthropogenic activities 

such as construction, demolition works and releases from buildings and other surfaces through 

weathering and other erosive processes. No Saharan dust intrusions were present during the 

weeks when the streaker sampler was used. The polar plots show a minimum contribution for 

this source from West, consistent with the geography of Porto, as in that direction the city faces 

the Atlantic Ocean. 

In the streaker hourly data, the PMF identified two sea salt sources: the Aged sea salt (SEA) is 

present in both the fine and coarse fractions, whereas the Fresh sea salt (FSS) is identified only 

in the coarse fraction. Both these sources are characterized by typical sea salt elements like Na, 

Mg, S, Ca and Br, but differ for their Cl content, as the aged sea salt is depleted in Cl with 

respect to data reported in literature for seawater (Bowen, 1979). The polar plot for the FSS 

shows high contributions in correspondence with air masses coming straight from the Atlantic 

Ocean (west), while the SEA source appear linked to air masses originating from the Ocean but 

transiting over the north-western and northern sectors, that is reaching POR-TR after passing 

over the land, sometimes over long distances (e.g. from North Portugal). 
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 Milan (MLN-UB) 3.5.7.

For the city of Milan (January 2013-January 2014), the PMF has been applied to all 2013 days, 

pooling PM10 and PM2.5 samples in a single input matrix for PMF; however, a further 

analysis only using the AIRUSE sampling period has been also performed. For Milan (MLN-

UB) the best solution was found with 22 strong species (EC, OC, Levoglucosan, Al, Si, Cl, K, 

Ca, Ti, Cr, Mn, Fe, Ni, Cu, Zn, Br, Rb, Pb, Na
+
, NH4

+
, SO4

2-
, NO3

-
), 2 weak species (V, Mg

2+
) 

and setting PM as total variable with 400% uncertainty. The AIRUSE dataset comprised 253 

samples versus 669 samples for the entire period. The distribution of residuals, G-space plots, 

Fpeak values and Q values were explored for solutions with number of factors varying between 

6 and 10. The most reliable solution was found with 7 and 8 factors/sources respectively; the 

main difference between the selected solutions is related to the split of a source in two factors, 

due to a greater number of samples of the second data set, which implies greater variability. For 

this reason, we discuss below the results of the application to the entire dataset. The best 

solution with 8 factors has a minimum (base run) Q robust value of 5589, found with 40 runs 

(seed number 25), which differs from the theoretical Q value (8856) for 37%. With the 

exception of Mg
2+

 (50%), and Na
+
 (49%) species concentrations were reconstructed within 75-

112%. 

Several constraints were added to the base run solution: such constraints were of both physical 

and chemical nature and aimed at reducing the rotational ambiguity of the PMF problem, 

driving the solution towards an a priori information based on the mass conservation principle or 

partial knowledge of emission sources (Amato et al., 2009; Paatero and Hopke, 2008). More 

specifically, in the case of Milan, the following constraints were introduced: 

1. Setting to zero the presence of levoglucosan in two factors: Vehicle non-exhaust and Aged 

sea salt.   

2. Pulling down maximally the presence of Na
+
 in the SNI factor. The % dQ was set at 0.5%. 

3. Pulling the value 0.154 for the Na
+
 of the sea salt profile pulling the ratio Cl/Na

+
 to the 

literature value of 1.8. The % dQ was set at 5%. 

The converged results used totally 3.9% dQ. 

The 8 sources identified in Milan were (Figure 67): Vehicle exhaust (VEX) and non-exhaust 

(NEX), Mineral dust (MIN), Industrial (IND), Aged sea salt (SEA), Biomass burning (BB), 

Secondary nitrate (SNI) and Heavy oil combustion& secondary sulphate (HOS), in agreement 

with previous studies in the Po Valley.  
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Figure 67. PMF factors profiles obtained in Milan (MLN-UB). 
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In general, considering the nature of the sampling site (urban background), the factors VEX and 

NEX are not well separated. In fact, crustal compounds are in the second factor but the main 

characterizing species of traffic are in each factor. Therefore, these include, as a sum of VEX 

and NEX, organic particles (8% of OC explained variation) from vehicles, EC (33%) as well as 

elements from mechanical wear (Cr 39%, Mn 33%, Fe 56%, Cu 16%, Zn 68% and Br 23%) 

and from direct resuspension (Al 3%, Si 25%, Ca 8% and Ti 19%) (Figure 67). The ratio 

OC/EC of the sum of VEX and NEX is 0.9: considering the relationship between measured OC 

and EC (3.6), this value reveals a significant fraction of secondary organic aerosols from 

oxidation of primary volatile organic compounds (VOCs) from vehicles and other sources. 

Another secondary product from VEX is ammonium nitrate, which is made easily in an 

environment with meteorological conditions typical of the Po Valley; it was found in a 

separated factor. The total contribution from VEX and NEX were in total 6.3 µg/m
3
 (16%) to 

PM10 and 4.4 µg/m
3
 (17%) to PM2.5 levels (Figure 68). Source contributions of VEX and 

NEX are season-dependent with maxima in winter due to its meteorological stability and to a 

decrease of vehicle traffic in summer (Figure 69).  The Secondary nitrate (SNI) factor 

explained about 63% of NH4
+ 

and 78% of NO3
-
 (Figure 67), as an oxidation product of local 

gaseous NOx emissions (road traffic, biomass burning, domestic heating and industrial plants). 

From the Regional Emission Inventory, 67% of NOx emissions is from road traffic (INEMAR 

ARPA Lombardia, 2010). As expected, in winter ammonium nitrate formation is favored by 

low temperature and higher humidity while in summer it becomes volatilized more quickly due 

to higher temperature (Figure 69). On an annual basis, average contribution was 10.0 µg/m
3
 in 

PM10 (26%) and 8.5 µg/m
3
 in PM2.5 (28%), including a proportion of semi volatile organic 

aerosols, which easily condense on the high surface area of ammonium nitrate particles 

(Figures 68 and 69).  

 

 

 

Figure 68. Pie chart of the identified source contributions (µg/m
3
and %) in Milan (MLN-UB) 

in PM2.5 and PM10. 

 

The total contribution from road traffic can be therefore estimated as the sum VEX+NEX 

+0.7*SNI-nitrate, which results in 11.5 µg/m
3
 in PM10 (30%), and 8.8 µg/m

3
 in PM2.5 (29%). 

This indicates a tendency of decrease for road traffic emissions in Milan, when compared to the 

2002-2003 period (Lonati et al., 2012), when a mean contribution of 40% to PM2.5 was 
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estimated, and compared to the 2003-2007 period (Pirovano et al., 2015), when a mean 

contribution to PM2.5 of 63% was estimated. Moreover, this decrease is also in agreement with 

previous studies (Larsen, 2009). 

 

Figure 69.Time variability of source contributions in Milan (MLN-UB) in PM2.5 and PM10. 

 

The Biomass burning (BB) factor comprises organic particles (30% of OC and 75% of 

levoglucosan), EC (23%), the main percentage of K (64%) as well as other typical markers (Rb 

53%, Cl 29%) (Figure 67). In this factor, the ratio OC/EC is 4.6; considering together the main 

combustion sources identified (traffic and biomass burning), this ratio becomes 2.5. Following 

the aforementioned statement done for VEX and NEX, and considering the ratio of measured 

OC and EC (3.6 as mentioned above), the new 2.5 ratio confirms the presence of secondary 

organic aerosols. The average source contribution from BB (Figure 68) is 7.8 µg/m³ (20%), and 

5.3 µg/m³ (18%), in PM10 and PM2.5 respectively, with high season dependence (Figure 69), 

as expected for this source, with maxima in winter due to domestic heating. Another secondary 

product of biomass burning emissions is ammonium nitrate, found in the Secondary nitrate 

factor. Therefore, as in the foregoing, considering the Regional Emission Inventory, the total 

contribution from BB can be estimated as the sum BB +0.13*SNI, which results in 9.1 µg/m
3
 in 

PM10 (23%), and 6.4 µg/m
3
 in PM2.5 (21%). 

The Mineral dust factor (MIN) was identified by the typical crustal species such as Al, Si, Ca, 

K, Fe, Ti, Rb all with explained variation above 45%, with the exception of K (22%), due to its 

peculiarity as Biomass burning marker (Figure 67), and it is interpreted as soil resuspension 

dust. On an annual basis, the average contribution was 2.6 µg/m
3
 in PM10 (7%), and 1.5 µg/m

3
 

in PM2.5 (5%) (Figure 68). As expected, the source contribution trend shows a seasonal 

dependence with maxima during the dry period. 
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The Industrial factor (IND), explains 41%, 40%, 39%, 34%, 18%, 16%, 15% and 14% of the 

variance of Ni, Ca, Cr, Cu, Mn, Cl, OC and Fe, respectively (Figure 67). This source is 

representative of a mixture of different anthropogenic activities in the area of Milan, such as 

metallurgy or construction works. On the annual basis, the average contribution to PM10 was 

3.7 µg/m
3
 (9%), and to PM2.5 was 1.4 µg/m

3
 (5%) (Figure 68). IND contributions were rather 

constant across the year (Figure 69). 

The Heavy oil combustion & secondary sulphate (HOS) factor depends on the formation of 

secondary sulphate in the atmosphere from the photochemical oxidation of locally emitted 

gaseous sulphur oxides and from long range transport, and it is traced by SO4
2-

, NH4
+
 and OC 

(Figure 67). Condensation of semi-volatile organic compounds is suggested by the high content 

of OC (17%). In addition, this factor comprises the minor source related to residual oil 

combustion in industrial processes traced by the same previous components and with V (58% 

of explained variation) and Ni (51%). Source contributions were generally higher in summer 

than in winter due to the higher photochemical activity during warmer months (Figure 69). The 

annual average contributions in Milan was 5.5 µg/m
3
 (14%), and 5.6 µg/m

3
 (19%) respectively 

in PM10 and PM2.5 (Figure 68). 

The Aged sea salt factor (SEA), traced by Na
+
 and Cl, is interpreted as sea salt particles 

including aged sodium nitrate and contributed on average 1.0 µg/m
3
 (3%), and 0.4 µg/m

3
 (1%) 

to PM10 and PM2.5 samples respectively, substantially  due to long range transport events 

(Figures 68 and 69). 

In Figure 70 the source fingerprints in Milan (MLN-UB) are shown to demonstrate the source 

contributions for each PM component. 

 

Figure 70. PM2.5 source fingerprints in Milan (MLN-UB): source apportionment of the species 

used in PMF (average of the two fractions). 
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Finally, average source contributions to PM10 and PM2.5 during the days in which PM10 

concentration is above 50 µg/m
3
 are reported in Table 12. Traffic (35 and 33% of PM10 and 

PM2.5, respectively, as sum of VEX, NEX and 67% of SNI-nitrates) and Biomass burning (35 

and 26% of PM10 and PM2.5, as sum of BB and 13% of secondary nitrates) are the sources 

which give the most relevant contribution. 

 

Table 12: Source contribution (%) to PM10 and PM2.5 in Milan (MLN-UB) during the days in 

which PM10 concentration is above 50 µg/m
3
. 

  PM10 

(%) 

PM2.5 

 (%) 

Sea salt 2 1 

Saharan dust <1 <1 

Local dust 3 2 

Heavy oil & secondary sulphate 9 11 

Veh. non-exhaust 14 8 

Veh. exhaust 5 5 

Veh. nitrate 17 20 

Industrial 4 3 

Non-traffic nitrate 11 14 

Biomass burning 35 26 

unaccounted 0 10 

 

G-space plots allow exploration of rotational ambiguity and identification of possible 

correlations between source contributions. In the case of Milan source pairs revealed no 

correlation between sources, with most of edges coincident with zero values of x and y axes. 

However, plotting the NEX and VEX contributions (Figure 71), although the two emission 

processes are different and no correlation is expected, a lower edge can be observed indicating 

that for very high road dust contributions, high exhaust contribution are also found, but not the 

other way around (when street is wet after rain). 

 

Figure 71. G space plot between vehicle non-exhaust (NEX) and exhaust (VEX) daily 

contributions for Milan (MLN-UB) 
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The errors associated with source contributions estimates were calculated based on the standard 

error of the coefficients of a multiple regression between the daily PM concentration 

(independent variable) and the eight source contributions for that day (dependent variables). As 

result we obtained the symmetric error for each source contribution (Table 13). 

 

Table 13: Annual average source contributions and standard error (µg/m
3
) in PM10 and 

PM2.5 in Milan (MLN-UB). 

 

 

 

 

 

 

 

 

 

 

 

 

To better understand the polar plots information, in Figure 72 the wind rose for the entire 

period is shown. In Figure 73, eight plots are shown, representing the variability of each source 

found in PM2.5.In spite of the anisotropy of wind rose, the VEX and NEX plots show an 

homogeneous distribution, with higher concentrations when lowest wind speed occur, 

suggesting nearby sources with higher impact under stagnant atmospheric conditions. The BB 

plot shows again a homogeneous distribution as well as the SNI plot, with calm winds. This is a 

typical situation in a location such as the Po Valley. The HOS plot is less homogeneous 

indicating a contribution due to the air mass transport. As aforementioned, the SEA 

contribution is essentially due to the long range transport events, mainly from west sectors, in 

agreement with the intrusion of air from the Ligurian Sea. The IND plot reveals both a local 

contribution and a transport from the north-west sectors, where more industrialized areas are 

located. Considering the sampling site location in Milan, when it is downwind of the city, IND 

and MIN reveals major contributes from western sectors. Comparing the wind rose in Figure 72 

and the polar plot in Figure 73, the highest concentrations of HOS, IND, and SNI, occurring 

with the high wind speed from the north-west, have to be considered to be episodic events. 

Likewise for the easterly episode of the VEX factor. 

 PM10 PM2.5 PM10 PM2.5 

 

Annual mean 

contribution 
standard error 

Vehicle exhaust (VEX) 2.8 1.8 0.4 0.3 

Vehicle non-exhaust 

(NEX) 3.4 2.6 1.1 0.3 

Secondary nitrate (SNI) 10 8.5 3.0 2.9 

Heavy oil combustion & 

secondary sulphate (HOS) 
5.5 5.6 0.7 1.0 

Mineral (MIN) 2.6 1.5 0.3 0.4 

Biomass burning (BB) 7.8 5.3 1.0 1.4 

Industrial (IND) 3.7 1.4 0.9 0.7 

Aged sea salt (SEA) 1.0 0.4 0.3 0.3 
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Figure 72. Wind rose in Milan (MLN-UB, January 2013-January 2014). 
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Figure 73. Polar plot of daily source contributions in Milan (MLN-UB). 
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3.5.5.1 Source apportionment conclusions for MLN-UB 

In the urban background of Milan (MLN-UB) road traffic is the most important source of 

PM10 and PM2.5 (29-30%, Figure 74). Another 23% and 21% of PM10 and PM2.5 

concentration respectively is related to biomass burning. Secondary particles formed in the 

atmosphere from gaseous precursors (NOx, SO2, VOCs and NH3) represent 23% and 29% of 

PM10 and PM2.5, including also a small part of heavy oil combustion marked by V and Ni. 

Another anthropogenic source is the Industrial one, accounting for 9% of PM10 and 5% of 

PM2.5. Saharan events have not been estimated for the Po Valley, however the annual 

contribution to PM is expected to be negligible; overall, Mineral dust is 7% of PM10 and 5% of 

PM2.5. The natural source sea salt contributed only 2% in PM10 and 1% in PM2.5 as expected, 

due to the orography. 

In Figure 74, source contributions to PM10 and PM2.5 during the days in which PM10 

concentration is above 50 µg/m
3
 are also reported. Traffic and Biomass burning are the sources 

that give the most relevant contributions, accounting for 36 and 33% and 35 and 26% of PM10 

and PM2.5, respectively. 

 

 

 

Figure 74.Simplified pie chart of mean source contributions (µg/m
3
 and %) in Milan (MLN-

UB) in PM10 and PM2.5 for the full year (top) and the days in which PM10 

concentration is above 50 µg/m
3
 (bottom). 
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4. COMPARISON AMONG AIRUSE CITIES 

4.1. Road Traffic 

Once the different traffic sources (VEX, NEX and SNI) and their contributions are identified at 

each city, it is important to compare results among the five AIRUSE cities, in order to 

investigate similarities and differences across the Mediterranean basin. The total impact of 

traffic as well as the proportion between different sub-sources may change significantly from 

one site to another, justifying different mitigation measures and strategies. 

 

 

Figure 75. Inter-city comparison of the Vehicle non-exhaust (NEX) factor profile. 

 

The Vehicle non-exhaust (NEX) source generally shows a mixed composition (Figure 75), 

including crustal species (Fe, Ca, Al, Si among others), carbon compounds (EC generally 

higher than OC) and trace elements (Cu, Zn, Mn and occasionally Sn, Sb and Ba) from brake 

wear. However, rather dissimilar chemical profiles were found comparing different cities. 

Although the enrichment in Fe is common to all the cities, the main component of NEX can be 

either Ca (in BCN-UB), EC (in POR-TR and MLN-UB), OC (in FI-UB and ATH-TR), or S (in 

Athens-SUB). These differences can be due to several factors:  

 the proximity to the source: at the traffic site (POR-TR) the NEX source is dominated 

by the brake wear (EC) 

 the climatic conditions: Ca is higher in drier regions (BCN-UB and ATH-SUB) due to 

the enhanced resuspension, when compared to POR-TR and MLN-UB 

 type of materials used for brakes and road pavement (the higher OC in Florence and 

Athens might be due to higher road wear compared to other cities). 

 the ―rotational ambiguity‖ of receptor modeling which may produce false bias. 

Other important differences are the absence of OC in POR-TR (again likely due to the 

dominance of brake wear particles) and in ATH-SUB, the high abundance of NO3
-
 in POR-TR 

and NH4
+
 in Athens. Note that some elements are absent in some cities since they were not 

used for the source apportionment study. 
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Figure 76. Inter-city comparison of the Vehicle exhaust (VEX) factor profile. 

The Vehicle exhaust (VEX) source shows at all cities an almost total carbonaceous 

composition (Figure 76), with the sum of OC+EC approximately 90-98% of the mass. The ratio 

OC/EC varies widely among different cities. The lowest OC/EC value was found at the traffic 

sites of Porto (POR-TR) and Athens (ATH-TR) due to their proximity to the source and the 

consequent lower proportion of secondary OC. The value varies within 1.8-3.7 at the UB sites, 

probably linked to the distance from main roads (BCN-UB, MLN-UB and FI-UB). A much 

higher value (16.4) is observed in ATH-SUB due to the reduced share of diesel vehicles in the 

local fleet. Beside EC and OC, other components rarely reach 1% of the mass: Zn in MLN-UB, 

S in BCN-UB and POR-TR due to their relatively higher content in diesel fuel and/or to engine 

oil anti-wear additive ZDDP. The reasons for presence of K remain unclear. 

 

Figure 77.Inter-city comparison of the Secondary nitrate (SNI) factor profile. 

One of the drawbacks of receptor modeling is the incapability of apportioning most of 

secondary inorganic aerosols to specific sources. The third factor related to road traffic 

emissions is the result of this: the Secondary nitrate (SNI) factor in fact reproduces nearly the 

totality of the mass of ammonium nitrate formed from NOx precursors emitted from traffic, 

biomass burning and industries. The contribution of road traffic to this factor is therefore 

unknown unless extra information is added such as from the NOx emission inventory. Based on 

the regional NOx emission inventory of each AIRUSE city, a locally based proportion of the 

nitrate (and not ammonium) contained in the SNI factor contribution was apportioned to road 

traffic (within 30-80%). Such estimate is obviously affected by some error, but certainly 

smaller than discarding the traffic nitrate contribution at all. The composition of this factor 

(Figure 77) is very similar among the different cities, NO3
-
 being the main component (28-

50%). Nitrate is usually neutralized by ammonium (5-16%) although in the case of ATH-SUB 

by Na (11%). Another important component is OC representing the secondary organics that can 

condense on the surface of the ammonium nitrate particles. EC is also present in significant 

concentrations (>1%) although not in the cases of ATH-TR and POR-TR. In POR-TR other 

primary elements can be observed in this profile (Si, Al, Ca, Fe and K). 
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The annual mean contributions for road traffic sources and associated errors for each city are 

listed in Table 14. The error estimates were calculated based on the standard error of the 

coefficients of a multiple regression between the daily PM concentration (independent variable) 

and the source contributions for that day (dependent variables). As result we obtained the 

symmetric error for each source contribution (Table 14 and Figure 78). 

The total contribution from road traffic emissions to PM10 varies significantly in absolute 

terms (4.6-12.3 µg/m
3
) with the maximum found at the POR-TR traffic station; nevertheless the 

contribution to PM10 is quite similar among the Mediterranean countries (22-36%). Similarly 

in PM2.5 absolute annual contributions vary within the range 2.5-10.1 µg/m
3 

but the percentage 

is quite constant within 22-39% (Table 14 and Figure 78). These results show unequivocally 

that road traffic is the main source of PM10 (at all sites) and PM2.5 (first source in MLN-UB, 

FI-UB, ATH-TR and POR-TR) except in ATH-SUB and BCN-UB where it is the second most 

important after Secondary sulphate (which however it is not identified with a specific source). 

During exceedance days (or high pollution days), the total contribution from traffic increases in 

PM10 and PM2.5 respectively from 31 and 26% to 42 and 38% in BCN-UB, from 29 and 28% 

to 37 and 26% in FI-UB, from 31% and 25% to 44% and 33% in ATH-TR, and from 30% and 

29% to 36% and 33% in MLN-UB and decreases from 22 and 22% to 8 and 11% in ATH-SUB,  

and from 36 and 39% to 36 and 35% in POR-TR. 

Among different traffic sources, VEX is still in general the highest contributor to PM10 (Table 

14 and Figure78). The only exception is in MLN-UB for PM2.5 where the highest contribution 

is from traffic-related SNI and ATH-TR for PM10 where the highest contribution is from NEX. 

The second most important traffic-source is NEX, whose importance has been increasing 

during the last decade due to the lack of mitigation measures. However the difference (in 

PM10) between VEX, NEX and SNI contribution is not significant, which can be generally 

translated in an equal contribution from the three sub-sources at the UB and SUB sites. At the 

TR site (POR-TR) the VEX contribution is significantly higher than the other two sub-sources 

(by a factor >2).  

In PM2.5 the share between different sub-sources varies considerably depending on the site 

(Table 14 and Figure 78). At POR-TR, BCN-UB, FI-UB, ATH-TR and ATH-SUB the 

emissions from VEX have the highest contribution, while in MLN-UB SNI is the major source 

due to the regional stagnation in the Po Valley that favors nitrate formation. The NEX 

contribution is significantly lower in PM2.5 due to the coarser size distribution; only in MLN-

UB the VEX and NEX contributions in PM2.5 are similar.   

The daily variation of source contribution at all sites can be seen in Figure 79. 
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Table 14. Annual mean contribution and standard error of traffic sources at the five AIRUSE 

cities, as estimated by the PMF model. 

 

    
Annual mean contribution Standard error 

µg/m3 (%) µg/m3 

    PM10 PM2.5 PM10 PM2.5 

Vehicle exhaust 

POR-TR 7.9 (23%) 8.1 (31%) 0.7 0.7 

BCN-UB 3.3 (14%) 3.0 (20%) 0.3 0.3 

MLN-UB  2.8 (7 %) 1.8 (6%) 0.4 0.3 

FI-UB 2.5 (13%) 2.5 (18%) 0.2 0.2 

ATH-SUB 2.1 (10%) 1.7 (15%) 0.3 0.2 

ATH-TR 3.0 (9%) 3.4 (17%) 0.2 0.1 

Vehicle non-exhaust 

POR-TR 2.9 (9%) 1.3 (5%) 0.5 0.2 

BCN-UB 2.6 (11%) 0.2 (1%) 0.6 0.1 

MLN-UB 3.4 (9%) 2.6 (9%) 1.1 0.3 

FI-UB 1.9 (10%) 0.3 (2%) 0.4 0.1 

ATH-SUB 1.8 (8%) 0.6 (5%) 0.5 0.5 

ATH-TR 6.4 (19%) 1.4 (6%) 0.2 0.11 

Vehicle secondary nitrate  

POR-TR 1.5 (4%) 0.7 (3%) 0.3 0.1 

BCN-UB 1.2 (6%) 0.8 (5%) 0.1 0.1 

MLN-UB 5.3 (14%) 4.4 (14%) 2 2 

FI-UB 1.3 (8%) 1.2 (8%) 0.1 0.1 

ATH-SUB 0.7 (4%) 0.2 (2%) 0.2 0.2 

ATH-TR 1.0 (3%) 0.4 (2%) 0.1 0.1 

Total traffic 

POR-TR 12.3 (36%) 10.1 (39%) 

  BCN-UB 7.1 (31%) 4.0 (26%) 

  MLN-UB 11.5 (30%) 8.8 (29%) 

  FI-UB 5.7 (29%) 4.0 (28%) 

  ATH-SUB 4.6 (22%) 2.5 (22%) 

   ATH-TR 10.2 (31%) 5.1 (25%)   
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Figure 78. Annual average contributions (and standard error) for traffic sources at the five 

AIRUSE cities for PM10 (top) and PM2.5 (bottom). 
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Figure 79. Daily contributions for traffic sources at the five AIRUSE cities. 

 

4.2. Non-traffic secondary nitrate 

As previously explained the traffic-related share of secondary nitrate was calculated at each site 

applying the traffic share of the NOx emission inventory for each study area, to the nitrate 

contribution from SNI factor (SNI*0.775, assuming pure ammonium nitrate composition for 

SNI). This share was between 30% and 80%. The remaining ammonium and the non-traffic 

nitrate can be attributed to other sources such as biomass burning, agriculture, harbor and 

industrial emissions. Therefore the non-traffic secondary nitrate keeps the same chemical 

profile and seasonal pattern of SNI as shown in Figures 77 and 79. The annual average 

contributions to PM10 range from 1.0-1.2 µg/m
3
 (in POR-TR and ATH-TR), 1.6-1.7 µg/m

3
 (in 

FI-UB and ATH-SUB), 2.1 µg/m
3 

(in BCN-UB) and 3.5 µg/m
3
 (in MLN-UB). For PM2.5 all 

cities register a contribution in the range 0.3-0.8 µg/m
3
, except MLN-UB where levels were 

much higher (3.0 µg/m
3
). As already mentioned these high ammonium nitrate levels in the Po 

Valley are due to several factors: i) a large urban and industrial agglomeration and associated 

road traffic; ii) an intensive use of biomass burning in the basin; iii) high NH3 levels, emitted 

from agricultural and animal husbandry activities; iv) the peculiar meteorology favoring 

frequent and marked thermal inversions and.  

4.3.  Sea salt  

Depending on the geography of each site, sea salt can reach the receptor in a ―fresh‖ or ―aged‖ 

form, or both. The main chemical difference is the absence of chlorine in the aged sea salt 

coupled with the presence of the nitrates which means that sodium is in the form of sodium 

nitrate. Fresh sea salt was identified at POR-TR, FI-UB, ATH-TR and ATH-SUB, while aged 
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sea salt was found at MLN-UB, FI-UB and BC-UB.  As shown in Figure 80 the concentration 

of nitrate (µg/µg) is considerably higher in the aged profiles, by one order of magnitude when 

compared to fresh profile. In FI-UB, where both fresh and aged factors were found, nitrate is 

absent in the fresh sea salt and Chloride is absent in the aged factor, which shows also 

particularly high level of OC indicating the mixing of the aged sea salt with anthropogenic 

plumes. In all factors the absence of ammonium indicates clearly the neutralization of nitrate by 

sodium. 

 

Figure 80.Inter-city comparison of the Sea salt (SEA) factor profile. 

 

Mean contributions of sea salt (Figure 81) in PM10 were revealed to be generally higher (by 

25%) than what was found with the chemical speciation (2.5 vs 1.5 µg/m
3
 in BCN-UB, 5.5 vs 

4.4 µg/m
3
 in POR-TR, 1.8 vs 0.6 µg/m

3
 in FI-UB, 1.0 vs 0.7 µg/m

3
 in MLN-UB, 2.3 vs 2.2 

µg/m
3
 in ATH-TR and 1.0 vs 1.6 µg/m

3
 in ATH-SUB) due to the involvement of coarse nitrate 

and water. In PM2.5 the PMF contribution matches with the chemical data (slope = 1, r
2
= 

0.95).  

Consequently, the comparison of PMF contributions reflects the same conclusions drawn in the 

PM speciation section with lower levels of sea salt at the inland Italian cities (FI and MLN) and 

higher at the Mediterranean coastal sites, with the highest contribution observed at the Atlantic 

site (POR). Daily source contributions can be seen in Figure 81. 

 

Figure 81.Daily contributions for sea salt (SEA) at the five AIRUSE cities. 

During exceedance days (or high pollution days), the sea salt contribution in PM10-PM2.5 

generally decrease from 6-3% to 2-1% in BCN-UB, from 16-5% to 3-0% in POR-TR, from 4-

0% to 0-1% in FI-UB, or does not change in MLN-UB and ATH-SUB. 
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4.4. Secondary sulphate and organics  

The factor SSO was found at all cities with a rather constant composition, revealing a mainly 

regional origin of these aerosols across the Mediterranean (Figure 82). The main components 

are S, NH4
+
 and OC. EC can be also found at 4-5% concentration in BCN-UB and MLN-UB. 

At two sites (POR-TR and MLN-UB), this factor was combined with the heavy oil combustion, 

thus adding NO3
-
 , V and Ni, which in the other cities (BCN-UB, FI-UB, ATH-TR and ATH-

SUB) appears as an independent source. Other elements that can appear in this source are Si, 

Na and K although in concentrations below 1%.  

Figure 82. Inter-city comparison of the Secondary sulphate and organics (SSO) factor profile. 

 

SSO aerosols are at all sites in the fine mode (ratio PM2.5/PM10 close to 1) but the variability 

of contributions across the Mediterranean does not show the same pattern observed for the 

concentrations of Sulphate. The contributions were progressively increasing from POR-TR (3.4 

µg/m
3 

in PM2.5), ATH-SUB (3.8 µg/m
3
), FI-UB (4.1 µg/m

3
) to MLN-UB, BCN-UB (5.6 

µg/m
3
) and ATH-TR (6.5 µg/m

3
) (Figure 83). The seasonal trend is clear with maxima in the 

warmer months probably due to the enhanced photochemical activity; this is less clear in MLN-

UB where high concentration in fall and winter may be due to aqueous phase formation in the 

fogs which occur frequently at this time of year (Figure 83). 

 

Figure 83.Daily contributions for SSO at the five AIRUSE cities. 

POR-TR registered the highest daily peaks, when the site is under the influence of NW winds, 

probably due to the emissions from the Porto Refinery, a plant carrying out crude oil industrial 

processing for the petrochemical industry.  

During exceedance days (or high pollution days), the SSO contribution in PM10-PM2.5 always 

decreases from 26-37% to 19-22% in BCN-UB, from 10-13% to 5-2% in POR-TR, from 21-

30% to 6-6% in FI-UB, from 14-19% to 9-11% in MLN-UB, from 19-34% to 10-23% in ATH-

TR and from 20-33% to 2-5% in ATH-SUB. 
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4.5. Saharan dust  

Saharan dust was separated from local dust only at FI-UB, BCN-UB, ATH-TR and ATH-SUB. 

In MLN-UB and POR-TR the contribution of Saharan dust was estimated as negligible. The 

chemical profile of Saharan dust (as estimated in FI-UB by PMF) shows a composition very 

close to the average of the earth’s crust, with enrichment factors (EF), calculated with respect 

to Al using the average continental crust composition reported by (Mason, 1966; Rahn 1976), 

that are all close to one: 0.99 (Mg), 0.83 (Si), 1.08 (K), 0.92 (Ca), 1.0 (Ti) and 1.1 (Fe) (Figure 

84). 

The annual mean Saharan dust contribution during AIRUSE sampling days was estimated as 

0.3 µg/m
3
 (1%) in BCN-UB, 0.7 µg/m

3
 (4%) in FI-UB, 2.7 µg/m3 (8%) in ATH-TR and 3.0 

µg/m3 (14%) in ATH-SUB (Figure 85). This large difference is due to the Southern location of 

Athens, and the severity of some Saharan dust episodes in the eastern part of the Basin. As 

mentioned by previous studies, Saharan dust transport occurs indifferent seasons in western and 

eastern sides of the Mediterranean (Querol et al., 2009; Pey et al., 2013). Saharan dust inputs in 

the western side of the Mediterranean are considerably higher between May and October, and 

in March, when compared to the rest of the year. On the contrary, such inputs are clearly higher 

between November and May in the eastern part of the Mediterranean. An intermediate outcome 

is observed for central locations in the Mediterranean, where only slightly higher summer 

contributions are detected (Pey et al., 2013). For PM2.5 the SAH contribution was estimated 

only at FI-UB (0.2 µg/m
3
), ATH-TR (0.5 µg/m

3
), and ATH-SUB (0.7 µg/m

3
), with 

PM2.5/PM10 ratio equal to 0.2 for all three cases.  

Concerning PM exceedances, the relative burden of Saharan dust increases during exceedance 

days only in ATH-SUB. In ATH-SUB Saharan dust is on average the main source of PM10 

(52%) and PM2.5 (45%) when the daily limit value of 50 µg/m
3
is exceeded. No contributions 

from SAH were found in FI-UB and BCN-UB during days with PM10 above 50 µg/m
3
and 40 

µg/m
3
, respectively. 

 

Figure 84. Saharan dust factor profile as found in FI-UB. 

 

Figure 85. Daily contributions for Saharan dust at three AIRUSE cities. 
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4.6. Local dust  

 

 

Figure 86. Inter-city comparison of the Mineral (MIN) factor profile, as representative for 

Local dust (LDU). 

 

Besides the long-range transported mineral dust from the Sahara, a significant part of mineral 

dust was found to be locally emitted in all cities (Local dust, LDU). The ratio SAH/LDU is 

usually very low: 0.0 in POR-TR and MLN-UB, 0.1 in BCN-UB and 0.3 in FI-UB, indicating 

that at these sites Saharan dust is 0-23% of measured mineral dust, with the rest emitted by 

human activities or of local origin. Only in ATH-SUB and ATH-TR the SAH contribution was 

higher (ratio SAH/LDU=1.4 and 1.7 accordingly) than the local dust due to the geographical 

position of Athens. \ 

The chemical profile of LDU is the one shown in Figure 86 (the MIN profile is used). Although 

the major components are similar at all sites (Si, Al, Ca, Fe, OC and K), some differences can 

be observed. The highest ratio Ca/Al is found in FI-UB (6.3) due to the perfect PMF separation 

from SAH contribution (ratio Ca/Al=0.4, similarly to earth crust). The other cities show Ca/Al 

ratios in the mineral dust factors varying from 0.5 (POR-TR) to 2.2 (BCN-UB), which is 

influenced by the SAH contribution as well as the local geology and share of Ca-rich local 

emissions. The ratio Si/Al varies within 2.0 and 3.8. The ratio OC/Ca is generally above the 

stoichiometric ratio in calcite (0.3) revealing additional sources of organic carbon such as 

biogenic OC and/or road dust, mostly in MLN-UB where the complex atmospheric dynamic 

impede the separation of sources.  

Other common components of LDU are NO3
-
 (except in POR-TR), S likely from gypsum, Cu, 

Zn and Ba, suggesting possible interference from road dust. 

LDU contributions to PM10 range within 7-12% at SUB, UB and the ATH-TR sites (1.6-2.6 

µg/m
3
) and increase to 6.4 µg/m

3
 (18%) at the POR-TR site, revealing a contribution from road 

dust resuspension. In PM2.5 the SUB-UB range was 0.3-1.5 µg/m
3
 (2-5%) and 0.5-3.9 µg/m

3
 

(15%) at the TR sites. The relative contribution (%) does not increase during exceedances days, 

with the exception of POR-TR, where rises to 28% and 20% for PM10 and PM2.5 respectively. 

The daily variation of LDU contributions shows generally higher values from Spring to 

Autumn at all cities (Figure 87). Above the background contributions, sporadic peaks are also 

found, mostly at POR-TR, probably related to road dust emissions, not well completely 

included in the NEX factor 
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Figure 87. Daily contributions from LDU at the four AIRUSE cities with PM10 source 

apportionment. 

 

 

 

4.7. Heavy oil combustion  

As already mentioned, the contribution of heavy oil combustion was separated only at the cities 

nearest to the Mediterranean shipping routes (BCN, FI and ATH) in spite of the fact that V and 

Ni concentrations in POR-TR were twice as high as in FI-UB. In POR-TR and MLN-UB, the 

HOC source is mixed with the SSO in the combined source HOS. HOC particles are commonly 

composed by EC, OC and S explaining the high variance of V and Ni. The difference between 

AIRUSE sites concerns only specific trace elements such as Zn, Sn, Ba  (in BCN-UB and 

ATH-TR), Ba and Se (in FI-UB), Sr and Sb (in ATH-SUB), although only a small amount of 

variance of these elements in explained by HOC (Figure 88).  

 

Figure 88. Inter-city comparison of the Heavy oil combustion (HOC) factor profile. 

The annual contribution of HOC is practically the same in BCN-UB, FI-UB and ATH-SUB 

(0.9 µg/m
3
 in PM10 and 0.8 µg/m

3
 in PM2.5) and higher in ATH-TR (1.9 µg/m

3
 in PM10 and 

1.3 µg/m
3
 in PM2.5). The contribution in POR-TR and MLN-UB could not be separated from 

HOS. 
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Figure 89. Daily contributions (to PM10 levels) from HOC at the five AIRUSE cities. 

 

The daily variation of HOC contributions, as estimated by PMF is shown in Figure 89. In FI-

UB and BCN-UB higher contributions are observed in summer due to the higher air circulation, 

which favors their transport and distribution across the regional area, while in ATH-SUB and 

ATH-TR no clear seasonal trend is observed for HOC probably because of the variety of the 

sources that may contribute to this factor (residential heating and shipping). 

During exceedance days (or high pollution days), the HOC contribution in PM10-PM2.5 does 

not change significantly. 

 

 

4.8. Industrial emissions  

The impact of industrial emissions was identified only in only three cities: BCN-UB, POR-TR 

and MLN-UB. Florence and Athens are in fact the less industrialized cities among the AIRUSE 

consortium. In the three industrialized cities, OC and Fe are commonly present as main 

components (Figure 90). Beside OC and Fe, in BCN-UB and POR-TR the presence of Zn, Pb, 

S, Cu, Cd, Sb and Mn indicate high temperature metal processing, pointing at the smelters 

located SW of BCN-UB and East of POR-TR. In MLN-UB the industrial source presents a 

different chemical profile with NO3, EC, Ca, Cl as main components (together with OC and Fe) 

and a high variance of Cr, Ni, Cu and Mn explained suggesting a more mixed origin including 

metallurgy and also construction activities (Figure 90). 

 

Figure 90. Inter-city comparison of the Industrial (IND) factor profile. 
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The impact of industrial emissions upon PM10 and PM2.5 is similarly low at MLN, POR and 

BCN, ranging within 1.2-1.7 µg/m
3
 as annual means and with a PM2.5/PM10 ratio close to 1. 

No typical seasonal trend is observable at any site (Figure 91). The contribution was rather 

constant throughout the year (around 1 µg/m
3
 daily) in MLN-UB and BCN-UB while elevated 

peaks (up to 13 µg/m
3
 as a daily mean) are registered in PR-TR mostly in the warmer months. 

 

Figure 91.Daily contributions for IND at three AIRUSE cities. 

 

During exceedance days (or high pollution days), the IND contribution in PM10-PM2.5 slightly 

increases from 11-12% to 17-19% in BCN-UB, and decreases from 4-5% to 2-1% in POR-TR, 

and from 9-5% to 4-3% in MLN-UB. 

4.9. Biomass burning  

As previously shown, concentrations of levoglucosan varied by over one order of magnitude 

among the AIRUSE cities, indicating very contrasting scenarios across the Mediterranean for 

emissions from biomass burning. Similarly the PMF identified a biomass burning source only 

in four of the five cities due to the low levels of levoglucosan in BCN-UB (22 ng/m
3
 as annual 

mean). In all other cities, levoglucosan is the main tracer in the chemical profile of the biomass 

burning source identified by PMF (except in ATH-SUB and ATH-TR, where levoglusan was 

not used as input specie for PMF due to the high S/N ratio). Levoglucosan represents 4-8% of 

PM mass (Figure 92) emitted by biomass burning; OC and EC are the major components in the 

BB profile (12-65% and 4-14%, respectively). In spite of these quite large ranges (which can be 

due to the rotational ambiguity of PMF), the OC/EC ratio can be used as a more robust 

diagnostic of BB composition. The OC/EC ratio in BB aerosols varies from 2.6 (ATH-SUB), 

2.9 (POR-TR), 3.7 (ATH-TR), 4.6 (MLN-UB) to 6.1 (FI-UB) which may be explained by a 

higher proportion of secondary organic aerosols in MLN-UB and FI-UB or by different wood 

types and combustion appliances. Also K (probably the soluble fraction) traces BB aerosols, 

representing 2-4% of the mass. Other components can be observed, although more 

sporadically, such as Cl, S, Zn, Pb, NH4
+
 and NO3

-
 (Figure 92). 
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Figure 92. Inter-city comparison of the Biomass burning (BB) factor profile. 

BB contributions reproduce quite well the gradients found for levoglucosan among the 

AIRUSE cities. Although levoglucosan has been detected in some samples from BCN, biomass 

burning could not be assigned as a significant contributor to PM. In the other cities, an annual 

mean of 1.2-1.4 µg/m
3
 (7-11%) is estimated in ATH-SUB, 2.9-3.0 µg/m

3
 (15-21%) in FI-UB, 

3.8-3.9 µg/m
3
 (12-19%) in ATH-TR, 4.2-4.4 µg/m

3
 (12-17%) in POR-TR, up to 7.8-5.3 µg/m

3 

(20-18%) in MLN-UB. Therefore, this reveals quite a contrasting impact of BB emissions 

across the Mediterranean depending on the type of fuel and combustion device used in each 

region for residential heating. Differently from other cities, Barcelona is well supplied with 

natural gas for residential heating; Florence is also well supplied with natural gas but the 

neighborhoods on the hill are often provided with chimneys.  Even in Milan the use of natural 

gas for heating is very extensive, however, also due to the current economic crisis, many 

citizens are equipped with small pellet stoves. In ATH the BB source is also associated with 

tracers of waste combustion, such as As, Cd, Sb and Pb, with explained variance ranging 

between 12% and 72% as, citizens of Athens have turned to alternative heating fuels, such as 

wood, due to the economic crisis and the increased prices of diesel oil, which was the most 

common way of residential heating in Greece. In many cases, treated wood or even 

combustible wastes are now used as fuel.  

As previously shown for the traffic source, another factor identified by PMF was secondary 

nitrate (SNI). Although in urban environments nitrate mainly arises from NOx from traffic, a 

substantial fraction can also derive from biomass burning emissions. Therefore for each city, 

the corresponding share of NOx due to biomass burning can be applied also to SNI. Based on 

this approach, percentages of 16 and 13 were adopted in POR-TR and MLN-UB, respectively, 

to account for SNI from biomass burning. In FI-UB, on the basis of the emission inventory, 

about 10% of NOx emissions are due to domestic heating, with only 2% attributable to stoves 

and chimneys (http://servizi2.regione.toscana.it/aria/); it is however suspected that these data 

underestimate the contribution of domestic heating BB to NOx. Thus, the total contribution 

from BB in FI-UB can be appraised as the sum BB + 0.02*SNI, which results in 3.1 and 2.9 

µg/m
3
 in PM10 (16%) and PM2.5 (21%), respectively. In POR-TR, the total contribution from 

BB was estimated to be 4.7 µg/m
3
 (13% of PM10) and 4.7 µg/m3 (18% of PM2.5). In MLN-

UB, the total contribution from BB represented 9.1 µg/m
3
 in PM10 (24%) and 6.4 µg/m

3
 in 

PM2.5 (21%). 

The impact of BB emissions is especially high in the winter months (Figure 93), due to the 

generalized use of wood for residential heating (Gonçalves et al., 2012). The contribution of 

BB to PM in POR-TR was also higher in September. Several wildfires were registered in the 

Porto district in this particularly hot and dry month. In MLN-UB the specific stagnant and 

reduced boundary layer depths induced by the typical meteorology of the Po Valley also 

enhance BB contributions during winter months. 
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Figure 93. Daily contributions for BB at the AIRUSE cities. 

The percentage contribution from biomass burning to PM10 and PM2.5 generally increases on 

exceedance days in POR-TR, MLN-UB and FI-UB. The percentages increase in fact from 24-

21% to 35-26% in MLN-UB, from 13-18% to 25-36% (POR-TR), from 16-21% to 30-32% (FI-

UB). Conversely, in Athens, during exceedances days the contribution from BB is substantially 

reduced in ATH-SUB (from 7-11% to 1-2%) and remains relatively stable in ATH-TR (from 

12-19% to 11-18%). 

4.10. Other sources of non-fossil OC 

Recent research attention has been focused on the importance of other sources/process 

contributing to the non-fossil OC in urban ambient air PM2.5, namely food cooking and 

enhanced biogenic secondary aerosols. These two sources/processes can be separated through 

the application of online Aerosol Mass Spectrometer (AMS) and off-line radiocarbon analysis 

on PM filters, which could not be performed within AIRUSE. 

While food cooking is recognized as one of the most important PM emission sources in the 

indoor environment (Buonanno et al., 2009; Wan et al., 2011) several studies confirm also its 

possible importance as a significant contributor to ambient air PM2.5; however, the number of 

urban environments where cooking organic aerosols (COA) in a ambient PM was detected and 

quantified is still very low due to the need of high mass resolved aerosol measurement such as 

the AMS. Cooking has been recognized to contribute significantly to the total organic mass of 

PM in several cities, e.g. Paris (Crippa et al. 2013), London and Manchester (Allan et al., 

2010), Barcelona (Mohr et al., 2012), Zurich (Lanz et al., 2007; Canonaco et al., 2013), 

Toronto (Slowik et al., 2010), Beijing (Huang et al., 2010; Sun et al., 2010), New York (Sun et 

al., 2011), Pasadena (Zotter et al., 2014) and Fresno (Ge et al., 2012). However the cooking 

contribution is not easily resolved even for urban sites due to the similarity of its mass spectrum 

with the one of hydrocarbon-like organic aerosol in unit mass resolution (Crippa et al., 2014).  

In UK cities, Allan et al., (2010) identified important contributions of COA (19-30%) to 

primary organic aerosols. In London, Yin et al. (2015) found cooking contributions up to 4% of 

PM2.5. In Zurich, Canonaco et al., (2013) found a mean contribution of 7.5% of non-refractary 

(NR) PM1, with a clear peak at noon. In Paris, contributions from cooking were found to reach 

up to 35 % of NR-PM1 during meal hours only in the core of the city. In Barcelona cooking 

was estimated to be responsible of 5% of NR-PM1 in March 2009. In Milan, AMS was applied 

offline on PM10 and PM2.5 filters during 2013, revealing contributions of around 3% PM2.5 

(C. Colombi, Personal communication). In Athens, COA was not found as a separate source but 

mixed with traffic emission in the HOA-2 factor, contributing 17% of OA (Kostenidou et al., 

2014). 
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Urban anthropogenic emissions can also lead to an enhancement in secondary organic aerosol 

(SOA) formation from naturally emitted precursors. Even determining a fraction of modern 

VOC that is actually emitted through anthropogenic activities does not capture the whole 

human influence on the organic aerosol budget, as it ignores any possible enhancement, 

through anthropogenically emitted compounds, of SOA formation from true biogenic 

precursors. In fact, the high concentrations of specific anthropogenic pollutants (e.g. NOx, SO2 

and O3) may enhance the formation of secondary organic aerosols from biogenic precursors 

(BSOA), giving rise to eBSOA (Hoyle et al., 2011). Thus, in this late case, although OC has a 

biogenic origin from volatile organic compounds (BVOCs), the formation of eBSOA is 

anthropogenically driven. The interaction between the systems BVOCs-O3-NOx-SOA is very 

complex (Pandis et al., 1991). Thus, several studies have reported higher yields of eBSOA 

formation from isoprene in the presence of relatively high concentrations of NOx and lower 

SOA formation for very high NOx levels (Kroll et al., 2006). In any case, one of the major 

BSOA formation pathways, especially in high NOx and O3 regions, seems to be related with the 

nocturnal oxidation of VOCs by the nitrate radical (NO3, a product of the NO2+O3 interaction) 

reaction (Hoyle et al., 2011). 

Szidat et al. (2009) compared measurements from an urban area and a rural site, located 35 km 

apart, showing an enhancement (by a factor of 2–3) of non-combustion related modern OC in 

aerosols from the urban site. These measurements suggest an enhancement of biological SOA 

due to interaction with anthropogenic emissions. In other words, in polluted air, biogenic 

species can be incorporated into organic aerosol more efficiently. In Marseille OOA is 

overwhelmingly non-fossil, formed via the oxidation of BVOCs, including monoterpenes (El 

Haddad et al., 2013). Similar results concerning the high BSOA contribution were obtained in 

Zurich (Szidat et al., 2006), Marseille (El Haddad et al., 2013), and Birmingham (Heal et al. 

2011), among others. In Barcelona, for example, a 74% increase of semi volatile organic 

aerosols was found (together with ammonium nitrate) passing from holidays (low traffic 

emissions) to normal working activities (high traffic emissions), as well as for individual 

organic compounds such as poly-acids, such as malic acid, 3-hydroglutaric acid, MBTCA and 

2-methylglyceric acid suggesting formation of eBSOA in the urban air shed under higher traffic 

intensities. 

 

5. CONCLUSIONS 

Figure 94 shows the annual average sources contributions in simplified pie charts, where 

similar sources are combined in fewer categories (e.g. traffic). Figure 95 shows the charts only 

for high-pollution days (above a specified PM10 or PM2.5 threshold, see previous sections). 

Road traffic (as the sum of vehicle exhaust, vehicle non-exhaust and traffic-related nitrate) is 

unequivocally the most important source of PM10 (at all sites) and PM2.5 (at MLN-UB, FI-

UB, ATH-TR and POR-TR) while for PM2.5 at ATH-SUB, ATH-TR and BCN-UB it is the 

second most important after Secondary sulphate and organics (which however does not identify 

one specific source and likely receives significant transboundary contribution). The total annual 

mean contribution from road traffic to PM10 is commonly high (22-36%) at all AIRUSE 

monitoring sites varying, in absolute terms, from 4.6 µg/m
3
 (ATH-SUB) to 12.3 µg/m

3
 (MLN-
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UB). Similarly, in PM2.5, traffic emissions increase concentrations by 22-39% (2.5-10.1 µg/m
3 

as an annual mean, Figure 94).  

The second most important ―source‖ of PM10 (20-26%) is Secondary sulphate and organics at 

BCN-UB, FI-UB, ATH-TR and ATH-SUB, while this only represents 14% of PM10 in MLN-

UB and 10% of PM10 in POR-TR (Figure 94). The relative importance of Secondary sulphate 

and organics is higher in PM2.5 (19-37% at SUB and UB sites and 13% in POR-TR). The 

contributions (in PM2.5) progressively increase from POR-TR (3.4 µg/m
3
), ATH-SUB (3.8 

µg/m
3
), FI-UB (4.1 µg/m

3
) to MLN-UB, BCN-UB (5.6 µg/m

3
) and ATH-TR (6.7 µg/m

3
). 

Another important source of PM10 is Biomass burning (13% in POR-TR, 16% in FI-UB, 12% 

ATH-TR and 24% in MLN-UB), although it is only 7% in ATH-SUB and negligible in BCN-

UB. In PM2.5, BB is the second most important source in MLN-UB (21%) and in POR-TR 

(18%), the third in FI-UB (21%), ATH-TR (19%) and ATH-SUB (11%), but again negligible 

(<2%) in BCN-UB. This large discrepancy among cities is mostly due to the degree of 

penetration of wood (and its derivatives) as fuel for residential heating. In Barcelona natural 

gas is very well supplied across the city and used as fuel in 96% of homes, while, in other 

cities, PM levels increase on an annual basis by 1-6 µg/m
3
 due to this source. 

Other significant anthropogenic sources are: 

- Local dust, 7-12% of PM10 at SUB and UB sites and 18% at the TR site, revealing a 

contribution from road dust resuspension. In PM2.5 percentages decrease to 2-7% at SUB-UB 

sites and 15% at the TR site. 

- Industries, mainly metallurgy contributing 4-11% of PM10 (5-12% in PM2.5), but only at 

BCN-UB, POR-TR and MLN-UB. No clear impact of industrial emissions was found in FI-UB 

and ATH-SUB.   

- Remaining secondary nitrate, emitted from multiple sources such as agriculture, industries, 

shipping and power generation and contributing 4-9% of PM10 and 2-10% of PM2.5. 

- Natural contributions consist of Sea salt (16% of PM10 in POR-TR but only 2-7% in the other 

cities) and Saharan dust (14% in ATH-SUB and 8% in ATH-TR) but less than 4% in the other 

cities. 

- Other sources of non-fossil OC, such as food cooking and enchanced biogenic secondary 

aerosols could not be separated due to the lack of AMS techniques. 

During high pollution days, Road traffic is the largest source of PM10 and PM2.5 at all sites 

(UB and TR): 36-42% to PM10 and 26-38% to PM2.5 except at ATH-SUB (8% and 11% 

respectively) due to the suburban location of this monitoring site (more distant from urban 

emissions). At ATH-SUB the highest contribution is from Saharan dust (52% and 45% 

respectively). Biomass burning is the second most important source during high pollution 

episodes at FI-UB, POR-TR and MLN-UB (25-30% of PM10 and 26-36% of PM2.5). During 

those days, there are also quite important Industrial emissions in BCN-UB (17%-19%) and 

Local dust in POR-TR (28-20%). 
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Figure 94. Simplified source apportionment in the AIRUSE cities. Contributions (in µg/m
3
 and 

%) to the annual mean for PM10 and PM2.5 
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Figure 95. Simplified source apportionment in the AIRUSE cities during high pollution days. 

Contributions (in µg/m
3
 and %) in the AIRUSE cities. 
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5.1. Measures to improve air quality based on results of PM speciation and source 

apportionment 

 Barcelona 5.1.1.

 

In the Special Environmental Protection Area of Barcelona (BCN-SEPA), (Regional Decree 

226/2006) the competence on improving air quality belongs to the Regional Government of 

Catalonia.  The exceedances of PM10 (and NO2) limit values during the last decade have led to 

the development of two Air Quality Plans (2007-2010 and 2011-2015). Concerning the city of 

Barcelona, a clear PM10 downward trend has been observed (2013 was the first year without 

PM10 exceedances) during the last decade (also present but less marked for NO2) revealing a 

general improvement on air quality, probably as result of multiple effects such as the European, 

national, regional and local actions, the economic downturn and the favorable meteorology. In 

spite of the aforementioned decrease of PM concentrations more effort has to be made, in order 

to attain the WHO guidelines, and to prevent future exceedances under the economic recovery 

and less favorable meteorological scenarios. 

According to our AIRUSE results, road traffic is clearly the main source of PM10 and the 

second most important for PM2.5 (only smaller than secondary sulphate, which has an 

important regional contribution). It is therefore evident that future efforts from air quality plans 

for the city of Barcelona must focus on the road traffic sector (Table 15), other local sources 

being of less importance, such as metallurgy, heavy oil combustion and urban works, or 

negligible, such as power generation and biomass combustion, the latter however being 

important in some villages of the Protection Area 2 of Barcelona due to domestic heating. The 

high penetration of natural gas in the domestic and residential heating of Barcelona accounts 

for a relatively low contribution of this source to PM levels. Furthermore the 2007-2010 AQ 

Plan banned the use of fuels for power generation other than natural gas in and around the city 

of Barcelona. Since there was an oil combustion source detected in our study, it should be 

attributed near exclusively to shipping emissions. Finally we would like to highlight the large 

effort made by the public transport company that has achieved a bus fleet made by 39% of 

natural gas buses, 43% buses retrofitted with SCRT, and 8% hybrid buses. Based on the PM 

speciation and source apportionment results and on the measures already implemented, 

AIRUSE has therefore selected two main categories of mitigation measures: priority (red color 

in Table 15, for road traffic, mainly private traffic) and ancillary (orange color, for other local 

sources such as metallurgy, heavy oil combustion and urban works). Moreover AIRUSE 

encourages horizontal (or inter-sectorial) measures which will have a medium-long-term 

beneficial effect on air quality. 
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Table 15. Measures and priority degree proposed by AIRUSE for Barcelona based on PM speciation and source apportionment obtained in 2013 at BCN-UB. 

Sector Measure Competence Description Priority 

Road traffic  
 
31% of PM10: 
Exhaust 14% 
Non-exhaust 11% 
Nitrate 6% 
 
26% of PM2.5: 
Exhaust 20% 
Non-exhaust 1% 
Nitrate 5% 

Restriction to the city 
centre entrance 

Local Limit the access of vehicles to the city centre of municipalities with >100,000 inhabitants. Barcelona has one of the highest 
car densities (per km

2
) in Europe 

 

Lowering number of cars 
in the urban areas 

Local Implementation of measures that attribute a direct fee to a car entering the city, such as road and congestion charges 
Restrict vehicle circulation to neighbourhoods in specific areas of the city 

 

Low emission zones (LEZ) National and local Adopting a national labelling scheme to enforce local emission-related traffic restrictions. Already applied in 220 EU cities. 
In Berlin a 58% reduction of exhaust particle emissions was achieved 

 

BUS-HVO lanes Local This measure will reduce private vehicles entering the city from the province. We recommend to convert one existing lane 
to BUS-VAO 

 

Parking and ride Local Creation of 4-5 new strategic parking lots at main transport interfaces (train and metro stations) at the outskirts of the city 
in order to promote the combined use of car and public transport. 
High charges for parking in the city centre for non-residents and low charges for eco-cars 

 

Street cleaning Local Tandem use of sweeping and, more importantly, water washing. It is effective (7-10% on a daily basis) to reduce road dust 
emissions and must be performed before morning traffic rush hour (5-6 h am) and mostly during dry periods. It is specially 
recommended after African dust episodes or after >10 days without rain 

 

Pedestrians lanes and 
cycling paths 

Local Increase the city surface reserved for pedestrian and cyclists. Improvement in traffic planning for a shift in modal split from 
motor traffic towards public transport, cycling and pedestrian traffic 

 

Promoting low-carbon 
and low-NOx vehicles  
and diesel retrofit 

National and local  Reduce highway toll and parking fees for low emission vehicles (for NO2 and PM). Incentive for the installation of 

particle filters in heavy duty commercial vehicles. 

 Development of electric vehicle 

 Infrastructure. Barcelona has 30% of motorbikes in the fleet; the use of electric bikes may have a large influence in 
decreasing emissions. 

 

Improving public 
transportation 

Local  Continuous update and improvement for an economic, environmentally friendly and faster public transportation 
(metro, train, and tram) 

 Barcelona busses are already new and clean.  Spatial coverage and price need to be improved. 

 Intercity railway connection should be improved in the metropolitan area 

 

Renewal of 
car/taxi/motorcycle 
fleet. 

National  Subsidies and bonuses that either support the retrofitting of a vehicle, or the scrapping of it. 

 Increase the share of hybrid (now 11%) natural gas (now 6%) and LPG (now 6%) taxis 

 Promoting the replacement of 2-strokes motorcycles by 4 –strokes 

 Low-emission machinery (e.g., diesel particle filters and electric machinery) at urban works 

 

Improving public fleet Local The bus fleet of Barcelona already comprises 39% natural gas vehicles and 43% of SCRT-equipped diesel. This example 
should be followed by the villages of the metropolitan area, mostly for the buses entering Barcelona 

 

Reducing pricing of 
public transport 

National and local  Income tax return by accumulating public transportation bonds making public transport more economically attractive 

 Free tickets for public transport during anticyclonic pollution episodes 
 

Reducing road 
transportation for goods  

National and local Creating a train-harbour interface for transport of goods, which is currently carried by trucks  
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Vehicle and road 
maintenance 
 

National and local  Increase the frequency of inspection programmes of public vehicles to ensure that in-use engines continue to have 
functional controls and proper maintenance 

 Maintaining roads in good repair to reduce the contribution of PM from road surface wear 

 

Car-sharing Local Reduce single-occupancy car journeys by promoting car sharing, linking car sharing to public transport services and cycling  
Awareness National Integration of mobility awareness into school curricula  

Other sources  

Shipping/heavy 
oil combustion 
4% of PM10 
5% of PM2.5 

Stricter legislation for 
harbour  

National and local Use of plug-in shore power; Permission to dock in Barcelona harbour only given to vessel with engines operating with low 
sulphur fuel; Best available technologies applied to marine ship flue gas must be required; alternative at-dock technologies 
(like channelling exhaust through barge-mounted control devices) 

 

Industrial 
11% of PM10 
12% of PM2.5 

Industrial facilities Local Impose high standards for fuels and BATs (channelled and fugitive emissions) increase inspections to facilities  

Precursors of 
secondary 
particles 

Reduce NH3 emissions Local Application of the "guidelines" for regional containment of ammonia resulting from agricultural, livestock and waste 
practices. 

 

Urban works 
/Mineral 
11% of PM10 
6% of PM2.5 
 
 

Water spraying Local Apply water during construction, operations (earthmoving, demolition, grading)  
Storage and handling of 
dusty materials 

Local Cover bulk material during storage; Covering the cargo beds of haul trucks with a tarp or other suitable closure to minimise 
wind-blown dust emissions and spillage; green curtains in areas with high diffusive dust emissions; reduction of vehicle 
speed and eco-driving test for workers.  

 

Unpaved areas Local Apply water and/or nano-polymers or pave unpaved parking lots or roads; Set additional control requirements for unpaved 
roads (e.g. vegetating, adopting speed limits). 

 

Biomass burning  
 
<3% of PM2.5 
(measures to 
prevent future 
impact) 

Biomass combustion use Local Communication campaign through the media and dissemination of "best practices". Central theme: the improper use of 
firewood in small household systems involves a number of negative effects on the environment and health. The practical 
suggestions relate to the choice of the type of plant and wood, the need for proper installation and maintenance and 
monitoring of the adequacy of combustion. 

 

Biomass combustion 
regulations 
 

 
National and local 

Energy and emission classification for biomass burning appliances. Rules for new systems installation and for proper 
maintenance. Census of domestic plants using wood for heating (including existing ones) in order to contain emissions. In 
2015, following the introduction of the classes of emission, regulate the use of equipment characterised by high emissions. 

 

Reduction of low 
efficiency wood burning 
for residential heating 

Local Information material and training  to discourage citizens from this inefficient form of energy are needed 
 

 

Open biomass burning Local Regulatory for open burning activities with particular reference to agriculture, forestry and construction. In general, it is 
forbidden but the regional government allows them with some restrictions and conditions. 

 

Inter-sectorial Environmental education 
and awareness raising 

Local Communication campaigns through the media and dissemination of "best practices" should be promoted in order to raise 
awareness of the population on the opportunity of the previous measures. 
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 Florence 5.1.2.

During the study the AIRUSE urban background site of Florence (FI-UB) met the requirements 

of the Directive 2008/50/EC for PM10 and PM2.5. The study year, 2013, was characterized by 

a meteorology that favored dispersion and cleansing of atmospheric pollution.  According to 

the National legislation, in Italy, the regional agencies for environmental protection (ARPA in 

each regions) have the competence for the Air Quality Monitoring; the competence of 

regional/local measures to ensure the attainment of the air quality legal limits is a responsibility 

of the Regional Administration, with the technical support of their ARPA, and they have to 

take any necessary measure to ensure the attainment of the air quality legal limits in national 

territory. The exceedances of PM10 and NO2 limit values during the last decade have led to the 

development of the Regional Air Quality Plan 2008-2010. Concerning the city of Florence, a 

clear PM10 downward trend has been observed revealing a general improvement in air quality, 

probably as result of multiple influences such as the European, national, regional and local 

actions, the economic downturn and the favorable meteorology. In spite of the aforementioned 

decrease of PM concentrations more effort has to be made, in order to attain the WHO 

guidelines, and to prevent future exceedances under the economic recovery and less favorable 

meteorological scenarios. 

Road traffic is clearly the main local source of PM10 and PM2.5 in Florence, but during the 

most polluted days also biomass burning plays a relevant role (in the last years the use of 

biomass burning for domestic heating is continuously increasing). It is therefore evident that 

mitigation measures must focus on the transport sector and on domestic heating systems by 

biomass burning (Table 16). Another important contribution is due to non-traffic secondary 

particles (which have also a regional origin). Other sources are less important (such as urban 

works and heavy oil combustion).  Based on the PM speciation and source apportionment 

results and on the measures already implemented, AIRUSE has therefore selected three main 

categories of mitigation measures: priority (red color in Table 16, mainly for road traffic and 

biomass burning) medium-priority (orange color) and ancillary (green colour). Moreover 

AIRUSE encourages horizontal (or inter-sectorial) measures which will have a medium-long-

term beneficial effect on air quality. 
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Table 16. Measures and priority degree proposed by AIRUSE for Florence based on PM speciation and source apportionment obtained in 2013 at FI-UB. 

Sector Measure Competence Description Priority 

Road traffic  
 
29% of PM10: 
Exhaust 13% 
Non-exhaust 10% 
Nitrate 6% 
 
28% of PM2.5: 
Exhaust 18% 
Non-exhaust 2% 
Nitrate 8% 
 

Improving car and public 
transport fleet 

National and local Facilitate the replacement of vehicles <Euro 3 diesel with Euro 6 adopting restrictions on their movement and/or 
subsidies. Prohibition on movement for <Euro 2 diesel. Promotion of the LPG, hybrid engine and electric vehicles. 
Incentive to the installation of particle filters in heavy duty commercial vehicles. Promoting the replacement of 2-
strokes motorcycles by 4 –strokes. Upgrading of vehicles for public transportation with the introduction of high 
environmental standards 

 

Low emission zones (LEZ) Local Compulsory establishment of LEZ in all municipalities with > 15000 inhabitants 
 

 

Improving public 
transportation 

National and local Continuous update and improvement for an economic, environmentally friendly and faster public transportation (train, 
bus and tram).  Reduction of congestion delays by using bus lanes 

 

Local Increase the number of routes and frequency of service, in order to reduce waiting and  exchange times  
Local Regular inspection programmes for public vehicles for improved maintenance  
Local Make public transport more appealing (reduced crowding, better seats, cleaner vehicles, on-board internet access and 

other amenities). More efficient user information through signs, websites and mobile telephone applications that 
provide information on transit routes, fares and real-time vehicle arrival predictions 
 

 

Random tests on vehicle 
emissions 

Local Random tests on vehicles (mainly diesel trucks) to ensure that smoke emissions are within acceptable limits  

 
Mobility card Local Improve the public transport system. Incentives to alternative mobility with a prepaid "Mobility Card" for public 

transport 
 

Lowering number of cars 
in the urban areas 

Local Implementation of measures that attribute a direct fee to a car entering the city, such as road and congestion charges 
Restrict vehicle circulation to neighbourhoods in specific areas of the city 

 

Parking Local New strategic parking lots at main transport interfaces (train, bus and tram stations) at the outskirts of the city in order 
to promote the combined use of car and public transport. High charges for parking in the city center for non residents  
and cheap charges for eco-cars 

 

Cycling paths and 
pedestrian lanes 

Local Facilitating alternative mobility by the construction of new cycling paths and the increase of the city surface reserved for 
pedestrians. Develop cycle parking and changing facilities; Develop cycle sharing programmes; improved connectivity to 
public transport 

 

Car-sharing Local Reduce single-occupancy car journeys by promoting car sharing with a proper connection to public transport services 
and cycling 

 

Lowering traffic speed Local Reduction of traffic speed on specific roads to reduce congestion and emissions from stop-and-go traffic  
Awareness National Integration of mobility awareness into school curricula  
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Biomass Burning 
 
16% of PM10 
 
21% of PM2.5 
 
(30% of PM10 
and 32% of 
PM2.5 during 
high pollution 
episodes) 

Biomass burning 
regulations 

Local Rules for new systems installation and for proper maintenance. Mandatory certification of residential combustion 
equipment. Census of domestic heating systems using wood for heating. Regulation for the use of equipment 
characterised by high emissions. Regulatory program to ban or restrict some wood burning devices in new homes, 
create financial incentives for old stove replacement, obligation to substitute old stoves upon re-sale of a house with 
energy efficient and emission controlled devices 

 

Local Updating of the regulations regarding the installation of biomass burning plants for energy production. The use of 
biomass for energy production must be steered towards producing heat, favouring the use of heat in the district heating 
network. Prohibition of the use of chimneys and wood stoves (when they are not the only heating system) during 
stagnant meteorological periods 

 

Biomass burning use Local Communication campaign through the media (web, radio, TV, newspapers) and dissemination of "best practices". 
Central theme: the improper use of firewood in small household systems involves a number of negative effects on the 
environment and health (including indoor air pollution) that, otherwise, may be at least partially contained by the 
correct use of biomass leading to a reduction in fuel consumption, lower emissions and increased safety in the home. 
The practical suggestions relate to the choice of the type of plant and wood, the need for proper installation and 
maintenance and monitoring of the adequacy of combustion. Educational programmes (what to burn, how to burn, 
choosing the right appliance) 

 

Open biomass burning Local Because of the generalised practice of agricultural biomass burning regulations for open burning activities with 
particular reference to agriculture and forestry are necessary 
Development of a system for collecting firewood from to feed small controlled biomass heating plants 

 

Reduction of low 
efficiency wood burning 
for residential heating 

Local Information material and training  to discourage citizens from the use of low efficiency wood are needed 
 

 

Secondary 
particles 
 
27% of PM10 
 
31% of PM2.5 
 

Reduction of secondary 
sulphates precursors 
(SOx, NH3 and H2S) 

Local Promote the conversion of oil burning power plants to gas power plants. Control of H2S emissions from geothermal 
powered plants and obligation to install AMIS plants 

 

Reduce NH3 emissions Local Application of "guidelines" for regional containment of ammonia resulting from agricultural, livestock and waste 
practices. 

 

NOx reduction Local Introduction of a centralized system in buildings with more than 5 units. Favour the extensive use of valves for heat 
metering in each residential building. 

 

Local dust 
/Urban works 
 
12% of PM10 
1% of PM2.5 

Water spraying Local Apply water during construction, operations (earthmoving, demolition, grading)  
Storage and handling of 
dusty materials 

Local Cover bulk material during storage; Covering the cargo beds of haul trucks with a suitable closure to minimise wind-
blown dust emissions and spillage; green curtains in areas with high diffusive dust emissions; reduction of vehicle speed 

 

Unpaved areas Local Apply water, nano-polymers, gravel, or pave unpaved parking lots or roads; Set additional control requirements for 
unpaved roads (e.g. vegetating, adopting speed limits) 

 

Inter-sectorial Environmental education 
and awareness raising 

Local Communication campaigns through the media and dissemination of "best practices" should be promoted in order to 
sensitise population on the opportunity of the previous measures. Integration of mobility awareness into school 
curricula 
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 Athens 5.1.3.

Measures of traffic management and emission reductions from vehicles in Athens are 

already in place but must be intensified. These already included an age limit of 23 years, 

which has been implemented for all urban, semi-urban and long distance buses. Also the 

limit of 11 years was set as the higher permissible age for buses in public transport. 

Under the provisions of the same law, economic incentives were given in the owners for 

the replacement of vehicles with new or used vehicles of small age. Of the 5000 semi-

urban and long distance buses licensed in Greece, 1846 buses have been replaced since 

2004, of which 1746 with new and 100 with used of age lower than 5 years. Since road 

dust resuspension is the most important PM source at ATH-TR site, streat cleaning 

should me intensified especialy after Saharan dust transport episodes which influence 

the area greatly. Table 17 summarises the measures proposed by AIRUSE for Athens 

based on PM speciation and source apportionment obtained in 2013 at ATH-SUB and 

ATH-TR site. 
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Table 17. Measures and priority degree proposed by AIRUSE for Athens based on PM speciation and source apportionment obtained in 2013 at ATH-SUB. 

 

Sector Measure Competence Description Priority 

 

Road traffic  

 

22-31% of 

PM10: 

Exhaust 9-10% 

Non-exhaust 

19-8% 

Nitrate 3-4% 

 

25-22% of 

PM2.5: 

Exhaust 15-17% 

Non-exhaust 5-

6% 

Nitrate 2% 

Low emission zones (LEZ) National and 

local 

Expand and prioritise the recently (2012) implemented unlimited  access for electric and hybrid low emission cars in the 

so called “green ring”, where regular vehicles are entering depending on odd/even days with respect to their number 

plate last digit.  

 

Parking  Local Creation of large parking lots at main transport interfaces (train and metro stations) at the outskirts of the city (park and 

ride system) with incentives (low fares) in order to promote the combined use of car and public transport. 

 

 

Street cleaning Local  Tandem use of sweeping and, more importantly, water washing, especially during dry periods of the year and 
when African dust episodes are forecasted. It is evident in Athens that non exhaust traffic emissions lead to a 
major part of the coarse fraction of road dust that can be removed by street cleaning. 

 Street cleaning should be performed at the early morning, just before rush traffic hours and is specially 
indicated after African episodes 
 

 

Promoting low-carbon and 

low-NOx vehicles and new 

technology vehicles 

National and 

local 

Implement further reductions in Road Tax and Import Tax for low emission vehicles (for NO2 and PM). Incentives to 

withdraw aged private vehicles and replacement with modern (E5/E6) vehicles. Installation of particle filters on heavy 

duty commercial vehicles. 

 

Expand  public transport 

network 

Local Continuous expansion of Metro lines (currently only 3) and improvement of Public Bus Network for a resource , 

environmentally friendly and faster public transportation (metro, train, and tram)  

 

 

Cycling paths and pedestrian 

lanes 

Local Facilitating alternative mobility by the construction of new cycling paths and the increase of the city surface reserved for 

pedestrians. Develop cycle parking and changing facilities; Develop cycle sharing programmes; improved connectivity to 

public transport 

 

Lowering number of cars in 

the urban areas 

Local Implementation of measures that attribute a direct fee to a car entering the city, such as road and congestion charges 

Restrict vehicle circulation to neighbourhoods in specific areas of the city 

 

Reducing road 

transportation for goods 

National and 

local 

Creating a terminal outside the Athens Metropolitan Area serviced by rail line to the Pireaus harbour while currently 

trucks travel for 50 km within the central axis of the Athens Metropolitan Area. 

 

Renewal of 

car/taxi/motorcycle fleet. 

National Subsidies and for increasing the share of hybrid, natural gas and LPG taxis. 

Promoting the replacement of 2-strokes motorcycles by 4 –strokes. 

 

Reduced fares of public 

transport 

National and 

local 

Reduced fares for public transport during intensive Sahara dust intrusions or forecasted intense pollution episodes  
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Improving public fleet Local Increase the share of natural gas buses (currently at 35%). Enforce the measure of withdraw of old technology urban and 

regional buses 

 

Vehicle and road 

maintenance 

 

National and 

local 

 Increase the frequency of inspection programmes to public vehicles to ensure that in-use engines continue to 
have functional controls and proper maintenance. 

 Maintaining roads in good repair to reduce the contribution of PM from 

 road surface wear; 

 

Combat the illegal trade of 

adulterated fuel  

National and 

local 

Incidents of adulterated fuel circulation and use is still common in the Athens Metropolitan area and at National scale. 

Continuous controls are needed to eliminate this phenomenon 

 

 Awareness National Integration of mobility awareness into school curricula  

Shipping/heavy 

oil combustion 

4-6% of PM10 

6-7% of PM2.5 

Stricter legislation for 

industrial heavy fuel oil users 

Local Monitor with inspection checks the fuel efficiency of burners, boilers and power generators of small and medium scale 

industries operating machinery using heavy fuel oil 

 

Industrial facilities Local Impose high standards for fuels and increase inspections to facilities. To update industrial activities inventory and to carry 

out a proper quantification. 

 

Stricter legislation for 

harbour  

National and 

local 

Docking at the Piraeus harbour is only permitted to vessel with engines operating with low sulphur content. These rules 

need to be enforced and monitored  

 

Precursors of 

secondary 

particles 

Sulphate: 

19-20% of 

PM10 

33-34% of 

PM2.5 

Nitrate (non-

traffic): 

3-10% of PM10 

2-4% of PM2.5 

Large Industry using fossil 

fuel for power generation or 

other industries 

Local  The introduction of natural gas in the national energy system is one of the largest investments ever carried out 
in Greece and it constitutes a major priority of the national energy policy. An important part of the 
infrastructure, mainly the high pressure transmission system and the medium pressure network, which is 
necessary for the transport of natural gas to the main regions of consumption, has been completed,  

 Expansion projects of Greek natural gas system are under way in order to link more cities and industries to the 
system (e.g Aliveri, Megalopolis, etc). Moreover, in the areas connected to the natural gas network, natural gas 
stations for feeding CNG vehicles have been created. 

 The high levels observed across Athens and in the whole of the country may be partly due to long range 
transport of secondary pollutants or gaseous precursors from outside Greece. 

 This is an area where policy makers must intensify efforts for resolving problems of transboundary pollution in 
Europe. 

 

Reduce NH3 emissions Local  Application of "guidelines" for regional containment of ammonia resulting from agricultural, livestock and waste 
practices. 
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Biomass 

burning 

 

7-12% of PM10 

 

10-19% of 

PM2.5 

 

Biomass combustion use Local  Communication campaign through the media and dissemination of "best practices". Central theme: the 
improper use of firewood in small household systems involves a number of negative effects on the environment 
and health. The practical suggestions relate to the choice of the type of plant and wood, the need for proper 
installation and maintenance and monitoring of the adequacy of combustion. 

 

Biomass combustion 

regulations 

 

 

National and 

local 

 Energy and emission classification for biomass burning appliances. Rules for new systems installation and for 
proper maintenance. Mandatory certification of residential combustion equipment. Census of domestic heating 
systems using wood for heating. Regulation for the use of equipment characterised by high emissions. 
Regulatory program to ban or restrict some wood burning devices in new homes, create financial incentives for 
old stove replacement, obligation to substitute old stoves upon re-sale of a house with energy efficient and 
emission controlled devices 

  

 

Reduction of low efficiency 

wood burning for residential 

heating  

Local  High price of diesel for residential heating during the economic crisis lead to the use of wood in a large scale in 
the densely populated areas of Athens leading to high pollution episodes during stagnation periods in winter  

 Information material and training  to discourage citizens from this inefficient form of energy are needed 

 Introduction of natural gas and Renewable energy Sources 

 Improvement of the thermal behavior of residential buildings Promotion of energy efficiency appliances and 
heating equipment 

 News bulletins advising for reduction in wood burning during forecasted atmospheric stagnation periods  

 

 Open biomass burning Local  Regulatory for open burning activities with particular reference to agriculture, forestry and construction. In 
general, it is forbidden but the regional government allows them with some restrictions and conditions. 

 

Urban works 

5-10% of PM10 

2-4% of PM2.5 

Storage and handling of 

dusty materials  

Local  Cover stock piles of bulk material during storage; 

 Covering the cargo beds of haul trucks with suitable covers to minimise wind-blown dust emissions; 

 Apply green curtains in areas with high fugitive dust emissions 

 

Inter-sectorial Environmental education 

and awareness raising 

Local Communication campaigns through the media and dissemination of "best practices" should be favored in order to 

sensitise population on the opportunity of the previous measures. 
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 Porto 5.1.4.

Taking into account that the threshold limits of both PM2.5 and PM10 are frequently 

exceeded in Porto, mitigation measures should be adopted. In Portugal, the competence 

of air quality management and monitoring is a responsibility of the Coordination and 

Regional Development Commissions (Comissões de Coordenação e Desenvolvimento 

Regional - CCDR) that have to take any necessary measures to ensure the respect of air 

quality legal limits in national territory. Although a decreasing trend has been 

registered, in the last decade, PM2.5 and PM10 have been exceeded in some sites of the 

metropolitan area. In order to set up mitigation measures, the Northern Region 

Commission (CCDR-N), together with public and private entities with responsibilities 

in the area, approved and published through the Joint Legal Order nº. 20762/2009, of 16 

September, an Air Quality Improvement Program. The mitigation measures set out in 

this Plan aimed at different sectors, such as traffic, industrial, domestic, civil works, 

agriculture and forestry, environmental awareness and others. Among the proposed 

policies and measures, the introduction of particulate filters in captive fleets, 

particularly in heavy duty vehicles with a strong share in total traffic, deserved 

particular attention. The adoption of the National Action Plan for Energy Efficiency 

(RCM nº 80/2008 of 20 May), principally in what respects residential combustion, was 

also targeted. However, CCDR-N has recently recognised that, due to financial 

constraints, some of these plans have failed.  

According to the AIRUSE results, measures for PM2.5/PM10 should especially focus 

on the traffic and biomass combustion sectors because they represent the major 

emission sources. However, the industrial sector should not be forgotten. These 

measures fall into two types: (a) Municipal, achieved largely by local government, (b) 

Supra-municipal, often involving the central administration and covering several 

municipalities. Table 18 summarises some of the measures that can be adopted to 

reduce air pollution levels. These measures were prioritised according to a colour scale, 

from red (highest priority) to yellow (lowest priority), depending on the source strength 

and on type of measure (municipal or supra-municipal). A meeting with CCDR-N to 

discuss AIRUSE results and mitigation measures was already agreed, which should take 

place before summer 2015. 
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Table 18. Measures and priority degree suggested by AIRUSE based on PM speciation and source apportionment obtained in 2013 at POR-TR. 

Sector Measure Competence Description Priority 

Road traffic  
 
PM10: 36% 
Exhaust 23% 
Non-exhaust 9% 
Nitrate 4% 
  
PM2.5: 39% 
Exhaust 31% 
Non-exhaust 5% 
Nitrate 3% 

Improving private fleet National and local Support initiates of urban electric mobility; increase the share of electric vehicles, reduce the diesel share  

Local Introduction of high environmental standards when purchasing municipal vehicles  

National Subsidies and bonuses that either support the retrofitting of a vehicle, the scrapping of it or simply the transition to a 
new form of mobility; Voluntary accelerated vehicle retirement programmes (also referred to as scrap, clunker, or old 
vehicle buy-back programmes); Create a grant programme to co-finance the extra cost of replacing in-use diesel 
equipment and engines by retrofitting with certified technology or by purchasing new cleaner diesel engines or 
engines powered by alternative fuels or electricity. 

 

Lowering number of cars 
in the urban areas 

Local Implementation of measures that attribute a direct price to a car entering the city, such as road and congestion 
charges 

 

 Restrict vehicle circulation to neighbourhoods in specific areas of the city  

Low emission zones (LEZ) Local Compulsory establishment of LEZ in all municipalities with > 15000 inhabitants.  

Improving public 
transportation 

National and local Continuous update and improvement for an economic, environmentally friendly and faster public transportation 
(train and tram).  Reduction of congestion delays by using bus lanes.  

 

National and local Technical improvements of the bus fleet (diesel filter and LPG engines), renewal of the municipal solid waste 
management fleet; improving resource efficiency by reducing fuel consumption and adopting fuel efficient 
technologies; achieving cleaner transport through cleaner diesel vehicles and cleaner forms of commuting 

 

Local Increase the number of routes and frequency of service, in order to reduce waiting and  exchange times, expand the 
motorised transport 

 

Local Make public transport more appealing (reduced crowding, better seats, cleaner vehicles, on-board internet access 
and other amenities). More efficient user information through signs, websites and mobile telephone applications that 
provide information on transit routes, fares and real-time vehicle arrival predictions 

 

Local Developing more integrated and seamless connections between bus/metro/train and parking  

Local Improved stops and stations, including shelter (enclosed waiting areas with heating in winter and cooling in summer), 
seating, washrooms, refreshments, Internet services, and other convenience features. This is a particularly important 
type of improvement in stations or stops where passenger traffic volumes often exceed the site design capacity. 

 

Local Regular inspection programmes for public vehicles for a proper maintenance  

Local Services targeting particular travel needs, such as express commuter buses, special event services and various types of 
shuttle services 

 

Random tests on vehicle 
emissions 

Local Random tests on vehicles (mainly diesel trucks) to ensure that smoke emissions are within acceptable limits.  
 

Improve parking 
management 

Local Improved parking management with a focus on peak-hour pricing; restricting parking in the city centre with 
application of differential fees. High fares for parking in the city center for non residents  and cheap fares for eco-cars 

 

Car-sharing Local Reduce single-occupancy car journeys by promoting car sharing with a proper connection to public transport services 
and cycling 
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Cycling paths and 
pedestrian lanes 

Local Facilitating alternative mobility by the construction of new cycling paths and the increase of the city surface destined 
to pedestrian. Develop bike parking and changing facilities; Develop bike sharing programmes; improved connectivity 
to public transport 

 

New park & ride Local New strategic parking lots at main transport interfaces (train, bus and tram stations) at the outskirts of the city in 
order to promote the combined use of car and public transport 

 

 Awareness National Integration of mobility awareness into school curricula  

Biomass Burning 
 
PM10: 12% 
PM2.5: 18% 

Smoke from Wood-
Burning Fireplaces and 
Heaters 

National and 
Local 

 Mandatory certification of biofuel and residential combustion equipment 

 Educational programmes (what to burn, how to burn, choosing the right appliance) 

 Regulatory programme to ban or restrict some wood burning devices in new homes,  

 Allow installation of only certified wood burning appliances 

 Replace non-certified units upon property sale (removal of old stoves upon re-sale of a home); 

 Weatherization incentives 

 Financial incentives for old wood stove and fireplace change outs 

 Consider the possibility of enforceable emission reduction programme (mandatory opacity standard) 

 Establish a public awareness programme 

 Set a voluntary curtailment during periods with predicted high PM levels (or update to mandatory) 

 

National and 
Local 

 Prohibit burning of materials not intended for use in wood-burning appliances 

 Regulate moisture and ash content of wood 

 

Biomass burning use Local Communication campaign through the media (web, radio, TV, newspapers) and dissemination of "best practices". 
Central theme: the improper use of firewood in small household systems involves a number of negative effects on the 
environment and health (including indoor air pollution) that, otherwise, may be at least partially contained by the 
correct use of biomass leading to a reduction in fuel consumption, lower emissions and increased safety in the home. 
The practical suggestions relate to the choice of the type of plant and wood, the need for proper installation and 
maintenance and monitoring of the adequacy of combustion. Educational programmes (what to burn, how to burn, 
choosing the right appliance) 

 

Open biomass burning Local  Because of the generalised practice of agricultural biomass burning regulatory for open burning activities with 
particular reference to agriculture and forestry is necessary 

 Development of a system for collecting firewood from to feed small controlled biomass heating plants. Create 
specific solid waste management programmes for garden and agriculture residues 

 More strict regulatory programmes and effective inspection applied to open biomass burning; Mandatory 
curtailment 

 -Requirements for a burn authorization system, 

 -Requirements for smoke management plans by prescribed burners 

 -Requirements for burn, no burn, and marginal burn days 

 

 Wild fires National and 
Local 

 Conception of a national plan of prevention and defence of the forest against fires 

 Incentives that promote effective cleaning of forests 

 

Heavy oil + 
secondary 
PM10: 10% 

Reduction of secondary 
sulphates precursors (SOx 
and NH3) 

Local  Promote the reconversion of oil burning power plants to gas power plants.  

 Enhanced surveillance of stationary sources 

 Survey of emission reduction systems in the industries of the Northern Region 
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PM2.5: 13%  Publication of a legal diploma with new emission limit values (ELV) for stationary sources 

 Permission to dock in Leixões harbour only given to vessel with engines operating with low sulphur content; Best 
available technologies applied to marine ship flue gas must be required; use of plug-in shore power; alternative 
at-dock technologies (like channelling exhaust through barge-mounted control devices) 

Reduce NH3 emissions Local Application of "guidelines" for regional containment of ammonia resulting from agricultural, zootechnics and waste 
practices. 

 

NOx reduction Local Introduction of the centralised system in buildings with more than 5 units. Favour the extensive use of valves for heat 
metering in each residential housing. 

 

Local dust /Urban 
works 
 
PM10: 18% 
PM2.5: 16% 

Street flushing and 
washing 

Local Increase the frequency and/or the number of streets and sidewalks subjected to washing  

Water spraying Local Apply water during construction, operations (earthmoving, demolition, grading)  

Storage and handling of 
dusty materials 

Local Cover bulk material during storage; Covering the cargo beds of haul trucks with a suitable closure to minimise wind-
blown dust emissions and spillage; green curtains in areas with high diffusive dust emissions; reduction of vehicle 
speed.  

 

Unpaved areas Local Apply water, nano-polymers, gravel, or pave unpaved parking lots or roads; Set additional control requirements for 
unpaved roads (e.g. vegetating, adopting speed limits). 

 

Other sources Commercial charbroiling Local Set requirements for commercial charbroiling operations (e.g., emission control device)  

Inter-sectorial Environmental education 
and awareness raising 

Local Communication campaigns through the media and dissemination of "best practices" should be favoured in order to 
sensitise population on the opportunity of the previous measures. Integration of mobility awareness into school 
curricula 
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  Milan  5.1.5.

 

According to the National legislation, the regional agencies for the environmental protection 

(ARPA in each regions) have the competence for the Air Quality Monitoring; the competence 

of regional/local measures to ensure the respect of the air quality legal limits is a responsibility 

of the Regional Administration, with the technical support of their ARPA, and they have to 

take any necessary measures to ensure the compliance with the air quality legal limits in the 

national territory. 

The specific combination of the orographic and meteorological features, with intensive 

urban/industrial and agricultural emissions of the Po Valley contributes to the frequent 

occurrence of exceedences of PM10 and PM2.5 Limit Values and target. For this reason, 

mitigation measures should be adopted.  

In the urban background site of Milan (MLN-UB), annual mean levels of PM10 and PM2.5 

during 2013 were 38.1 µg/m
3
 and 30.5 µg/m

3
 respectively. At this station, the annual PM10 

Limit Value (2008/50/EC) was met, but the daily PM10 exceedances (80 for MLN-UB) and the 

target value for PM2.5 (25 µg/m
3
 at 01/01/2015) exceed the legislated limits. Furthermore, the 

annual limit value for NO2 at the five traffic sites in Milan were not met, even if the trend of 

the last three years is for a slight decrease. The study year, 2013, was characterized by 

meteorology that disfavoured dispersion and cleansing of the atmospheric pollution, as 

typically happens in the Po Valley. 

According to our AIRUSE results, and to the emission inventories, road traffic is clearly the 

main source of PM10 and PM2.5, followed by biomass burning and secondary particles, which 

have an important regional contribution. It is therefore evident that future efforts from air 

quality plans for the city of Milan must focus on the road traffic sector, and on biomass 

burning. The high penetration of natural gas in the domestic and residential heating of Milan 

accounts for a relatively low contribution of this source to PM levels. To reduce the 

contribution of the secondary particles, attention must focus on primary sources that are mainly 

in agriculture sectors, road traffic, biomass burning, and also industrial sectors, already under 

effective control of their PM primary emissions. For several years, as the problem was 

recognised, regional AQ plans were developed, and the latter are the PRIA 2013-2020 

(Regional measures plan for the Air Quality). The application of those measures has led to a 

gradual improvement in the AQ but further efforts are still being made. 

AIRUSE has therefore selected two main categories of mitigation measures (Table 19): priority 

(for road traffic, biomass burning and precursors of secondary particles) and ancillary (for other 

local sources). Moreover AIRUSE encourages horizontal (or inter-sectorial) measures which 

will have a medium-long-term beneficial effect on air quality. 
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Table 19. Measures and priority degree proposed by AIRUSE for Milan based on PM speciation and source apportionment obtained in 2013 at MLN-UB. 

Sector Measure Competence Description Priority 

 
 
Road traffic  
 
30% of PM10: 
Exhaust 7% 
Non-exhaust 9% 
Nitrate 14% 
 
 
29% of PM2.5: 
Exhaust 6% 
Non-exhaust 9% 
Nitrate 14% 

Low emission zones (LEZ) National and local Adopting a national labelling scheme to enforce local emission-related traffic restrictions. Already applied in 220 EU 
cities. In Berlin a 58% reduction of exhaust particle emissions was achieved 

 

Restrictions to entering 
the city centre 

Local Access to urban centre limited for vehicles in municipalities > 40000 inhabitants  

Lowering number of cars 
in the urban areas 

Local Implementation of measures that attribute a direct price to a car entering the city, such as road and congestion 
charges 
Restrict vehicle circulation to neighbourhoods in specific areas of the city 

 

Transport (private and 
public) 

Local Facilitate the replacement of vehicles <Euro 3 diesel with Euro 6 adopting restrictions on their movement. 
Prohibition on movement for <Euro 2 diesel since 2015. Promotion of the LPG and hybrid engine vehicles. 
 

 

Support for cyclists 
 

Local Increase the city surface reserved for cyclists. Improvement in traffic planning for a shift in modal split from motor 
traffic towards public transport, cycling and pedestrian traffic 
 

 

Improving public 
transportation 

Local Continuous update and improvement for an economic, environmentally friendly and faster public transportation 
(metro, train, and tram) 

 

Cycling paths and 
pedestrian lanes 

Local Facilitating alternative mobility by the construction of new cycling paths and the increase of the city surface destined 
to pedestrian. Develop bike parking and changing facilities; Develop bike sharing programmes; improved connectivity 
to public transport 

 

Promoting low-carbon 
and low-NOx vehicles  and 
diesel retrofit 

National and local Incentive to the installation of particle filters in heavy duty commercial vehicles. 
Development of electric vehicle Infrastructure. 

 

Reducing road 
transportation for goods  

National and local Creating a train-harbor interface for transport of goods, which is currently carried out by trucks. Defining of a more 
sustainable logistic.  

 

Car-sharing and 
motorcycle-sharing 

Local Reduce single-occupancy car journeys by promoting car sharing, and suitable motorcycle sharing, linking car sharing 
to public transport services and cycling 

 

Mobility card Local Incentives to alternative mobility with a "Mobility Card" prepaid for the public transport system, through the 
destruction of an old and polluting vehicle. 

 
 

Promoting innovative 
fuels 

Local Development of studies on innovative fuels, such as dual-fuel systems.  

Vehicle and road 
maintenance 
 

National and local Control of the inspection programmes to public vehicles to ensure that in-use engines continue to have functional 
controls and proper maintenance. 
Maintaining roads in good repair to reduce the contribution of PM from 
road surface wear; 
 

 

 Awareness National Integration of mobility awareness into school curricula  

Biomass burning Biomass combustion use Local Communication campaign through the media and dissemination of "best practices". Central theme: the improper  
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24% of PM10 
21% of PM2.5 

use of firewood in small household systems involves a number of negative effects on the environment and health. 
The practical suggestions relate to the choice of the type of combustion system and wood, the need for proper 
installation and maintenance and monitoring of the adequacy of combustion. 

Biomass combustion 
regulations 

local Rules for new systems installation and for proper maintenance. Census of domestic installations using wood for 
heating (including existing ones) in order to contain emissions. In 2015, following the introduction of the classes of 
emission, regulate the use of equipment characterised by high emissions. 

 

Biomass combustion 
regulations 

National and local Energy and emission classification for biomass burning appliances.  

Open biomass burning Local Regulations for open burning activities with particular reference to agriculture, forestry and construction. In general, 
it is forbidden but the regional government allow them with some restrictions and conditions. 

 

Biomass combustion use Local Prohibition to use biomass burning in domestic heating for municipalities < 300m asl and with domestic plant 
efficiency less than 63% (by 2018 extension to the entire region). 

 

Biomass combustion 
regulations 

National and local Updating of the regulations regarding on the deployment of biomass burning plants for energy production. On the 
land, the use of biomass for energy production must be steered towards producing heat, favouring the use of heat in 
the district heating network. 

 

Other sources 
 

Precursors of 
secondary particles 
Secondary 
particles: 
19% of PM10 
25% of PM2.5 

Reduce NH3 emissions Local Application of the "guidelines" for regional containment of ammonia resulting from agricultural, livestock and waste 
practices. 

 

Industrial 
9% of PM10 
5% of PM2.5 

Industrial facilities Local Impose high standards for fuels and BATs (channelled and fugitive emissions), and increase inspections to facilities.   

Urban waste incineration  National and local Favour the extensive application of incinerator for domestic and industrial district heating. Introduction of target 
values and use of BATs in authorizations. 

 

Urban 
works/Mineral 
7% of PM10 
5% of PM2.5 
 

Water spraying Local Apply water during construction, operations (earthmoving, demolition, grading), within a radius of 500 m and at leat 
twice a day. Clean vehicle wheels leaving the site. 

 

Storage and handling of 
dusty materials 

Local Cover bulk material during storage; Covering the cargo beds of haul trucks with a tarp or other suitable closure to 
minimise wind-blown dust emissions and spillage; green curtains in areas with high diffusive dust emissions; 
reduction of vehicle speed and eco-driving test for workers.  

 

Inter-sectorial Environmental education 
and awareness raising 

Local Communication campaigns through the media and dissemination of "best practices" should be promoted in order to 
sensitise population on the opportunity of the previous measures. 
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