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1 INTRODUCTION 

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

different climatic conditions and local features such as anthropic sources 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; refs for Biogenic and wild fires). 

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 variability is less known 

because it is not routinely measured in most air quality zones. As consequence there is limited 

information on the geographical variability of the coarse fraction, 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 are the multicity 

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 a 

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

For instance, PM10, 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 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 while spanning within 1998 

to 2002. Kukkonen et al., (2005) analysed 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, being PM2.5, 

PM10 and particle composition 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 European cities for PM10 

and PM2.5 levels and composition, following the same sampling protocol and 1 year (2013) 

calendar in Barcelona (Spain), Oporto (Portugal), Florence (Italy) and Athens (Greece). The 

goal is to characterize the similarities and heterogeneities in PM sources and contributions 

across the Mediterranean region (Figure 1).  

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. 
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Figure 1. Map of AIRUSE cities 

 

2 METHODS 

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

four urban stations in Barcelona (Spain), Porto (Portugal), Florence (Italy) and Athens 

(Greece). PM10 and PM2.5 samples were collected simultaneously over 24 hours, every third 

day, on quartz/Teflon filters. In addition, in order to evaluate chemical fingerprint of Saharan 

dust, additional PM10 samplings were also performed at each city under selected Saharan 

dust intrusions forecast. The forecast was based on the interpretation of: i) air masses back 

trajectory calculated with the HYSPLIT4 model from NOAA (Draxler and Rolph, 2003); ii) 

additional information from SKIRON-University of Athens (http://forecast.uoa.gr.html) and 

Barcelona Supercomputing Center (NMMB/BSC-Dust forecasts) predicting models. 

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

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

DH1080 high volume samplers (30 m
3
 h

-1
) on 150 mm diameter quartz fiber filters 

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

background 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, 100000 vehicles day
-1

) is located 200 m away (Figure 1). 

Beside the base PM sampling, ancillary measurements consisted of: 

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

two stage low volume sampler STREAKER (Formenti et al., 1996) during 5 

weeks (April-May 2013), simultaneously at two traffic sites with contrasting 

traffic volumes (Valencia road, 11000 vehicle day
-1

 and Industria road, 4000 

vehicle day
-1

), allowing the collection of around 9000 hourly samples analyzed 

for elemental composition by means of PIXE. 

 

Porto 
Barcelona 

Florence 

Athens 

http://forecast.uoa.gr.html/
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Figure 2: Location and picture of the Barcelona monitoring site 

 

- Porto (Portugal). The urban traffic station is located in Praça Francisco Sá Carneiro 

(41º09´46.10´´ N; 8º35´26.95´´ W, Fig. 3) and part of the National Air Quality 

Network, QualAr. It is located in the eastern side of the 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

-1
 were collecting 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

-1
 with an Anderson PM10 sampling head and 

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

PM2.5 samples onto quartz fiber filters (Whatman).  

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

STREAKER sampler during 3 weeks (June-July 2013) and analyzed for 

elemental composition by means of PIXE. 
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Figure 3: Location and picture of the Porto monitoring site 

 

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

(43°47'8.33"N, 11°17'13.19"E, Fig. 4) 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

-1
) 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 fiber filters (47 mm diameter).  

Ancillary measurements:  

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

STREAKER sampler during 3 weeks (June-July 2013) and analyzed for 

elemental composition by means of PIXE. 
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Figure 4: Location and picture of the Florence monitoring site 

 

- Athens (Greece). The Demokritos urban station has been selected for the 1-year 

measurement campaign in Athens. The station is located at the NCSR “Demokritos” 

premises (37°.99’50’’°N 23°.81’60’’°E, Fig. 5), in the North East corner of the 

Greater Athens Metropolitan Area and at an altitude of 270 m.a.s.l. The site is away 

from direct emission sources in a vegetated area (pine). PM10 and PM2.5 samples 

were collected on Teflon filters by means of low volume samplers (Sequential 47/50-

CD with Peltier cooler, Sven Leckel GmbH and Tecora Echo PM sampler).  

Ancillary measurements:  

o PM10 and PM2.5 were also collected on quartz filters by means of High 

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

SA) and analyzed by means of ICP. These samples were used for 

intercomparison between different filter types. 
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Figure 5: Location and picture of the Athens monitoring site 

 

Before sampling, quartz fiber filters were dried at 205 ºC during 5 h and conditioned for 48 h 

at 20 ºC and 50% of relative humidity. Teflon filters were conditioned under the same 

conditions but without previous drying. 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 filters were kept in aluminum foils. After 

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

hours of conditioning at the same T and HR conditions of first weighing.   

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

determinations (Table 1). These procedures are briefly listed below, according to the different 

species analyzed: 

- Major elements and trace elements were determined: 

o In Teflon filters by PIXE (Particle Induced X-Ray Emission, Calzolai et al., 

2006) and, 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 and Athens samples); 

o In quartz filters by ICP-MS (Inductively Coupled Plasma Mass Spectrometry) 

and ICP-AES (Inductively Coupled Plasma Atomic Emission Spectroscopy) 

after acid digestion (5 ml HF, 2.5 ml HNO3, 2.5 ml HClO4) of 1/4 of each filter 

(Querol et al., 2001);  

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

analysis with the EUSAAR2 temperature program by means of Sunset analyzers; 

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

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

basically 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 

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

- On the PM2.5 quartz filters Levoglucosan, by means of Ion Cromatography after 

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

punch from quartz filter. 

 

PM10 samples collected during Saharan dust episodes were also analyzed for elemental 

composition by means of PIXE/ICP techniques (Table 1). 

 

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

technique in colors. 

   

Barcelona 
Florenc
e Porto Athens 

 

Daily 

PM10 

Mass 122 226 123 193 

Elements 122 226 123* 193*ǂ 

 

PIXE 

Ions 122 226 123 193 

 

ICP 

ECOC 122 226 123 193 

 

SUNSET 

CC 122 226 123 193 

 

Infrared 

PM2.5 

Mass 126 243 126 285 

 

IC 

Elements 126 243 126 285 

 

GC 

Ions 126 243 126 285 

  ECOC 126 243 126 285 

  Levoglucosan 126 243 126 285 

  Hourl
y 

PM2.5-10 Elements 716 504 504 840 

  PM2.5 Elements 714 504 504 840 

  *intercomparison between PIXE and ICP on Teflon filters 

  ǂintercomparison between Teflon (PIXE) and quartz (ICP)  filters 
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3 RESULTS AND DISCUSSION  

Annual average PM10 mass concentrations observed at the four cities were all below the 

current European limit values of 40 µgPM10/m
3 

(annual mean) and 50 µgPM10/m
3 

(daily 

mean) with the exception of Porto where the 90.4
th

 percentile (2008/50/EC) of PM10 daily 

data was 54.0 µg/m
3 

(Fig. 6). Concerning PM2.5, the stations in Barcelona, Athens and 

Florence registered annual concentrations below the target value (25 µg/m
3
 by 2015), while 

Porto registered an annual mean of 26.8 µgPM2.5/m
3 

(Fig.6). 

When considering the stricter WHO guidelines (annual means), all cities exceeded both the 

PM10 and PM2.5 thresholds, with the exception of PM10 in Florence. The daily PM2.5 WHO 

threshold was not attained only in Porto (Fig.6).  

 

 

Figure 6. Daily PM10 and PM2.5 concentrations box plot during 2013 at the four AIRUSE 

cities. 

 

The average PM2.5/PM10 ratios were 0.5 in Athens, 0.7 in Barcelona and Florence and 0.8 in 

Porto, revealing higher road traffic contributions in Porto station rather than in Athens station. 

The intra annual variation showed very different pattern across the Mediterranean. Maxima 

PM10 concentrations (30 days-averages) were observed in July and December in Barcelona, 

August-September in Porto, April-May in Athens and December in Florence (Fig. 7). These 

patterns are related to seasonality of several pollutants (such as ammonium sulfate, 

ammonium nitrate, Saharan dust intrusion and biomass combustion) and meteorology. 
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Figure 7. Average intra-annual and intra-week variation of PM10 during 2013 at the four 

AIRUSE cities. 
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Conversely weekly variation was more similar among all cities (Fig. 7), with minima 

concentrations during weekend, revealing the high contribution of anthropogenic emissions. 

Maxima concentrations were instead observed on Mondays (Florence), Tuesdays (Barcelona), 

Wednesdays (Athens) or Fridays (Porto) by factors of 1.26, 1.09, 1.28 and 1.22, respectively.  

For PM2.5 figures do not change considerably, with the exception of a higher December peak 

(relatively to the rest of year) in Barcelona and Florence and second peak in summer in 

Athens (Fig. 8). Concerning PM2.5 weekly variation it is noteworthy the similar pattern in all 

cities (maxima on Mondays) with the exception of Porto, where the higher proximity to traffic 

routes generates maxima on Fridays. 
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Figure 8. Average intra-annual and intra-week variation of PM2.5 during 2013 at the four 

AIRUSE cities. 
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Coarse particles (PM2.5-10) concentrations, calculated as the difference between PM10 and 

PM2.5, showed maxima during spring at all stations (Fig. 9), although Porto and Florence 

showed also a second peak during fall and in Barcelona the peak includes summer months. In 

general winter shows the lowest concentrations probably due to the higher frequency of 

precipitations that inhibit dust resuspension (either natural or anthropogenic), which has 

typically a coarse size distribution.    

The weekday/weekend variation observed for PM10 and PM2.5 is not representative of coarse 

particles (Fig. 9), except for Florence, probably linked to the effect of Saharan dust intrusion.  
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Figure 9. Monthly means and average daily means of PM2.5-10 during 2013 at the four 

AIRUSE cities. 
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Long range transport of Saharan dust is a major natural source of particulate matter (PM), 

especially for the countries of Southern Europe. Potential effect from Saharan dust was 

identified for 14%, 10%, 25% and 23% of the measurement days in Porto, Barcelona, 

Florence and Athens respectively. The occurrence (number of days) of Saharan dust intrusion, 

as simulated by forecast models, was more pronounced during spring at all AIRUSE cities, 

causing a spring peak of coarse PM at all cities, but also in summer in Barcelona, Florence 

and Porto, and autumn in Athens and Porto (Fig.10).   

 

Figure 10. Number of days with Saharan dust intrusion  

 

When days with potential Saharan dust intrusion are excluded, the annual mean PM10 

concentrations were lower at each city by -3.0 µg/m
3
 in Athens, -1.1 µg/m

3
 in Porto, -0.7 

µg/m
3
 in Barcelona and -0.6 µg/m

3
 in Florence (Fig. 11). Regarding PM2.5, the changes in 

concentrations were 0.4, 1.0, 0.4 and -0.2 µg/m
3 

respectively (Fig. 11).  

Figure 11. Number of days with Saharan dust intrusion  
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The net daily Saharan dust contribution was calculated following the methodology of SEC 

(2011) 208 final.  Briefly the 30 days moving 40
th

 percentile of daily PM10 concentrations 

measured at a representative regional background site (one for each city) is calculated after 

removing days with identified Saharan dust intrusion through the model forecast and back 

trajectory analysis. The net Saharan dust contribution is then calculated daily subtracting the 

40
th

 percentile to the observed PM10 concentration at the AIRUSE sites. The annual average 

contribution in 2013 from Saharan dust was estimated at 0.5 µg/m
3
 in Barcelona, 1.8 µg/m

3
 in 

Athens and Florence and 1.5 µg/m
3
 in Porto.  

 

Figure 12. Average weekly pattern of PM10, PM2.5 and PM2.5-10 concentrations in 

AIRUSE cities from Sunday (1) to Saturday (7) excluding days with potential impact of 

Saharan dust. 
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Elemental tracers 

The daily concentrations of specific elemental tracers was monitored along the 2013 and 

shown in Figure 13 in order to have a first insight of the temporal variation of source impact. 

More specifically, the following tracers were used: 

- Vanadium for heavy oil combustion (mostly used from ships) 

- Zinc for metallurgy emissions 

- Non-sea salt Sulphur (nss S) for secondary sulphate particles 

- Copper for road traffic emissions (brake wear) 

- Sea salt calculated as the sum of sea salt related Na, Cl, K, Mg, Ca and S 

(stoichiometric factors were applied)  

- Potassium for biomass burning 

Table 2: Summary of statistics for elemental tracers, sum of sea salt and mineral particles.. 

  

V 

ng/m
3
 

Zn 

ng/m
3
 

K 

ng/m
3
 

Cu 

ng/m
3
 

Sea salt 

µg/m
3
 

nss S (fine) 

µg/m
3
 

Total 

mineral dust 

µg/m
3
 

Saharan dust 

µg/m
3
 

mean Barcelona 4 68 180 20 1.3 1.7 1.8 0.5 

 

Porto 5 118 434 32 3.8 2.1 4.0  

 

Athens 5 23 268 7 1.3 2.7 4.3 1.8 

 

Florence 3 21 256 23 0.6 2.0 2.2 1.8 

         

 

sd Barcelona 3 55 78 10 1.3 1.1 1.4 8.0 

 

Porto 3 210 344 16 3.6 2.6 2.9  

 

Athens 4 11 188 5 1.6 1.3 6.7 21.9 

 

Florence 2 14 223 18 1.2 1.4 4.2 13.7 

         

 

min Barcelona 1 4 17 5 0.0 0.0 0.2 0.0 

 

Porto 1 7 105 3 0.0 0.0 0.2  

 

Athens 1 5 29 2 -0.1 0.4 0.1 0.6 

 

Florence 1 4 30 1 -0.4 0.3 0.3 0.3 

         

 

max Barcelona 27 336 390 68 6.5 4.6 8.4 24.0 

 

Porto 18 1911 2989 84 15.6 15.9 12.8  

 

Athens 25 62 1378 37 8.7 6.2 45.8 66.1 

 

Florence 8 85 1366 117 6.5 6.0 18.3 50.4 
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Concentrations of V were similar at all cities and within the typical range of urban sites 

(Querol et al., 2007), although mean values were slightly higher in harbor cities like Athens, 

Porto and Barcelona (4-5 ng/m
3
) rather than in inland cities Florence (3 ng/m

3
). A steep 

decreasing gradient from coast to inland of Vanadium concentrations was already found by 

Alastuey (2014) and Hendricks (2014) in Europe. Maximum values occur mostly in spring 

and summer probably due to the higher number of cruise ships during this period.  However a 

contribution from industrial heavy oil combustion cannot be discarded. 

Zinc (and Pb) showed much larger variability among different cities, being the mean 

concentration in Porto 5-6 times higher than Athens and Florence and twice as high as in 

Barcelona, but still in the upper range of urban sites (Querol et al., 2007). The time variability 

in Porto is characterized by very high peaks, being the background concentrations in the range 

of the rest of sites. This suggests the presence of some specific industrial process, whose 

emissions affect sporadically the station of Porto, regardless of the time of the year. In 

Barcelona concentrations are also relatively high, being emissions from smelters (Zn, Pb and 

Mn) already identified by previous studies (Amato et al., 2009). 

Non-sea salt sulphur (in PM2.5) shows relatively homogeneous mean values, although 

slightly higher in Athens (mean value of 2.7 µg/m
3
) and largest peaks in Porto during 

summer. All stations show higher values in summer due to higher photochemistry activity. 

Copper concentrations were higher in Porto, due to the proximity of the monitoring station to 

a traffic way (Fernão de Magalhães Avenue). Copper is a good tracer for brake wear 

emissions, and was found to depend closely from traffic density at traffic sites (Amato et al., 

2011). 

Average sea salt concentrations were 0.6 µg/m3 in Florence, 1.3  µg/m3 in Barcelona and 

Athens, and 3.8 µg/m3 in Porto due to the direct air masses Atlantic advection. Sea salt 

concentrations maximize in winter and spring at all sites. 

 

For each component the levels by wind direction are investigated by means of the pollution 

rose (OpenAir software) using a cyclic smooth cubic spline. The wind directions are rounded 

to the nearest 10 degrees. This plot is most useful for showing the distribution of 

concentrations by wind direction and often can reveal different sources e.g. those that only 

affect high percentile concentrations such as a chimney stack. 
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Figure 13. One-year daily concentrations of elemental tracers in the four AIRUSE cities. 

Missing value correspond to concentrations below minimum detection limit. 
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Figure 14. Monthly means of sea salt concentrattions during 2013 at the four AIRUSE cities. 
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Figure 15. Percentile plots of elemental tracers (V, Cu, K, S, Zn), sea salt and mineral dust in 

Barcelona. 

 



 

 

 Preliminary results of AIRUSE campaigns and chemical analysis 

 

 

 

AIRUSE LIFE 11 ENV/ES/584                                                                                                               

 Page 24   

 

Figure 16. Percentile plots of elemental tracers (V, Cu, K, S, Zn), sea salt and mineral dust in 

Florence. 
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Figure 17. Percentile plots of elemental tracers (V, Cu, K, S, Zn), sea salt and mineral dust in 

Athens. 
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Figure 18. Percentile plots of elemental tracers (V, Cu, K, S, Zn), sea salt and mineral dust in 

Porto. 
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4 CONCLUSIONS 

 Annual average PM10 mass concentrations observed at the four cities were all 

below the current European limit values of 40 µgPM10/m
3 

(annual mean) and 

50 µgPM10/m
3 

(daily mean) with the exception of Porto where the 90.4
th

 

percentile (2008/50/EC) of PM10 data was 54.0 µg/m
3  

 Concerning PM2.5, the stations in Barcelona, Athens and Florence registered 

annual concentrations below the target value (25µg/m
3
 by 2015), while Porto 

registered an annual mean of 27 µgPM2.5/m
3  

 As expected, sea salt levels in PM10 were higher at Porto, due to its windy 

Atlantic location, followed by Athens, Barcelona and the inland city of 

Florence. 

 Levels of Lead and zinc, with an industrial (ceramic or metallurgy) origin were 

much higher in Porto than in the other locations. These points to a local 

industrial source causing a high metal pollution in this city. Research in 

progress will point to the type of industrial source and most probable location. 

Preliminary information points to a clear northeastern location. 

 Levels of copper, mostly from brake pads of vehicles and from industry, show 

again the highest levels at Porto, followed closely by Barcelona and Florence.  

 Vanadium, mostly from shipping is clearly higher in the cities influenced by 

harbor emissions, and lower in the case of Florence. 

 Potassium is a very useful tracer of biomass burning. In this case, very low 

levels are recorded at Barcelona. We evidenced the sporadic high levels 

recorded in summer at Porto (and with a minor intensity in spring in Athens), 

probably due to forest fires. Finally it is clear the impact of domestic biomass 

burning in winter in Florence. 

 Fine sulphur is a tracer of industrial and power generation combustion of fossil 

fuels. Shipping may also have a great influence on this pollutant. The data 

show relatively high levels of this PM2.5 component at Porto, followed by 

Athens. 

 The highest mineral dust contents were recorded at Athens and Porto, but 

probably as a consequence of different reasons. African dust contributions in 

the first and anthropogenic dust in the second. 
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