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Abstract. Differential mobility particle sizer (DMPS) at separating components and quantifying relative contribu-
aerosol concentrations (Bl gog) were collected over a one- tions to the particle number population.
year-period (2004) at an urban background site in Barcelona
North-Eastern Spain. Quantitative contributions to particle
number concentrations of the nucleation (33—-39 %), Aitken
(39-49%) and accumulation mode (18-22%) were esti-1 Introduction
mated. We examined the source and time variability of at-
mospheric aerosol particles by using both K-means clusterUrban air pollution is one of the environmental problems of
ing and Positive Matrix Factorization (PMF) analysis. Per- major concern and, due to growing urbanization, will proba-
forming clustering analysis on hourly size distributions, nine bly become increasingly important in the future. The quality
K-means DMPS clusters were identified and, by directionalof air we breathe is typically expressed in terms of a number
association, diurnal variation and relationship to meteorolog-of air pollutants that have adverse effects on human health
ical and pollution variables, four typical aerosol size distribu- and the environment. Those pollutants include gaseous pol-
tion scenarios were identified: traffic (69 % of the time), dilu- lutants such as ozone, nitrogen dioxide, carbon monoxide,
tion (15 % of the time), summer background conditions (4 % sulphur dioxide as well as airborne particulate matter, ex-
of the time) and regional pollution (12 % of the time). Ac- pressed as mass and number concentration. Legally required
cording to the results of PMF, vehicle exhausts are estimate¢ioutine monitoring of key urban pollutants is widely per-
to contribute at least to 62—66 % of the total particle numberformed (EEA 2009). However, at present there are no air
concentration, with a slightly higher proportion distributed quality standards for particle number concentrations in am-
towards the nucleation mode (34 %) relative to the Aitken bient air although some European countries have local obser-
mode (28-32 %). Photochemically induced nucleation parti-vation networks (Reche et al., 2011).
cles make only a small contribution to the total particle num-  Particulate matter is one of the key urban pollutants and
ber concentration (2-3 % of the total), although only parti- much research has focused on the smaller size fractions. Ul-
cles larger than 13 nm were considered in this study. Overalirafine particles (UF) are defined as those with diameters
the combination of the two statistical methods is successfusmaller than 0.2cm (100 nm), they make the highest contri-
bution to the total particle number concentrations, but only a
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small contribution to particle volume or mass (Harrison et al.,and to assign group memberships (Beddows et al., 2009).
2000a, b). It is widely accepted that exposure to air pollutantsAdditionally, continuous aerosol size distributions are also
may have severe consequences for human health, includingnalyzed by using PMF (Harrison et al., 2011) which extracts
diseases of the respiratory and cardiac systems (Atkinsoesomponent parts from a size distribution. Clustered data are
et al., 2010; Pope et al., 2002). Toxicological studies haveused to study the large variations in size distributions, both
suggested that UF are more toxic than coarser particles, pepatially and temporally within a Mediterranean urban back-
unit mass (Davidson et al., 2005; Seaton et al., 1995). Theground location. Aerosol emission, formation, and dynamic
UF variability in urban environments is largely determined processes are inferred from the K-means cluster character-
by local emission sources and atmospheric processes (Reclgics and correlations with concurrently measured meteoro-
et al., 2011). Aerosol number size distributions in the ur-logical, gas phase, and particle phase measurements. Whilst
ban area are mainly a function of a number of factors, in-a K-means cluster represents a full size distribution, a PMF
cluding primary emissions (i.e. traffic, industrial and domes-factor represents only part of it. Consequently, a K-means
tic emissions), meteorological factors, and long-range transeluster represents a typical aerosol size distribution at a given
port from diverse sources and regions (Hussein et al., 2006&ime, whereas a PMF factor is more related to a specific
Yue, 2009; Costabile et al., 2009). In the Helsinki urban source or process. In other words, PMF can separate contri-
area the temporal variation of the particle number concenbutions to the size distribution of airborne particulate matter,
tration showed close correlations with traffic activities (Hus- whereas K-means clustering can describe the possible differ-
sein et al., 2004). Particle formation events (secondary partient combinations of particle size distributions occurring in
cles governed from gas-to-particle conversion) can occur orthe urban air studied. In this study, we apply these two pow-
a large regional scale (Kulmala et al. 2004); and have beerrful techniques to elucidate the influences upon measured
observed impacting also major urban areas, favored duringize distributions.

intense solar irradiance and in less polluted cooler drier air

(Alam et al., 2003; Stanier et al., 2004; Wehner et al., 2007).

Such events were found to present higher particle numbep Methodology

concentrations at urban background sites relative to more ur-

ban downtown site in a major city, despite its high traffic den- 2.1 Location

sity (Jeong et al., 2010).

It is therefore important to measure the complete aerosolfrhe WMB region is influenced by peculiar atmospheric dy-
size distribution in order to gain a better understanding ofnamics related to mesoscale and local/regional meteorologi-
the source attribution of particles in the urban atmospherecal processes (Millan et al., 1997). There is an intense sea-
(Harrison et al., 2011). Long-term and continuous aerosolsonal contrast concerning temperature, humidity and rain-
particle number size distribution measurements are availabléall causing marked seasonal patterns for specific pollutants.
for background sites (Asmi et al., 2011) but they are still Barcelona is the fifth most populous city in Europe, with
scarce in urban areas. In this study we utilize a long-term databout 1.7 million inhabitants in the city and around 3.5 mil-
set of aerosol particle number size distributions (13—800 nm}jions in the metropolitan area. The urban design and activity
in the urban background air of Barcelona, a metropolis lo-around Barcelona account for the highest road traffic density
cated in North Eastern Spain in the Western Mediterranearf Europe (6100 cars/kfpmuch more than in most European
Basin (WMB) during the year 2004. Previous research (Peycities with 1000-1500 cars/Kin Furthermore, Barcelona
et al., 2009) conducted in the study area identified five ma-has one of the main harbours in the Mediterranean Basin,
jor emission sources (vehicle exhausts, mineral dust, sewith the highest number of cruise ships for tourists in Spain,
spray, industrial source and fuel-oil combustion) and two at-being a significant focus of emissions of atmospheric pollu-
mospheric processes (photochemical induced nucleation ant@énts. In addition to the local Particulate Matter (PM) emis-
regional/urban background particles derived from coagulasions, Saharan dust outbreaks reach the Barcelona area in the
tion and condensation processes) having influence on sizesrder of 7—10 events per year, with a major frequency in the
selected particle number concentrations. summer and winter—spring periods (Rodriguez et al., 2001).

The objective of this work is to analyse different types of Aerosol size distribution measurements were taken in the
aerosol size distributions collected over a whole year of measouth west part of Barcelona, on the roof terrace (8m above
surements and to apportion to sources. The peculiarity lies iground, about 50 ma.s.l.) of the Institute of Earth Sciences
the methods used for analyzing this long term urban aerosolJaume Almera” (Consejo Superior de Investigaciones Cien-
size distribution dataset. All measured patrticle size distribu-tificas: JA-CSIC) (Fig. 1). This is an urban background mon-
tions are considered (after quality assurance), and not filteredoring site influenced at times by heavy road traffic emis-
according to any other criteria. Different states of the aerosokions from a major road (Diagonal Avenue, 132000 vehi-
are determined by using a novel application of K-means cluscles/day). This road is situated about 200m North of the
ter analysis, which uses the degree of similarity and differ-monitoring site, cutting the city of Barcelona from North
ence between individual observations to define the group&ast to south west (Fig. 1). This site was 200 m away from
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2.2 Differential Mobility Particle Sizer (DMPS) Fig. 2. (a) Average DMPS size distributiong/dlog(D) — cm—3)

for different seasons for the year 20Q4). Diurnal profile (local
The DMPS data collected over the whole year 2004 were 0bsie) of the DMPS size distributiongkl/dlog(D) — cm™3).

tained by using a Condensation Particle Counter (CPC) TSI

3022 connected to a Differential Mobility Analyzer (DMA)

TSI 3071. This equipment provided a complete size distribu-Barcelona (Querol et al. 2001; Querol et al., 2004; Perez et
tion of the number of particles between 13 and 800 nm (severl., 2008).

minutes resolution) using a software programmed at the Eu-

ropean Union Joint Research Centre (EU-JRC-Ispra, ltaly)2.4 Particulate Matter mass

The close loop sheath air used in the DMA was dried with

silica gel before the zero particle filter (Pey et al., 2009). ~ Simultaneously, levels of P\, PMzs and PM were ob-
tained at the monitoring over the same collection period, us-

ing an optical counter GRIMM 1108 which recorded PM lev-
els on an hourly basis (Pey et al., 2008; Pey et al., 2009).

Gaseous pollutant data were not collected at the sam IinThe optical counter data were calibrated by comparison with
b P "imultaneous gravimetric measurements by using high vol-

site. However, the Department of the Environment for the T g
. ume samplers MCV-CAV (30 fh~1) with other P\ inlets
Autonomous Government of Catalonia currently manages(at least two PMo two PMys and two PM 24-h samples

thirty one air quality monitoring station, three of which are . . N
classified as urban background ones (Sants, Ciutadella al grc(ezggllt)ected every week), in accordance with guidelines
' 1).

Gornal-L'Hospitalet). A detailed analysis of the levels of
gaseous pollutants (NO, NOCO, G; and SQ) of the three 5, g Meteorological data

stations during the 2004 year gave similar trends, support-

ing the common “urban background” sampling site classifi- Meteorological variables (atmospheric pressure, wind com-
cation. Whilst the optimal arrangement would have been toponents, solar radiation, temperature and relative humidity)
measure gaseous pollutants at the monitoring site, for thigvere obtained from a nearby meteorological station (100 m
study (like the ones of Pey et al., 2008; Pey et al., 2009) wegistant from our measurement site) located on the roof ter-
make the approximation of considering our monitoring site race of the Chemical and Physical Sciences Faculty of the
similar to the air quality urban background monitoring sta- Barcelona University (UB). Moreover, data from the Fabra

tions, hence we use Complementary data from the closest Or&)servatory (an astronomical and meteoro|ogica| observa-
(Gornal-L'Hospitalet, 3km). Local pollution from the Diag- tory located in Barcelona, located towards the south at 415 m
onal Avenue may at times impact the JA-CSIC monitoring ajtitude above sea level, at about 8 km from the monitoring

site; although previous studies did not show major differ- sjte) were also used to complement the UB meteorological
ences from the background sites, indicating that our JA-CSIGstation data.

sampling site reflects the urban background atmosphere of

2.3 Concentrations of gaseous pollutants
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Table 1. Data coverage of DMPS aerosol distributions during the mal intra-cluster distance. In other words, for Dunn’s index

year 2004. we wanted to find the clustering which maximizes this in-
dex. The use of cluster analysis was justified in this work
Month DMPS Data using a Cluster Tendency test, providing a calculated a Hop-
coverage (%) kins Index of 0.20 and implying the presence of structures
January 20 in the form of cluster in a dataset (Beddows et al., 2009).
February 73 The Dunn-Index for the results of the K-means analysis for
March 68 different cluster numbers showed a clear maximum for 14
April 84 clusters. However, by carefully looking at the clusters, these
May 62 were reduced to 9 as the difference among some of them was
June 1 minimal. It is important to note that the different aerosol size
July 81 distribution clusters were merged not only upon their simi-
August 76

Septemb g8 lar size distributions among each other but also by consid-
eptemoer ering strong correlations with other physical and chemical
October 87 . . .
November 78 parameters obtained with other instruments (Beddows et al.,
December 26 2099; Dall'Osto et al., 2_0_11a). One advantage of thi_s clu_s-
tering method over providing an average of aerosol size dis-
tributions is that it does provide a specific number of size
distributions which can be compared across different time
periods (Beddows et al., 2009). Some other examples of par-

. . . - ticle size distribution cluster analysis for substantial DMPS
Back trajectories of the air masses arriving at Barcelona werée

calculated at midday (12:00) for each day of the campaigndatasets can be fou.nd in thg literature (Tunved et al., 2004;
- . : Charron et al., 2007; Costabile et al. 2009).

depicting the path taken by the air mass reaching the sam-
pling site over the previous five days. The back trajectories2 79 PME
were run using the on-line HYSPLIT model developed by the ™ °

National Oceanic gnd.Atmosphenc Adm|n|str§t|on (NOAA) Continuous size distributions were also analyzed using Pos-
(I_D'raxler, 2903)' Six dlffer(_ant air mass scenarios were Clas"|tive Matrix Factorization (Harrison et al., 2011). Using a
sified for this study: Atlantlc North (ATL. N), Atlgntlc West 5 running Windows XP with 4GB of RAM available, only
(ATL. W), North Afncan (NAF)’ Europegn-Medlterranean 5000 can be cluster analysed at a time and many datasets
(EUR-MED), Regional during summer times (REG SUM) exceed this limit. To address this problem, 5000 spectra are

and Regional during winter times (REG WIN) (Pey et al., randomly selected from the dataset and used in the cluster
2008). analysis. The cluster result is then used to train a supervised
learning technique (Support Vector Machine SVM — Dimitri-

adou et al., 2011) which is then used to classify the remaining

DMPS data were averaged in hourly bins for the analysis SPectra.
For the year 2004, the data coverage was 5345 h (62 %). Ta-

ble 1 shows the DMPS availability for each month of the

year, with the months January, June and December scarce§ Results
represented.

2.6 Air mass back trajectories

2.7 Aerosol size distribution statistical analysis

Figure 2a shows the average size distributions for the four
2.7.1 K-means clustering seasons of 2004, showing higher total particle number con-

centrations at all aerosol sizes from 13 nm to 800 nm during
The hourly DMPS size distributions were subsequently nor-the colder months. Pey et al. (2008) have already shown that
malised by their vector-length and cluster analysed (Bed-the aerosol number and mass concentrations can be affected
dows et al., 2009). The choice of K-means clustering wasby different sources and atmospheric processes. Figure 2b
made from a selection of the partitional cluster packagesepresents the DMPS diurnal temporal profiles for all year
(Beddows et al., 2009). The mathematical details of the2004, showing a spike of UF particles during traffic rush
method presented are available elsewhere (Beddows et ahours in the morning (06:00-09:00 LT) and in the evening
2009; Dall'Osto et al., 2011a). Briefly, K-means method aimshours (20:00-22:00 LT). A less distinct enhancement is also
to minimize the sum of squared distances between all pointseen in the afternoon, likely to be due to the photochemical
and the cluster centre. In order to choose the optimum numnaucleation events occurring during summer time (Rodriguez
ber of clusters the Dunn-Index (DI) was used, which aims toet al., 2007; Pey et al., 2008; Reche et al., 2011), although
identify dense and well-separated clusters. DI is defined ashe long seasonally averaging time does not allow to clearly
the ratio between the minimal intercluster distance to maxi-resolve it. Hence, in order to fully elucidate the chemical and
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Table 2. Average values associated to each of the nine DMPS clusters. Bold text are for particularly low and-or high values.

Cluster type Dilution Traffic Photochemical Regional
Cluster number 1 2 3 4 5 6 8 7 9
% of each cluster 8 4 16 26 27 2 10 2 5

N13_100(cm™3) 8.2x 103 8.4x 103 1.3x 10% 3.5x 10% 1.9x 104 5.7x 103 3.7x 103 1.1.E+04 8.6¢ 108
Nigo_goo(cm™3)  7.7x1072 87x1072 21x10° 43x10° 2.7x10° 9.9x 10% 9.8x 107 3.0x10° 1.6x 10°
N13_goo (cm™3) 8.9x 10° 9.3x 103 1.5x 10% 3.9x10* 2.1x10% 6.7x 10° 47x 103 1.4x 104 1.0x 10%

SO, (ugm~3) 25423 1.7£15 2.4+36 42441 3.0+3.2 1.5£1.6 14£12 47474 5.64+5.7
NO (ug nT3) 15+ 21 11+16 15+16 36449 26432 6+5 10+21 32435 47+ 71
NO, (ug m—3) 30418 25421 25417 42425 37+21 13+8 12410 34426 39431
NOx (ug n3) 53430 41+ 30 48+ 25 97440 76+ 40 22415 27+10 83+30 111440
03 (ugm—3) 35420 46422 47+ 26 29424 30420 73427 6629 38431 40420
CO(mgm—3) 0.44+0.2 0.4+0.2 0.4+02  0.6+04 0502  0.3+0.2 0.3+0.2 0.5+0.4 0.6+0.4
PM (ugm~3) 14+8 15+8 19411 20412 22412 18+6 16+9 32418 24414
PMa .5 (ug m—3) 18+10 19+10 23+12 24415 27+15 2247 20+11 38+21 28+11
PM1g (ug m—3) 32421 33117 37422 40427 41424 35411 34423 52430 44433
Temp (°) 16.1+7 21247 19.9+6 15.9+5 16.9+5 27.2+6 24.1+6 17.0+£5 19.9+6
RH(%) 61+18 58+ 18 68+ 16 66414 70+ 15 62+ 12 68+ 12 70+16 68+13
Pressure(mb) 1002.4-59 1003.6:60 1006.0£50 1005.2:40 1006.4-30 1006.3:-60 1006.6:90 1009.9£80 1007.5t 60

W.S.UB.(ms ™} 27+15 24+1.9 22+15 1.9£1.3 2.0+15 1.9+0.7 2.1£1.3 1.9+1.3 1.8+1
Radiation(Wm~—2) 166+ 248 284+ 301 208+ 273 136+ 222 145+ 224 487+ 308 322+ 308 167+ 257 232+ 272

Table 3. Occurrence (%) of different air mass types for each of the nine DMPS cluster. Air mass classification types: Atlantic North (ATL.
N), Atlantic West (ATL. W), North African (NAF), European-Mediterranean (EUR-MED), Regional during summer times (REG. SUM.)
and Regional during winter times (REG. WIN.) Bold text are for particularly low and-or high values.

Cluster Air mass back trajectories type
ATL.N. ATL.W. NAF EUR-MED REG.SUM. REG.WIN.
Dilution 1 39 25 14 8 11 2
2 18 29 25 10 16 1
Traffic 3 21 21 28 10 17 3
4 33 30 10 14 6 7
5 25 16 20 14 13 12
Photo 6 12 12 25 1 48 2
8 23 16 19 3 35 4
Regional 7 25 12 18 13 15 17
9 32 25 10 9 18 6

physical processes affecting the aerosol size distributions, waccumulation) whose average aerosol size diameters are re-
use statistical tools to reduce the complexity of this DMPSported in Fig.S1. Further information related to each clus-

dataset. ter is provided in Figs. 3-6, Tables 2—4 and Figs. SI1 and
SI2. The Supplement section presents a detailed summary for
3.1 K-means clustering each DMPS cluster. The nine individual clusters could be dis-

tributed into four groupings namely Dilution, Traffic, Photo

. . and Regional categories. This additional categorisation was
Nine K-means clusters were obtained, whose frequency var; 9 9 9

ied between 2% and 27 % (Table 2), with clusters 4 andbased not only upon their similar size distributions among

o . . each other (see Fig. 3a—d) but also by considering strong

0,
Sluds(ig;lsnzgg\?vetgeelz\\llzzg Egr?géar;[tlfe;iéiz é;)r bV(;/trk]]"f]% ionTzssimilarities between other parameters, particularly meteoro-
9 gical parameters and air mass trajectories. The reduction to

Elpl\él;‘)S%nrgepaglgemr;urrengi;g; ?ésrtu?ugl?\lnz g.ec;h(jgiz:elr 32’)f0ur more-generic classifications was based on our data inter-
o,r M, (ie. cluster 7). A curve-fittin gro ran.m.1e was us,ed pretation, and the average aerosol size distributions of each
- ' 9 prog aerosol categories (obtained by averaging the DMPS clusters

to disaggregate the size distributions of each cluster into N, S
number of lognormal distributions (nucleation, Aitken andaOf each individual category) are presented in Fig. 3e. The

www.atmos-chem-phys.net/12/10693/2012/ Atmos. Chem. Phys., 12, 1069307 2012
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Fig. 3. K-means clusters fdfa) Dilution, (b) Traffic, (c) Photochemical(d) Regional ande) Average number aerosol size distributions for
each of the four groups.

main characteristics and related environmental parameterter 1 did not present a clean annual seasonality (Fig. SI2), but
associated with the four main classifications are describedvas found to be predominantly associated with Atlantic air

below. An aerosol K-means cluster represents a particle sizenasses (64 % of the time, Table 3). By contrast, air masses
spectrum which is made through a superposition of individ-associated with cluster 2 reflected a more south westerly ori-
ual sources and processes. Therefore, given that each clugin (Atlantic West and NAF, Table 3). Cluster 2 peaked dur-

ter results from combinations of multiple factors, the nameing summer and autumn (Fig. S2) whereas cluster 1 occurred
associated with it reflects only the main feature associatedanainly during colder months. The strong wind speeds asso-
with the particle size spectrum and not merely one source ociated with these two clusters are likely the reason for the

process. low particle number and mass concentrations recorded dur-
o - ing their occurrence. We associate this cluster with local pol-
3.1.1 Dilution conditions lution diluted by strong wind. Cluster 1 shows a similar bi-

modal size distribution with a major mode at 21-2&nm
Clusters 1 and 2 represent 12% of the total DMPS nd a smaller Aitken mode at 58—&® nm. It is impor-
size distributions and their size distributions are presentecflant to remember that air arriving from the Atlantic will in
n F'g.' 3a. C_Iuster 1 has the peculiar featéJre of belngmos'[ cases have traversed all of Spain (and possibly Portu-
associated W'3th the lowest AM(14-+8 ug3m‘ ), PMas gal) and therefore collected significant pollution on the way.
(.18i 10ugn™) and PMo .(32i 20pgnT™) concentra- However, the main significance of Atlantic air masses is that
tlons_; the onvgst atmospheric pressure (18D mb), lOW. they are faster moving and therefore cause enhanced dilution
relative humidity (61? 18%) and the highest average wind of local pollutants. These two clusters presented the lowest
speed (2.21.8ms ) of all clusters (Table 2). Cluster 2 PM1/PMjg ratio (0.44) of all clusters, probably reflecting an

follows a similar _pattern to cluster_ L E’Oth V.de roses for enhanced resuspended dust contribution due to higher wind
these clusters point to a westerly direction (Fig. 4a—b). Clus-

Atmos. Chem. Phys., 12, 106930707 2012 www.atmos-chem-phys.net/12/10693/2012/
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Fig. 4. Wind roses {) associated with each DMPS cluster. Wind data from the meteorological observatory was used for the calculation.
Colour plot represents the wind speed (m}
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Table 4. Summary of the log normal fitting of K-means clustering and PMF analysis. When multi modality is found, relative contribution is
given. Peak maximum values were found in the order of 18-36 nm, 41-90 nm and 103-315 nm for the nucleation, Aitken and accumulation

modes, respectively.

K-means Nucleation (nm)  Aitken (nm) Accumulation (nm)
I 1 26 63 -
Dilution (8%) (86 %) (14%)
2 21 58 -
(4 %) (27 %) (73%)
3 22 63 -
Traffic (16 %) (15%) (85%)
4 24 41, 62
(26 %) (15%) (20 %, 65 %)
Cluster 5 29 /8 -
(27 %) (35%) (65 %)
Photo 6 18 50 103
(2%) (11 %) (77 %) (12 %)
8 20 80 237
(2%) (12 %) (80%) (8%)
. 7 32 90 -
Regional 195 (21%) (79%)
9 - 55 -
(5%) (100 %)
PMF Nucleation (nm)  Aitken (nm) Accumulation (nm)
1 36 - -
(26 %) (100 %)
2 - 74 -
(25%) (100 %)
3 20 - 126
Factor (19%) (75 %) (25 %)
4 - - 157
(19 %) (100 %)
5 22 80 315
(11%) (21 %) (50 %) (29 %)

speeds. Their NQand particle number concentration places ulate mass or meteorological data and it was the least clearly
them at the lower corner of the “Traffic” category (see Fig. 6). characterised of this study. It was associated with south-south
westerly winds and was detected mainly during summer and
autumn months. However, among all 4 categories, we found
that clusters 3 possessed particle size spectra similar to clus-
Cluster 3, 4, 5 (Fig. 3b) describe 69 % of total DMPS dis- ters 4 and 5 (Fig. 3b) and for that reason it was allocated to
tributions classified. The three clusters possess the highthis category. Further support comes from the position of this
est particle number concentrations of all clusters (Ta-clusterin the NQ versus N3_1qo plot (Fig. 6). These 3 clus-

ble 2). Furthermore, cluster 4 (26 %) is associated withters are all characterised by an aerosol size distribution with
the highest concentrations of CO (&®.5 mgnt3) and  a nucleation mode at about 22-29 nm and an Aitken mode at
NO> (42425 g n13), and the lowest ozone concentrations 41-62 nm. The two Aitken modes of cluster 4 may be due to
(29424 ugnr3, Table 3). Cluster 5 is also associated with the enhanced polluted conditions associated with this cluster
high traffic-generated gaseous pollutant concentrations, theccurring mainly during winter time (Fig. SI2). Hence, the
second highest of all clusters after cluster 4. The associacoarser Aitken mode of cluster 4 may be attributed to back-
tion with traffic markers and a marked diurnal profile spik- ground pollution (Fig. SI1). The overall population of this
ing during traffic rush hours (Fig. 5) suggest that primary aerosol category (69 %) is in line with the study of Pey et
traffic aerosols is the source dominating the profile of theseal. (2009) where fresh vehicle exhausts made the predomi-

particle size clusters. They lie towards the top right of the nant contribution to the number concentration in all particle
N13-100 Vs NGO plot in Fig. 6. Cluster 3 did not present any sizes (N3_gog; 67 %).

clear correlation with any gaseous pollutant nor with partic-

3.1.2 Traffic influence
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Fig. 5. Diurnal profiles for DMPS clusters. Cluster 3, 7 and 9 peaking during day or night time; cluster 1, 4 and 5 with a strong peak during
the morning traffic hours and Cluster 2, 6 and 8 with a strong peak in the warmest part of the day.

3.1.3 Summer photochemical conditions ation events associated with the lowest PM concentrations
(Table 2).

Cluster 6 and cluster 8 (Fig. 3c) represent only 4% of the3.1.4 Urban/Regional background conditions

total size distributions collected during the 2004. However,

about 70% of these hourly DMPS size distributions occurCluster 7 and cluster 9 accounted for 12% of the total
during the months of July and August. This is also reflectedDMPS particle size spectra classified. Both clusters pre-
in the highest average temperatures and the strongest solaented Aitken-accumulation modes more substantial than the
radiation associated with these two clusters (Table 2). A lim-nucleation mode (Fig. 3d). Cluster 7 (10 %, Fig. 3d) shows
itation of this sub-cluster is that the whole summer month ofa bimodal size distribution with a mode at 321 nm and
June is not considered in this analysis (due to instrument faila stronger one at 98 3nm,. Cluster 9 (5%) was the only
ure) so there is probably an underestimation of this aerosobne of all nine presenting a unimodal size distribution peak-
category. Clusters 6 and 8 presented unique properties: thepg at 55+ 1 nm (Figs. 3d, SI1). We attribute these to clus-
were associated with the lowest concentrations of gaseouters to aged aerosols linked to regional background and/or
primary traffic pollutants but the highest ozone. Furthermore,urban background aged aerosols. However, these two clus-
35-48 % of the time this cluster was detected under regionaters present opposite seasonality trends. Cluster 7 peaked
summer air mass scenarios (Table 3). The decomposition afnainly during winter time (with winter regional air masses,
the particle size spectra of these two clusters show the smallfable 3) whilst cluster 9 peaked mainly during the summer
est detected nucleation mode diameter at about 18—-20 nreeason (Fig. SI2). Additionally, cluster 7 shows up mainly
(Fig. SI1). We attribute this nucleation mode of this sub- during nighttime while cluster 9 occurs mainly during day-
group to photochemical nucleation events, with higher nu-time (Fig. 5). Cluster 9 presented the highest PM load-
cleating particle abundance in cluster 6 relative to cluster 8ings of all nine clusters: PMof 32+ 18 ugnt?3, PMys

The position of the clusters to the bottom left of Fig. 6 (lowest of 38+21pgnT3 and PMg of 52+ 30pugnt3. Cluster

NOy values suggesting less polluted atmospheric condition¥ was also associated with high PM values, the second
favouring nucleation events) is consistent with this origin, al- highest PM concentrations of RM24 + 14 pug nt3) PMa5
though the relatively low values of {¥_100 are surprising, (284 11 ug nt23) and PMg (444 33 ug n3). Regional and

but consistent with the low frequency of nucleation events.long range transported aerosol size distributions possess the
Wind roses of both clusters were found strongly pointing highest hourly values of particulate mass but do not present
south west (Fig. 4), a typical pattern encountered during typi-high particle number concentrations (Table 2). Nitrate con-
cal sea breeze conditions associated with regional summer afaining aerosol is a good candidate for the accumulation
masses. The diurnal temporal variation was found to spikemode detected during wintertime, whilst sulphate contain-
between 13:00LT and 18:00LT (Fig. 5). Bae et al. (2010) ing aerosols may contribute to the unimodal distribution seen
found an association between the condensation sink (CS) iduring summer. Finally, cluster 7 was found to present the
the range of 8.35-283.9nm and PMmass in the urban lowest daytime occurrence (40 %) among all clusters as well
areas, consistent with our finding of photochemical nucle-as the highest PMPM;jq ratio (0.62). Regional transport
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Points are average values for the nine solutions indentified by k-
means clustering analysis, merged as discussed in Sect. 4.1 as Dilu-

tion, Traffic, Photo-nucleation and regional scenarios.

is a major source of secondary particulate matter (reflected

both in PMy and PMg) but it seems less important for

particle number concentrations (12-19% for the Aitken-
accumulation modes). In a previous study (Pey et al., 2009),
about 25 % of the total particle number concentration was at-
tributed to secondary inorganic particles. Its position in Fig. 6

(low N13_100 with high NC) is consistent with aged pol-

luted air. The wind-direction association suggests that the air
masses associated with cluster 9 arrived from the sea with
the sea breeze, possibly having originated over land during
the preceding night and travelled to sea with the land breeze.

3.2 PMF analysis

By considering the likelihood of factors occurring in the out-
put from PMF, a 5 factor solution was chosen using standard

deviation constant¥ = 0.0038 andV = 0.1 — see the sup-

plementary information provided by Harrison et al. (2011).
The maximum rotation was reduced to the smallest value

possible by increasing the value of FPEAK from 0.0 to 0.4.

The results of the PMF analysis are summarised in Fig. 7,
which shows the number spectra associated with each factor

as well as diurnal profiles and wind rose patterns.

— Factor 1 is the largest contributor to particle number
(26 %) and presents a unimodal size distribution cen-
tered at 36t 1 nm. The strong diurnal profile (peak-
ing during traffic rush hours times at 07:00LT and
21:00LT) indicate those are primary traffic related ex-
haust particles. This mode is somehow in between the
position of the modes at around 20 nm associated with
nucleation mode particles generated during dilution of
diesel exhaust emissions (Ntziachristos et al., 2007) and

M. Dall’'Osto et al.: Urban aerosol size distributions over Barcelona

— Factor 2 is the second largest contributor to particle

number (25 %) and presents a unimodal size distribution
centered at 74 1 nm. It presents a remarkably similar
wind rose and diurnal profile to Factor 1, and it is at-
tributed to the solid mode exhaust particle component
(Casati et al., 2007; Harrison et al., 2011).

Factor 3 (19 % of total particle number) shows a main
particle number nucleation mode at+9 nm (75 % of

the aerosol size distribution area), making it the small-
est aerosol size mode factor obtained by the PMF anal-
ysis. However, it should be borne in mind that only par-
ticles larger than 13 nm were measured. A minor accu-
mulation mode is also found at 1264 nm (25 % of the
area, Fig. 7). Unlike clusters 1 and 2, this factor shows
a directionality pointing to the south sector and season-
ality shifted towards summer times. A unique diurnal
profile shows, between the morning and evening traf-
fic rush hour spikes, a minor third spike peaking during
the warmest part of the day. Whilst we attribute the two
morning and evening spikes to the nucleation mode par-
ticles generated during dilution of diesel exhaust emis-
sions, the midday peak is attributed to photochemical
nucleation events. Decomposition of the diurnal pro-
files shows N3 ggp particle concentrations attributed
to Factor 3 apportioned to traffic rush hours (06:00 LT,
21:00LT) for 82 % of the time, leaving the photochem-
ical component at 18 %. It is likely those percentages
would be different if N.13 were considered.

Factor 4 by contrast possesses small particle number
concentrations and a unimodal accumulation mode size
distribution peaking at 15% 3nm (19 %, Fig. 7). This

is also reflected in a large contribution to the vol-
ume size distribution at 408 30 nm. Factor 4 showed
marked directionality to the south west sector and was
found predominantly in summer. It was strongly cor-
related with PM and PM mass concentrations. We
attribute this to regional pollution and enhanced dust
present during summer time (Amato et al., 2009).

Factor 5 (11 % of total particle number) showed a main
Aitken mode at 8@ 1 nm (50 % of total area) and two
smaller modes at 22 1 nm and 315 50 nm (21 % and
29 % of total area, respectively). The size distribution,
the flat diurnal profile and lack of obvious directional-
ity suggests that this is background accumulation mode
aerosol containing also a small nucleation mode com-
ponent. Cluster 5 was also associated with the summer
months.

at around 50 nm corresponding to solid carbonaceous When considering statistical correlations between PMF
particles from diesel exhaust (Shi et al., 2000) This fac-factors, significant relationships (obtained by comparing the
tor lacked of obvious directionality (modest north-south factor’s temporal trends, valid at p-value <0.05) were found
east wind direction association) and did not present aonly between factor 1 and factor 2¢=0.58) and between

clear seasonal profile either.

Atmos. Chem. Phys., 12, 106930707 2012

factor 4 and factor 582 =0.48). This further suggests that
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Fig. 7. Aerosol number (dark linefN/dlog(Dp)) and volume (pale lina/V/dlog(Dp)) size-resolved size distributions, diurnal patterns and
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Table 5. Summary of mode decomposition K-means clustering andAitken mode (28-32 %). Photochemically induced nucle-

PMF analysis. ation of secondary particles (Kulmala et al., 2004) is a source
of particles, although in this dataset it appears to be a minor
Method % of Aerosol mode one (2-3%). By using a chemically based source apportion-
Nucleation Aitken Accumulation TOTAL ment tool, the study of Pey et al. (2009) found this fraction
K-means 33% 49%  18% 100% represents of 23% (N_»0), probably overestimating them
PMF 39% 39%  22% 100 % due to the much lower time resolution used (24:00 LT). Over-

all, this study and the one of Pey et al., (2009) suggest that
the road traffic appears to be the most important source of

factor 1 and 2 are likely linked to the same source (traffic) syb-mlcrometrlc aerqsols, b_Ut other sources (urban gn_d re-
whereas factor 4 and factor 5 are more associated with backglonal back_g_round air poll_utlon) may also not be negligible
ground aerosols. Factor 3 seems to be an independent factHPder specific meteorological conditions.

and likely a combination of multiple sources and processesl3It should be kgpt 'g m":s tha}[t gnIprark']ucIe? b||ggzeor1t1han
(traffic nucleation mode and particle formation events). nm are considered n this study. keche et al. ( ) e
cently showed that in southern Europe maximum particle

number concentrations levels (N>2.5nm) coinciding with

4 Discussion and comparison between aerosol size minimum black carbon levels are usually recorded at midday,
distribution apportioning methods suggesting photochemical nucleation is an important source

of UF particles in the urban atmosphere of a number of cities
By applying K-means clustering, this study shows that highlyin southern Europe. The present study suggest that photo-
varied size distributions are found in the Barcelona urbanchemical nucleation events take place during summertime,
atmosphere at different times, which can be interpreted irbut such particles often fail to reach the lowest DMPS size
terms of the known sources and meteorological processes afange used in this study (13 nm). High urban condensation
fecting the particles. This analysis allows quantification of sinks are likely to be the reason for such particles not to
the temporal occurrence of a given aerosol size distributiorgrowth further (Kumar et al., 2008). Moreover, traffic parti-
cluster. However, such size distributions are often composedles evaporate to sizes smaller than typical DMPS size ranges
of nucleation (below 40nm), Aitken (between 40 nm and and therefore both DMPS and CPCs should be deployed si-
100 nm) and accumulation (above 100 nm) modes, makingnultaneously in order to fully elucidate the dynamic of UF
the aerosol source apportionment of each component a chaparticles in the urban atmosphere (Dall’Osto et al., 2011b).
lenging task. By contrast, PMF allows separation of different Recent aerosol size resolved particle number concentra-
modes by disaggregating aerosol size distributions. Indeedjon studies from the SAPUSS project (Solving Aerosol
our PMF analysis found unique factors describing the nucleProblems by Using Synergistic Strategies, Dall'Osto et al.,
ation (Factor 3), the Aitken (Factor 2) and the accumulation2012a) indeed shows that nucleating particles cannot easily
(Factor 4) modes (Fig. 7). The component log-normal modalgrow within the urban agglomerate of Barcelona, but such
distributions obtained from disaggregation of K-means clus-particles are able to grow while being transported away from
ters are compared to the PMF factors obtained (Table 4)the city centre with the afternoon sea breeze (Dall'Osto et
Table 5 summarises the mean aerosol diameter obtained fal., 2012b). Finally, it is worth to mention that the chemical
each peak fitted to the aerosol size distributions obtained byomposition and volatility of photochemically produced and
K-means and PMF analysis. Table 5 shows the remarkablyraffic emitted UF particles is likely to be very different, lead-
similar picture we obtain by using two different techniques ing to different lifetimes and behaviours of the UF particles
herein compared for the first time (Beddows et al., 2009, Har-generated by the two different production mechanisms.
rison et al., 2011); allowing quantification forpl goo of the
relative contribution of the nucleation, Aitken and accumula-
tion modes (33-39 %, 39-49 % and 18-22 %, respectively).5 Implications and conclusions

Further evidence of the agreement of the two methods

comes from the source identification of traffic and photo- Aerosol size distributions sampled in an urban background
chemical nucleation§, >13 nm) related particle concen- location in Barcelona (NE Spain) during the 2004 (62 %
trations. Wherever we are confident, we attribute particledata coverage) were analyzed by both k-means clustering and
size modes for traffic and photochemically generated partiPMF techniques. The k-means analysis identified 9 distinct
cles. This is mainly obtained from diurnal profiles and me- aerosol size distributions. These 9 clusters could be further
teorological associations described in Section 3. We find di-grouped into four more generic particle size spectra cate-
rect vehicle exhausts contribute dominantly (62—66 %) to thegories: traffic (69 %), dilution (15 %), photo (4 %) and re-
total particle number concentration (in line with the study gional (12 %). During winter months, high particle number
of Pey et al., 2009), with a slightly higher proportion dis- concentrations attributed to traffic aerosol sources dominate
tributed towards the nucleation mode (34 %) relative to thethe aerosol size distributions; whereas under North Atlantic

Atmos. Chem. Phys., 12, 106930707 2012 www.atmos-chem-phys.net/12/10693/2012/
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advections such concentrations are diluted, also during traffiprovided by the Servei Meteorolo‘gic de Catalunya and by the

rush hours periods. Department of Physics from the University of Barcelona. NCAS for
Concerning particles between 13 nm and 800 nm, we findPavid Beddows. Rita Van Dingenen (European Commission, DG

vehicular traffic is a much bigger source of particles (62_Joint Research Centre, Institute for Environment and Sustainability,

66 %) relative to photochemical induced nucleation eventd't@ly) are also acknowledged for DMPS measurements.

(2-3 %). Aerosol size distributions modes related to PM re-

gional transport are different from the traffic related ones;

they are shifted toward higher accumulation modes and asso-
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