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Abstract. This study focuses on the analysis of the sub-classified according to a land breeze flow or a synoptic pat-
micron aerosol characteristics at El Arenosillo Station, a ru-tern influence. The median size distribution for desert dust
ral and coastal environment in South-western Spain betweeand continental aerosol was dominated by the Aitken and ac-
1 August 2004 and 31 July 2006 (594 days). The mean totatumulation modes, and marine air masses were dominated
concentration §/t) was 8660 cm® and the mean concentra- by the nucleation and Aitken modes. Particles moved off-
tions in the nucleationNnuc), Aitken (NaiT) and accumula-  shore due to the land breeze and had an impact on the par-
tion (Nacc) particle size ranges were 2830cti4110 cnt? ticle burden at noon, especially when the wind was blow-
and 1720 cm?, respectively. Median size distribution was ing from the NW sector in the morning during summer time.
characterised by a single-modal fit, with a geometric diam-This increasedVyuc and Nai7 by factors of 3.1 and 2.4,
eter, median number concentration and geometric standartespectively. Nucleation events with the typical “banana”
deviation of 60 nm, 5390 cn¥ and 2.31, respectively. Char- shape were characterised by a mean particle nucleation rate
acterisation of primary emissions, secondary particle forma-of 0.74 cn3 s~1, a mean growth rate of 1.96 nnthand a

tion, changes to meteorology and long-term transport hasnean total duration of 9.25 h (starting at 10:55 GMT and end-
been necessary to understand the seasonal and annual varig at 20:10 GMT). They were observed for 48 days. Other
ability of the total and modal particle concentration. Num- nucleation events were identified as those produced by the
ber concentrations exhibited a diurnal pattern with maximumemissions from the industrial areas located at a distance of
concentrations around noon. This was governed by the con35km. They were observed for 42 days. Both nucleation
centrations of the nucleation and Aitken modes during theevents were strongly linked to the marine air mass origin.
warm seasons and only by the nucleation mode during the
cold seasons. Similar monthly mean total concentrations

were observed throughout the year due to a clear inverse variy  |ntroduction

ation between the monthly meafyyc andNacc. It was re-

lated to the impact of desert dust and continental air masseSub-micron particles in the atmosphere (with diameters
on the monthly mean particle levels. These air masses wergmaller than 1um) origin from both natural and anthro-
associated with high values dfacc which suppressed the pogenic sources. Primary aerosol is directly emitted (sea-
new particle formation (decreasingyuc). Each day was salt, desert dust, biomass and fossil fuel burning) or sec-
ondary aerosol can be the result of chemical reactions by
gas-to-particle processes (secondary organic aerosols, sulfate

Corrgspondenc_e tavl. Sorribas and nitrate). The importance of the secondary particle for-
BY (sorribasmm@inta.es) mation on a global scale is uncertain although, it may make a
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significant contribution to particle concentration. Moreover, methods, using spectro-radiometer and photometric mea-
it has been shown that the seasonal total concentration cysurements, (Vergaz et al., 2005; Toledano et al., 2007a, b;
cle observed is better simulated by including the new par-Cachorro et al., 2008; Prats et al., 2008). In order to quan-
ticle formation mechanism than by increasing the numbertify the contribution of the tropospheric aerosol on columnar
of emissions from primary sources (Spracklen et al., 2010)aerosol (@rdoba-Jabonero et al., 2011), in-situ monitoring
Sub-micron aerosol is highly variable around the world andof particle number size distribution commenced in 2004.
plays an important role in global and regional climate. Ac- The objective of this paper is to report the first descrip-
cording to Charlson and Wigley (1994), the concentration oftion of the sub-micron particle number size distribution and,
natural aerosol has roughly remained the same since the irwithin this framework, to improve the knowledge about the
dustrial revolution, but human activity has increased the con-origin, levels and behaviour of sub-micron aerosol sources
centration of the anthropogenic aerosol. The report of thein a rural and coastal area at mid-latitudes, such as the back-
Intergovernmental Panel of Climate Change (Solomon et al.ground environment of Dftana National Park. Other aerosol
2007) claims that the effect of the anthropogenic aerosol orproperties, such as P and PM s mass concentrations,
climate change is still uncertain: therefore, more research idhave been widely analysed in this area (Querol et al., 2004,
needed to improve our understanding. The direct effect 0f2008; Sinchez de la Campa et al., 2009), but studies about
aerosol particles on climate is related to the absorption andhe long-term particle number size variability in southern Eu-
scattering of solar radiation. The ratio of scattering to extinc-rope and especially in the Iberian Peninsula, clearly relevant
tion coefficients describes the single scattering albedo andyp climate sciences, are lacking. This need of information is
thus, the influence of the aerosols on the radiative balance afemedied by the present study.
the atmosphere (Takemura et al., 2002). The scattering prop- Primary emissions and meteorology, transport and depo-
erties of the aerosol can be measured, but can also be calcgition changes are not sufficient to explain the observed par-
lated theoretically from particle size distribution and the Mie ticle levels at sites worldwide (Spracklen et al., 2010) and,
Theory. The comparison of observed and calculated scattefthus, particle also needs to be taken into account (assum-
ing allows closure studies (Kleefeld et al., 2002; Shen et al. ing binary (Kulmala et al., 1998) or ternary (Korhonen et al.,
2011). The indirect forcing by aerosol is defined as the pro-1999) homogeneous nucleation or an empirical particle for-
cess by which aerosols modify the Earth's energy balance bynation mechanism (Kulmala et al., 2006)). Thus, this study
the modulation of the cloud albedo and cloud amount. Thecontains the following sections: the area of study, the sam-
ability of an aerosol particle to act as cloud condensationpling station and the aerosol instrumentation, including its
nucleus (CCN) depends on its size (Charlson et al., 1987)intercomparison with a GAW (Global Atmospheric Watch)
Sub-micron particles comprise of the largest sources of CCNstandard, are described in Sect. 2. The results and discussion
(Yum et al., 2007; Spracklen et al., 2008). are given in Sect. 3. In Sects. 3.1, 3.2 and 3.3, a statisti-

Sub-micron particles have a wide range of atmosphericcal analysis of the size distribution over the course of two
lifetimes (from some seconds to days) and can, thereforeyears by means of the diurnal, seasonal and annual cycles
be studied by means of the processes of formation, growtlof the total and modal concentration is shown. A compari-
and removal of the particles in the atmosphere (Birmili andson with particle concentrations at other stations is also pre-
Wiedensohler, 2000; Boy and Kulmala, 2002; Kulmala et al.,sented. In Sect. 3.4, a day’s segregation by means of regional
2004; Hamed et al., 2007; Jeong et al., 2010). They can alsand synoptic-scale patterns was performed according to the
be studied by their transport flow patterns from the aerosokurface data of wind speed and direction. This categoriza-
sources to the sampling site (Birmili et al., 2001; Van Din- tion was supplemented with an identification of the different
genen et al., 2005; Wehner et al., 2008; Shen et al., 2011}ypes of new particle formation episodes. Section 3.5 shows
During the last decade, the particle number size distribu-a classification of the air mass origin on the basis of cluster
tion has been measured in many places around the worldnalysis, to determine the influence of long-range transport
(Heintzenberg et al., 2000; Kulmala et al., 2004) under differ-aerosol sources on the particle number size distribution. In
ent atmospheric conditions. These measurements have be@ect. 3.6, the results of the size distribution analysis accord-
taken on different platforms (ground, ships or aircraft) anding to sea-land breeze processes are presented and discussed.
during sampling over short periods, such as campaigns (AnAnd finally, in Sect. 3.7, the new particle formation events
tilla et al., 2005; Van Dingenen et al., 2005; Mahajan et al., are illustrated in terms of the particle source.
2011), or during long-term monitoring programmes (Birmili
et al., 2003; Tunved et al., 2003; Venzac et al., 2009).

In this context, a continuous background aerosol mon-2 Site, measurements and methods
itoring has been performed since 1996 at “El Arenosillo”
— Atmospheric Sounding Station, which is located on the2.1 Sampling station site
southwest coast of Spain and in a rural area. Initially, the
efforts at the site were focused on the characterisation ofEl Arenosillo” — Atmospheric Sounding Station is an inves-
the aerosol optical properties by means of remote-sensingjgation platform for several topics on atmospheric sciences
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(aerosols, gaseous pollutants, visible and UV radiation2.2 Scanning mobility particle spectrometer

stratospheric ozone, ionosphere layer, etc). One of the main  intercomparison

research subjects at this station is the in situ and remote sens-

ing of aerosol: from particulate mass levels (gravimetric) andThe dry ambient sub-micron particle number size distribu-
chemical composition @hchez de la Campa et al., 2009), tion was monitored with a Scanning Mobility Particle Sizer
super- and sub-micrometer particle number size distributiondSMPS) particle spectrometer (Knutson and Whitby, 1975).
(Sorribas, 2008) and integrating scattering and absorbing coThe SMPS (TSI Model 3936) is made up of a differential
efficients (Mogo et al., 2005, 2010), to physical and radia-Particle size classifier (TSI Model 3080, Electrostatic Clas-
tive properties of columnar aerosol (Toledano et al., 2007a)sifier), a Condensation Particle Counter (TSI Model 3022A)
The station is also equipped with different instrumentationfor particle detection and the AIM software (version 4.3, TSI
for monitoring other atmospheric parameters, such as stratdNC., St. Paul., MN, USA) for data reduction and analysis
spheric ozone and UV solar radiation, to study their effectsof the SMPS output. The polydisperse aerosol flow was
on biological ecosystems. It is now also capable of monitor-0.3/min~* and the sheath flow was 31mih, which was
ing concentration of gaseous pollutantss (G0, and NQ,)  dried with silica gel in a closed loop.

and meteorological parameters. In order to assess the quality of the measurements, an in-

The observatory is located in the province of Huelva tercomparison of our system was carried out at the World
(37.°N, 6.7 W, 40ma.s.l.), on the coast of the Atlantic Calibration Centre for Physical Aerosol Research (WCCAP)
Ocean and close to the Mediterranean Sea and the Nortt Institut fir Troposplrenforschung (IfT) in Leipzig (Ger-
African coast (Fig. 1). It is situated in a protected rural envi- many). IfT is endorsed by the WMO within the framework of
ronment (Ddiana National Park), which covers an extensive the GAW programme and it has designed a calibration pro-
area with a homogeneous Mediterranean pine forest, and 8ramme to maintain and compare aerosol instrumentation,
coastal area to the south-west where the Atlantic Ocean i§uch as the SMPS. Limitations of our system were assessed
less than 1km away. The nearest population is a small vil-during an intercomparison campaign held at the IfT from 8
lage, named Mazam, which is about 8 km to the northwest. to 10 December 2003. Some instrumental restrictions are
The closest large population is the City of Huelva (160 000the low efficiency for measuring the nucleation and Aitken
inhabitants), 35 km to the northwest. Emissions from indus-modes due to the losses in the Differential Mobility Analyzer
trial areas around Huelva could contribute to the backgroundDMA) inlet (Birmili et al., 1997) and in the Condensation
levels at the sampling site during northwest winds. Particle Counter (CPC) (Su et al., 1990).

The main aerosol types present at El Arenosillo Station The instrument of the IfT was a Differential Mobility Par-
are coastal marine, continental and desert dust. Air mas#cle Sizer (DMPS), which is capable of measuring the par-
back-trajectories from 2000 to 2004, with starting heights ofticle mobility diameter in the range of 7-400nm. In the
500 ma.s.l., were used to identify the aerosol source regiond=lectrostatic Classifier, the particles pass through a Kr-85
The trajectories showed that 44 % of air masses are coast&@ipolar Charger and though a short-DMA with 18 cm central
marine, while 38% are continental aerosol air masses anglectrode. The CPC Model used was the 3010 of TSI. The
18% are desert dust air masses (Toledano, 2005). Dese@€rosol and sheath flows were 1.0 | mirand 10 | mirr?, re-
dust events are more frequent during February and Marclspectively.

and during summer months (Toledano et al., 2007b; Prats et Both of the spectrometers were connected to the same
al., 2008; ®rdoba-Jabonero et al., 2011). sampling system of atmospheric aerosol, therefore, both in-

A wind rose for the period (1 August 2004—31 July 2006) Struments characterised the same air volume and the losses
is presented in F|g 1. The winds were most common fromin the inlet and transport lines were the same. The measure-
the NE and the SW, indicating that air came perpendiculafments were carried out simultaneously every four minutes.
to the Atlantic coast line. The influence of a recirculation ~ The correction factor (CF) was calculated using the ratio
of coastal air such as the sea-land breeze is more Commdhf the same hOUFly averages of particle size distribution given
in spring and summer time with an occurrence probability by the SMPS — El Arenosillo and the DMPS-IfT. This CF al-
of 30 % in May and a maximum of 70 % in August (Adame lowed us to account for the losses that appeared in the SMPS-
et al., 2008). Because the sampling area is very flat, theye! Arenosillo, assuming that the DMPS-IfT is the standard
can be considered as a mesoscale phenomenon. Winds frotfistrument. For diameters smaller than 70nm, a decrease
Huelva City (NW) and its surroundings were observed at ain SMPS efficiency was observed, with a value of 50 % at
lower occurrence. 20nm. The CF was 1 for particle sizes larger than 70 nm.

An evaluation of the main meteorological characteristics Using this CF a good consistency between both systems was
showed that the average ambient temperature oscillated b&bserved.
tween 26°C in August and 12C in January (annual aver-
age=19C). Wind speed ranged from less than 2.5Ms
in June to as high as 3.2msin December (annual aver-
age =3ms?) (Adame et al., 2008).
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Fig. 1. Map of the Iberian Peninsula highlighting the location of El Arenosillo Station. The wind rose from 1 August 2004 to 31 July 2006
and the coastal line are also shown, indicating with an arc on the wind rose the wind directions for non-pure land, pure land and sea breeze
patterns.

2.3 Dataset The sub-micron particle number size distributions were
measured continuously with a time resolution of 10 min from

The surface aerosol measurements were carried out at Bj August 2004 to 31 July 2006. During this period there was
Arenosillo Station. The inlet was placed at 3m above theOn€ longer gap, from 25 July to 11 October 2005, due to
forest and about 8m above ground level. The aerosol samS$omMe instrument failure. The SMPS was operational for 594
pling was conducted according to Sheridan et al. (2001) withd@ys (81 %) and its maintenance was performed according
a flow rate of 330 Imin? and Reynolds NumbeRe=9100, O the standard procedures. The accuracy of DMA size se-
using a vertical stainless steel tube (48cm inner diametefection was tested with polystyrene latex spheres (PLS) and
and 550cm |ength) This outer tube was p|aced Concentri_the diameters that were obtained were within 2% of those
cally around the inner tube (1 cm inner diameter and 120 cnéXpected.

length), which transported the sampled aerosol into the labo- All of the spectra were checked and inaccurate measure-
ratory with a broad curve into the flow splitter. In this inner ments were removed. Rain processes have a great effect on
tube, the flow rate was 13.3|mih andRe=1820. A con-  particle scavenging and were not considered in this study
ductive flexible tube with 0.6 cm inner diameter transported(about 2% of the entire dataset). More than 75000 valid
the aerosol flow from the flow splitter to the SMPS instru- size distributions were obtained. The temporal coverage of
ment. The sampling system efficiency calculated accordingdata (in percentages) during the period of study was about
to Willeke and Baron (1993), ranged from 85 % for 16.5 nm (81+ 15) % of the valid size distributions per month. In
particles to 94 % for 604 nm particles. Sampling losses wereghis study, particle number size distributions were assumed to
corrected for data processing presented in Sect. 3. have a three modal structure: a nucleation mode (14—-30) nm,
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Table 1. Statistics for total and modal concentrations of several moments of the size distribution for 1-h year dathl $ettes arithmetic
mean concentratioif,is the geometric mean concentrationis the standard deviation apg values are theth percentiles.

Unit N n o KOs M16 M50 usa 195

Nt cm 3 8660 7046 6740 2310 4050 7090 12810 19960
Nnuc  cm3 2830 1470 4510 210 495 1470 4725 10520
NaIT cm—3 4110 3240 3220 1000 1710 3260 6280 10100
Nacc cm™3 1720 1355 1120 340 635 1530 2750 3730
St umfcm—3 245 200 140 55 105 220 370 486
Snuc HmPem3 5 3 7 0 1 3 8 17
Sayt pméem™3 50 40 30 10 20 40 10 110
Sace pmécm™3 190 150 130 40 70 170 300 410
1% une cm—3 9 7 6 2 3 8 14 19
Vnuc  MmPem™3 0 0 0 0 0 0 0 0
Var  pmPcm3 1 0 0 0 0 0 1 1
Vace umPcm 3 8 6 6 1 3 7 13 18

an Aitken mode (30-100)nm and an accumulation mode 29

(100-673) nm. The term “ultrafine size range” was used to ~ _

define particles with a diameter below 100nm (nucleation < 14 | —

plus Aitken modes). The term “Mode-i” was used to de- &

scribe each mode £ 1, 2, ...) of the size distribution func- § 124 1lH

tion when it was log-normal fitted. The expressions “single- §

modal fit”, “bi- modal fit” and “tri- modal fit’ were used to L g

describe the lognormal fitting algorithms. g

Meteorological parameters (temperature, relative humid- &
ity, pressure and wind speed and direction) were obtained @ 47
0.5 km southwest of the sampling site. 0 Hﬂﬂﬂﬁﬁpmmﬁhﬁ

1500 9000 16500 24000 31500 39000
3 Results and discussion Total Concentration (Cm's)

3.1 General characteristics of the particle size

N Fig. 2. The relative occurrence frequencies of total particle concen-
distribution

trations of 1-h data for the two-year period under study.

3.1.1 Mode descriptions

To study the particle number size distribution, statistics for VNuc presented a variation of 160 %, indicating théiuc

the total aerosol and for each of the modes are presente¥pried greatly around the mean with some high particle levels
in Table 1. The arithmetic mean valu)(for total particle ~ Which cause a shift of the towards higher values than the
concentration §7) was (8660t 6740) cnT3 (“+” indicates ~ Mean. Theo for Nar and Nacc were greater than 75 %.
standard deviatiors() in this study). The median valuggy) ' "€ median modal concentrationgs) (with 116 — a4
(With 1116— 1184 percentiles) of 7090 (4050-12 810) chin-  Percentiles) were 1470 (495-4725)cinfor Nnuc, 3260
dicates that the most frequent values were smaller than thgl 710-6280) cm® for Nar and 1530 (635-2750) cm for
mean total concentration. Figure 2 shows hiywwas dis- Nacc.

tributed around a mean value of 8660chwith the highest The mean total particle surface aredr) and vol-
frequency at (6000—7500) ¢t and only 1% of total con- ume (/1) concentrations were (245140) unfcm~2 and
centration was above 24 000 cf (94 6) u? cm—3, respectively, and the median total con-

For modal concentrations, the arithmetic mean valtis (  centrations (withuie — 1184 percentiles) were 220 (105-
were 2830cm?, 4110cnt3 and 1720cm3 for the nu-  370) unf cm 3 and 8 (3—14) urhem™3 (Table 1).
cleation (Vnuc), Aitken (Nat) and accumulationNacc) To study the relationship between different particle size
modes, respectively (Table 1). The standard deviatigrof ranges, the linear correlation coefficien®&y between hourly

www.atmos-chem-phys.net/11/11185/2011/ Atmos. Chem. Phys., 11, 1M138%-2011
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mean Nnuc& Nait (R = 0.4), hourly meanNaT& Nacc ric standard deviationog) of 60 nm, 5390 cm® and 2.31,
(R =0.4) and hourly meatnuc& Nacc (R =0.1) were cal-  respectively. These modal parameters are more similar than
culated. As expected, concentrations Mjuc& NaT and to those obtained at other European Stations like Waldhof
NaiT& Nacc were statistically (although only weakly) de- (Germany), Ispra (Italy) and Cabauw (the Netherlands). The
pendent on each other in terms of hourly means by processdsi-modal fit for EI Arenosillo presents two modes strongly
such as nucleation, condensation and coagulation. overlapping similar to the annual median size distribution
function for Ispra and Cabauw. The goodness of fit function
3.1.2 Comparison with total and modal concentrations  value was characterised by the correlation coeffici&? (
at other stations resulting that both fitting procedures show very highThe
annual median size distribution can, therefore, be fitted by
Comparisons with other size distributions measured at sitegising a single-mode fit which is corroborated by the annual
of similar latitudes were made based on previous stud-median size distribution function of the most of the stations
ies. These investigations included observations (Asmi et al.in Asmi et al. (2011). Thus, even though the real size distri-
2011) and comparisons between measurements and resulistions might be more complex (i.e., can be separated into
obtained from global aerosol models (Spracklen et al., 2010more modes), the representation of a single-mode that quan-
of total particle number concentrations, which show diurnal, tifies the important particle range at different station is also
weekly and seasonal variability at different stations arounduseful. Using this methodology, models could be tested by
the world. Using the study of Spracklen et al. (2010) asreproducing the size distributions for different stations.
a reference, measurements made at mid-latitude coastal lo-
cations showed mean total particle concentrations betweeB.2 Monthly, seasonal and annual total and modal
1000 cnT2 and 2000 cm?3, while greater concentrations of concentrations
3000 cnm3 were observed at Mace Head station (west coast
of Ireland). Given that El Arenosillo station is at a mid- Figure 3 shows the monthly means of the total and modal
latitude coastal site, it may be expected that mean particlgoarticle number concentrations, which were calculated using
levels are similar to those concentrations at other coastal adaily averages. The standard deviation is also indicated (grey
eas. However, the influence of continental, desert dust andertical lines), showing the wide range of values of the daily
anthropogenic aerosol sources increases the coastal backiean concentrations.
ground particle level at El Arenosillo Station. The mean to- A seasonal behaviour of the total particle concentration
tal concentration was, therefore, closer to the observations ofvas not observed at El Arenosillo (Fig. 3a), showing a differ-
continental boundary sites than to levels of the marine boundent feature amongst other European rural sites which showed
ary layer. maxima during summer (Birmili et al., 2001; Tunved et al.,
This assumption is also corroborated by the study of Asmi2003) or during autumn-winter (Rdduez et al., 2005). By
et al. (2011). The median concentration dfa(t + Nacc) contrast, other compounds at El Arenosillo Station, such as
observed at El Arenosillo Station is the second highestthe tropospheric ozone, exhibit an increase in concentration
value measured in Central Europe, behind Ispra Station witffrom winter (56 ug m® in January) to summer (85 ugmh
7188cnT2 and ahead of Cabauw and K-Puszta Stationsin July) (Adame et al., 2010a). The absence of seasonal vari-
with 5126 cnm3 and 4648 cm?, respectively. Nyuc at El ation of the total particle concentration was produced by a
Arenosillo Station is greater tha¥iyuc at Ispra (Rodguez clear inverse variation betwee¥yyc and Nacc (Figs. 3b
et al., 2005) and Melpitz Stations (Birmili et al., 2003). and 3d). Thus, Period A (January—April 2005) evinced an
Therefore, the total and modal particle concentration at Elincrease/decrease dfyuc/Nacc and Period B (April-June
Arenosillo was closer to the levels found in rural areas lo-2005) showed the opposite behaviour.
cated in Central Europe, than to those found in the coastal Figure 4 shows how the monthly means\gfyc vary with
rural sites of the mid-latitudes. the monthly means aWVacc (red line) andvat (black line)
The technique for fitting the annual median size distribu- over a two-year period. The correlatidhcc& Nyuc allows
tion applied by Asmi et al. (2011) has been used in our workus to conclude that every decrease/increase in the accumula-
to compare the fit function over the two-year period at El tion mode of about 0.4 cn? (slope value given directly on
Arenosillo with those fitting parameters as obtained at otherthe graph) relates to an increase/decrease in the nucleation
European sites. This technique applies lognormal fitting al-mode of 1 cm®. If the correlation coefficientsR) of the
gorithms, single- and bi-modal fits for particle sizes greatermonthly means oNacc& Nnuc andNajt & Nnuc (with val-
than 20 nm, since the size range of (30—100) nm is of particuues 0.7 and 0.5, respectively) are compared to those calcu-
lar interest as these are the particles that act as CCN. The siated from the hourly means (Sect. 3.1), an influence of the
distributions of these size range show (slightly skewed) log-different time scales on the correlations is foundragvas
normal distributions. The modal parameters for both fits arehigher when long-term scales were used. Thus, hourly means
shown in Table 2. The single-mode fit had a geometric mearwere statistically independent, but monthly means were re-
diameter Qg), a number concentrationV) and a geomet- lated.

Atmos. Chem. Phys., 11, 111861206 2011 www.atmos-chem-phys.net/11/11185/2011/
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Table 2. Modal fit parameters for median size distribution of the two-year period at El Arenosillo considered single- and bi-modal fits for
particle sizes greater than 20 ny ;, N; ando| represent the geometric diameter, median number concentration and geometric standard

deviation, respectively. The goodness of fit function value was characterised by the correlation coefffoient (

Single-modal fit \ Bi-modal fit

Dgnm Ncm3 oy R? | Dggnm Niem 3 og1  Dgonm  Npem ™3 oy, R2

60 5910 231 O.9q 37 3820 2.50 85 1950 1.85 1.00
3 PER.A PER.B 3 PER.A PER.B
16 X10°  ——~—— g X10° A TERE
14 (@) } ¥ ~6 |
‘€12 s -
L. L
E10 r . g 4
2 8 [ z
=z Z 2=
6 3 L
4 L) L) L) L) L) L) O L} L} L) L L) L) L)
Aug Nov Feb May Nov Feb May Aug Nov Feb May Nov Feb May
2004 2005 2006 2004 2005 2006
3 PER. A PER. B 3 PER.A PER.B
9 - X10 — X 10 —_————— -
(©) kg
"F\ 7 m -
IS ] T ) D
i
= [ 4
<
1 L} L} T T T T 0 T T T T L] L]
Aug Nov Feb May Nov Feb May Aug Nov Feb May Nov Feb May
2004 2005 2006 2004 2005 2006

Fig. 3. Annual cycle with monthly mean levels f@a) N1, (b) Nnuc, (€) NajT and(d) Nacc. The standard deviation (grey vertical lines)
is also shown, as well as two periods are selected (red lines) to better understanding of the monthly trend: Period A (January—April) 2005
and Period B (April-July) 2005. Blue lines indicate the break of the annual cycle due to the longest data gap.

The high monthly mean values &fyuc, shown in Fig. 4,  anism (Manktelow et al., 2010). Thus, the importance of the
can be related to the number of days per month when newparticle formation events in determining the existence and
particle formation events occurred. This process could behe absence of the seasonal particle concentration cycle is
promoted by a reduction a¥acc due to fewer desert dust evident. This assumption has also been used in models to
and continental air masses arriving at El Arenosillo. Thesimulate the particle concentration (Spracklen et al., 2010).

low values of Nacc were related to small surface area con- The differences in the monthly mean concentrations, ob-
centrations which could favour the homogeneous nUCIeationserved during similar time periods during the two-year15 of
Processes (increasirigyuc) of pre-eX|st|n_g precursor gases. study, are striking. A comparison of particle levels in April
The high monthly means a¥acc sh_own in Fig. 4 could be 005 and April 2006 shows thatyuc and Narr were lower
due _to the presence of large partlc!es from Qesert dust an y a factor of 1.5 and higher by a factor of 1.6 during the lat-
contlneptal ar mass and from an increase in atmosphen?er time periods. These differences are related to the desert
stagnation. This resulted in aerosol aging and, thereforedust episodes, as shown below. Toledano et al. (2007b)
![E aTblnprea;e C.JWACIC'dB(.)th processes are pr_le_zsler(;t OVET did not report April as a month influenced by desert dust
Ie 206(})r7lak13r'1 enlnlsuta | ugggsspr;[\r?-s#_mlznerl( oledano et(episodes, on the basis of photometric measurements. In the
al, ,_Quero_e a., )- € high va “eSWCC . present study, a mean aerosol optical depth (AOD — 440 nm)
were associated with large surface area concentrations whic 0.15 and a meafqngstrbm exponentd) of 1.09 were ob-
favoured the condensation of gases onto prg-existing partiéerved, (AERONET Level 2.0) in April 2005, and in April
cles and suppressed the new particle formation (decreasm 006, these mean values were 0.25 and 0.76, respectively
Nnuc). Previous studies have also shown a reduction o (AERONET Level 1.5 —no data in Level 2.0 were recorded)
Nnuc within dusty regions of up to 20 % through this mech Taking into account these mean values and those obtained by
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Fig. 5. Daily mean cycles of the total and nucleation, Aitken and ac-
1 2 3 4 5

3 cumulation mode concentrations per season, July—September (sum-

Niuc (cm™) mer), October—-December (autumn), January—March (winter) and
April-June (spring).

Fig. 4. The linear fits between the monthly mea&a T and Nyyc

(black line) and between the monthly me&pcc and Nyyc (red

line). The coefficient of correlation and the standard deviation ofal., 2006). This may induce particle growth by coagulation

the slope and the intercept are also shown for both linear fits. of small partides and by condensation of volatile Organic

components on pre-existing particles (Kulmala et al., 2001;

Rodiguez et al., 2005), and subsequent increasééiic
the inventory of African desert dust events over El Arenosillo and N in the late afternoon.

(Toledano et al., 2007b), the number of observations of desert The minimum hourly mean levels favt during the cold
dust aerosols is higher in April 2006 than in April 2005. months were 15 % lower than during the warm months. This
In addition, this will be corroborated by the back-trajectory difference may be due to the meteorological scenarios that

analysis at 500 m presented in Sect. 3.7. cause atmospheric stagnation during the warm months, char-
. _ acterised by the lack of renewal of the air masses. During
3.3 Diurnal patterns of the modal concentrations these episodes, the particle transport to rural areas takes place

_ _ through a regional atmospheric circulation (e.g. a breeze phe-
Figure 5 shows the daily mean cycles per season for the tonhomenon), thereby increasing the particle and gas concentra-
tal and modal concentrations which were calculated from thejons in rural areas (Gangoiti et al., 2002; Querol et al., 2008;

daily mean cycles per month. The aerosol size distributionsadame et al., 2010b).
were dominated by the nucleation and Aitken modes dur-
ing spring-summer times with the maximum hourly mean 3.4 Day’s segregation by means of regional and
for the diurnal cycle ofVnuc/Narr at 6750/5590 cm?® and synoptic-scale patterns
7290/6670 cm?, respectively. During autumn and winter,
the diurnal cycle of the aerosol size distributions was dom-If there is no strong synoptic forcing, the coastal areas are
inated primarily by the nucleation mode with the maximum influenced by mesoscale processes due to the diurnal heat-
hourly mean of about 5000 cm. The maximumVyuc was ing and cooling differences between the land and sea. In a
reached at 11:00 GMT and 10:00 GMT during spring andregion like El Arenosillo, in which a wide area has an alti-
summer times, respectively, and #p T at 11:00 GMT for  tude close to sea level, the mesoscale flow determines the re-
both time periods. By contrast, during the colder autumn andgional atmospheric conditions which affect the recirculation
winter the maxima forNyuc were reached at 14:00 GMT  of aerosol particles emitted by local and long-range trans-
and 13:00 GMT, respectively, and fdfy it during the night.  port sources. With the aim to present the main properties of
On the other hand, the diurnal cycle &fcc was not ob-  the particle size distribution, each day was initially classi-
served because the accumulation mode is composed mainfied on the basis of the sea-land breeze phenomenon (Adame
by long-lived particles (Rodguez et al., 2005; Shen et al., et al., 2010a). The 594 days of the data set were separated
2011). into 104 days (18 %) under the influence of a recirculation
There was an increase in concentration for all particleof coastal air and into 490 days (82 %) with synoptic-scale
modes during afternoons of summer months (Fig. 5). Wepatterns. The classification scheme is shown in Fig. 6. The
propose that the VOC concentrations were greater at nighpercentages in brackets refer to the 594 days of the data set.
than during the day, in spite of lower emissions, due to the The long-term monitoring carried out during the 490 days
shallower and more stable nocturnal boundary layer (leda ewith no influence of the sea-land breeze pattern (Fig. 6)
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DATABASE
(594 DAYS)  82%
v18%
100% NO BREEZE
BREEZE (490 DAYS)
(104 DAYS)
l (Table 4)
8% ¥ v 9% 7% ¥
0,
PURE BREEZE NON-PURE BREEZE EVENT N, y %

(49 DAYS) (55 DAYS) (45 DAYS) f NB DAYS
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8% 3% H—* 6% %

0.5%

EVENT N8 (Table 5)
EVENT N, PB DAYS EVENT N,? N-PB DAYS I (23 DAYSZ) I
(3 DAYS) (46 DAYS) (19 DAYS) (36 DAYS)
(Table 5)
(Table 5) (Table 6) (Table 5)
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TOTAL EVENT N, L AL
(48 DAYS) | .| TOTALEVENTN,
(Table 6) - (42 DAYS)

Fig. 6. Representative days’ segregation by means of sea-land breezes (pure and non-pure) days and nucleatdnanents ( Tables
containing the modal parameters of the median size distribution function for each classification are also indicated.

allows the investigation of the particle size distribution in = Non Breeze = Non-Pure Breeze
terms of air mass type (Birmili et al., 2001; Tunved et al., mmm Pure Breeze —8— Number of days

2003; Shen et al., 2011). An analysis of the flow patterns and
the influence of these synoptic-scale patterns on the particle
size distribution will be presented in Sect. 3.5.

Adame et al. (2010a) identified the existence of two sea- , so%
land breeze patterns, called “pure-breeze” and “non-pure
breeze”, at El Arenosillo. In our dataset, the 104 days under
the influence of the sea-land breeze can be segregated into 4
days (8 %) of the pure breeze type and into 55 days (9 %) of
the non-pure breeze type. The diurnal variation of the par-
ticle size distribution and of the wind direction allowed for
the identification of two types of high particle number con-
centration events: the first related to the sea-land breeze day
and the accumulation of the particle in the wind flow, and
the second related to the new particle formation by nucle- 0%

100%

60% A

40% 1

yruow Jad sAep jo JoquinN

Monthly Relative Frecuencies

20% A

. : . . 8 91011121 2 3 45 6 711121 2 3 456 7
ation processes. The nucleation events are shown in Fig. 6 a 2004 2005 2006

EventsN; andNo. If the days with Event#/; and N, are re- Month

moved from the classification of non-breeze and breeze days.,. 2 E ¢ ih . ¢
46 days (8 %) were representative of the pure breeze patterﬁ'g' - rrequency of monfhly occurrence as percentages ot non-
ure breeze and pure breeze and non-breeze days (left axis), and the

(PB days), 36 days (6 %) of non-pure breeze pattern (N'Pszumber of days per month (right axis), during the two-year period
days) and 422 days (71 %) of no breeze pattern (NB days),nqer study.

The properties of the size distribution for NB, PB and N-PB

days will be discussed in Sect. 3.6, and the main characteris-

tics of Eventsi1 and N2 will be presented in Sect. 3.7. . o . .

Figure 7 illustrates the monthly relative frequencies of 3-> Size distribution in relation to air masses

days under non-pure and pure breeze and synoptic-scale

flows together with the number of such days per month dur-In this section, the variation in the particle size distribu-

ing the studied period. This classification has been pertions is analysed based on their different air mass histo-

formed, by applying the days’ segregation described abovéies. To represent the atmospheric flows arriving at differ-

and allows us to evaluate the impact of the regional circula-ent heights over a sampling site, the back-trajectories have

tion processes, the long-range transport air masses and tHeen widely used in previous investigations (Venzac et al.,

nucleation events over the monthly mean size distributions. 2009; rdoba-Jabonero et al., 2011; Lozano et al., 2011).
The back-trajectories used in our study were calculated using
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the HYSPLIT (Hybrid Single Particle Lagrangian Integrated Centraides 500m
Trajectory) model (Draxler and Hess, 1998). 3-D-back-
trajectories were evaluated using the vertical wind method
and the 120-h duration was selected to appropriately accoun
for synoptic-scale processes (Kideket al., 2009; Hondula

et al., 2009).

The influence of the air mass origin on column-integrated
optical properties of aerosol over El Arenosillo from 2000
to 2004 was investigated by Toledano et al. (2009). In that
study, the mean back-trajectories at 500, 1500 and 3000 r |-¢
(hereinafter referred to as centroids) were evaluated by clus-|: ¥
ter analysis, using a non-hierarchical method based on the
Euclidean distance between the trajectories in two dimen-
sions (latitude and longitude). To select the optimal number _ 9
of clusters, the variation of the total root-mean-square de- o ; Centraides 500m
viation (rmsd) versus the number of clusters was evaluated. '

Given that the selected threshold is arbitrary, a 7% change i g centroids of the cluster classification at 500 m identified
the rmsd determined the optimal number of clusters. In ouraccording to the back-trajectory analysis using the HYSPLIT model
work, the same methodology for back-trajectory classifica-(Toledano et al., 2009).

tion will be used.

3.5.1 Main characteristics of the atmospheric flows presented in Fig. 8 and then, the corresponding seven clusters
were selected to classify the back-trajectories.
With the aim to represent the long-range aerosol transport in  The monthly frequency of the classification results is pre-
the lower atmosphere appropriately and to determine a represented in Table 3. The main atmospheric transport regime
sentative height of the air mass back-trajectory endpoints, avas of oceanic origin which is represented by clusters 2,
set of 4-day back-trajectories at 100, 500 and 900 m were cal3, 5 and 6, which together had an occurrence frequency of
culated over El Arenosillo Station. Taking into account the 42 %. The maritime westerly flow pathway from the Atlantic
seasonality of air mass types, the back-trajectories were cal©cean was characterised by clusters 2 and 5, which are dis-
culated for a representative month of each season (Januanynguished from each other only in terms of the transportation
April, July and October) from August 2004 to July 2006, at speed of the air masses. The cluster is longer when the wind
00:00, 06:00, 12:00 and 18:00 GMT. Thus, each set of backspeed is greater: therefore, cluster 5 was associated with the
trajectories at 100, 500 and 900 m was represented by sevefaster-moving maritime trajectories from western Atlantic.
clusters. Each height of the back-trajectory endpoints hadAerosol of marine, north-westerly origin from the Atlantic
a similar set of mean atmospheric flows during the previousand Arctic Oceans were found in cluster 6 and cluster 3, re-
120-h over El Arenosillo. The similarities found among the spectively. Finally, cluster 1 included the regional and North
aerosol sources of the three atmospheric levels allow us téfrican air masses with 20 % of the data, while continen-
conclude that the aerosol properties among the different levtal flow pathways from the Iberian Peninsula and those from
els are homogeneous. Following this conclusion and the deeentral and northern Europe, were represented by cluster 7
tailed study of the air masses at 500 m over El Arenosillo(14 % of the cases) and cluster 4 (24 % of the cases), respec-
discussed by Toledano et al. (2009), which shows similar attively.
mospheric flows to those of our analysis, the heights of the A high variability can be observed in seasonal patterns
500 m endpoints were assumed to be the most representatighown in Table 3. The transport of desert dust aerosol from
for in-situ measurements. North Africa (cluster 1) was most frequent during spring and
Once the representative height levels are selected, 4-dasummer months. While marine air masses from the western
air mass back-trajectories at 500 m (at 00:00, 06:00, 12:0Gector (clusters 2 and 5) were most common during summer
and 18:00 GMT) were computed daily during the 490 daysmonths, flows from the north-westerly sector (clusters 3 and
without regional circulation. They were classified using the 6) occurred during the winter months. The continental air
seven clusters evaluated by Toledano et al. (2009) at this altimasses arriving at El Arenosillo from central and northern
tude, which are shown in Fig. 8. The difference between theEurope were less frequent during summer-autumn months
clusters observed in Fig. 8 and those clusters evaluated duand those for the Iberian Peninsula during spring and sum-
ing our analysis of the most representative height for in-situmer months.
measurements (see previous paragraph) was only the tem-
poral coverage used to calculate the back-trajectories. The
temporal coverage was higher for the mean back-trajectories
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Table 3. Monthly relative frequencies in percentages of air masses at 500 m according to the clustering algorithm during the 498 days under
synoptic-scale pattern. Centroids of the cluster classification at 500 m are identified in Fig. 9.

| DesertDust|  Western marine | North western maring Continental
2004 | Cluster1 | Cluster2 Cluster5| Cluster6 Cluster 3| Cluster4 Cluster 7
August 15 40 20 3 0 20 2
September 35 20 3 1 0 13 28
October 17 26 10 3 19 18 7
November 26 3 2 5 6 33 25
December 12 8 10 17 10 33 10
2005 \ \ \
January 19 11 8 4 8 31 19
February 4 6 0 4 16 37 33
March 24 9 20 5 6 33 3
April 5 28 15 10 15 20 7
May 18 25 13 0 11 25 8
June 12 18 0 0 2 38 30
July 7 32 24 0 7 22 8
November 23 1 8 7 18 11 32
December 18 18 7 16 2 10 29
2006 \ \ \
January 21 0 4 23 14 22 16
February 22 7 2 17 22 28 2
March 16 14 29 10 27 0 4
April 44 18 12 9 3 13 1
May 31 1 10 17 1 35 5
June 31 0 0 0 15 44 10
July 43 13 22 0 13 9 0
Mean Annual \ \ \ \
Period 2004 21 17 8 7 8 25 15
Period 2005 15 16 10 5 9 26 19
Period 2006 28 7 11 13 14 21 6
Period 2004-2006 20 14 10 8 10 24 14
3.5.2 Median size distribution in terms of the The resulting median size distribution has been log-normal
atmospheric flows fitted for particles sizes greater than 20 nm following the fit-

ting procedure by Asmi et al. (2011), and the modal param-
To evaluate the median particle number size distribution pefeters are summarized in Table 4. For clarity, the fitted size
cluster the following methodology was used. As being repre-distributions are shown in Fig. 10a. The volume-size distri-
sentative for each day, four size distributions were calculatedution for each cluster is also presented in Fig. 10b.
by finding the median of the hourly size distributions, which
are within a 6-h interval centred on the arrival time of the air ~ Significant differences are found between marine, conti-
masses at El Arenosillo. For example, the median size distrinental and desert dust air masses. Desert-dust (cluster 1)
bution for the air mass arriving at 06:00 GMT was calculatedand the continental air masses (cluster 4 and 7) were char-
using the measured size distributions from 03:00 GMT toacterised by similar median particle number size distribu-
08:00 GMT, which was then included in the group that con-tions (Figs. 9 and 10a). Mean total aerosol number concen-
tains the data of the cluster assigned to 06:00 GMT. The sam#ation was (7610-7360) cm, being dominated by Mode-
data process was applied to the 12:00 GMT, 18:00 GMT and®. The median diameters for Modes-1 and -2 were (22—
00:00 GMT time slots. Finally, the median data value in each23) nm and (80—84) nm, respectively. Less variability in nu-
cluster group was evaluated. Figure 9a—g shows the mediadeation and Aitken size ranges for continental and desert
size distribution averaged over all days for each of the sevemust air masses than for marine air masses (16th and 84th
clusters and the 16th and 84th percentiles. percentiles in Fig. 9) was evident. Mean total surface-area
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Table 4. Median number size distribution log-normal parameters of each clusterDgheN; ando) represent the geometric diameter,
median number concentration and geometric standard deviation, respectively. The correlation coetlidietwéen observed and fitted
size distributions is also showrt. The median and mean total number concentratiofis hedian and N7 mean are calculated from the
measured values instead of the fitted ones.

\ Mode-1 \ Mode-2 \ Median Mean

Dg,l N1 0g,1 Dg,2 No 0g,2 Rz >kNT,median *NT,mean
nm cni3 nm cnr3 cm—3 cm™

Desert dust air mass

Cluster1| 22 900 1.62| 84 5000 1.97| 1.0 5740 7610

Western marine air mass

Cluster 2 48 4150 2.00 98 1330 1.90| 1.0 5400 8200
Cluster 5 37 5260 1.90| 108 990 1.92| 1.0 5860 8950

North western marine air mass

Cluster 3 28 7990 250 170 132 1.24| 1.0 6230 9310
Cluster 6 29 8180 2.00] 122 1400 1.68] 1.0 6020 8960

Continental air mass

Cluster 4 22 1930 1.93 84 6330 1.97| 1.0 6030 7620
Cluster 7 23 2300 1.60 80 6400 2.00| 1.0 5780 7810
X 10° Cluster 1 x 10° Cluster 2 x 10° Cluster 3 X 10° Cluster 4
301 (@ Frequency: 20% 30 (b) Frequency: 14% 301 (c) Frequency: 10% _.30 , d) Frequency: 24%
% a 20 4 a a 20 1]
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o o o o
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Fig. 9. Median particle number size distribution, averaged over the seven back-trajectory clusters (black) and the 16th and 84th percentiles
(grey). The frequency of each cluster over the study period is also shown (Table 3). Cluster 1 is representative of desert-dust, clusters 2, 3, £
and 6 of marine air mass origin and clusters 4 and 7 of continental air mass origin.

and volume concentrations for desert-dust and continental ainorth-westerly flows (clusters 3 and 6). The main difference
masses were observed between 270-300qum? and be-  between the two groups is that the particle size distribution
tween 10-11.5 pAem3, respectively, with the highest val- sampled in air masses arriving from the north-west show a
ues of both metrics being for desert-dust aerosol (cluster 1).Mode-1 with higher concentration than those air masses from
From the similarities found between the shape of the meWesterly flows.
dian size distributions (Fig. 10a), the size distributions rep- On the basis of these categories, the median diameters for
resenting marine air masses can be divided into those origiModes-1 and 2 (Table 4) are found at (37—-48) nm and (98—
nated from westerly flows (clusters 2 and 5) and those from108) nm, respectively, in westerly flows (clusters 2 and 5),
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values have been evaluated by adding up the individual fre-

3
10 x 10 guencies shown in Table 3). In addition, the variation be-
91 @ —e—Cluster 1 tween the monthly mean concentrations #cc and Nnuc
8 - —8—Cluster 2 corroborates the reduction @fyyc within desert-dust and
=O=Cluster 3 continental air masses.

—®—Cluster 4
=O—Cluster 5
=®=Cluster 6
=O=Cluster 7

3.6 Size distributions during sea-land breeze days

The presence of regional recirculation (e.g. the sea-land
breeze) is very typical in coastal areas during spring and sum-

dN/dlogD (cm™®)
[6)]

breeze is mainly from the NE {867 sector — Ddéana Na-
tional Park and Seville City), whereas it is mainly from the
NW (315°—337 sector — Huelva industrial areas) for non-
pure breeze (Fig. 1). This local wind produced an accumu-
o lation of particles offshore. The wind direction changes at
0 - ‘ approximately 07:00 GMT and 08:00 GMT for pure breeze
10 100 1000 and non-pure breeze, respectively, and blows during the day
Diameter (nm) from the sea towards the land (SW sector for both land pat-
terns). This wind is called sea breeze and is the result of
Fig. 10. Median (a) number andb) volume size distributions per ~ the diurnal heating of the land surface. The accumulated off-
cluster. The colours are related to the flow pathway: Dust — brownshore particles are then transported back to land, increasing
(cluster 1), Maritime westerly — blue (clusters 2 and 5), Maritime the background levels.
north-westerly — red (clusters 3 and 6) and Continental — green
(clusters 4 and 7). 3.6.1 Median size distribution and diurnal patterns
during PB and N-PB days

=O=Cluster 7

2 1 mer and plays an important role in transporting air pollution
14 e from and towards urban areas, (Ma and Lyons, 2003; Sor-
0 ‘ : ribas et al., 2007; Pey et al., 2008; Adame et al., 2010g;
10 100 1000 Wright et al., 2010). Given that El Arenosillo is located
Diameter (nm) in a coastal rural site, the influence of the regional aerosol
transport on the background particle level is analysed in this
20 section.
o~ —e—Cluster 1 (b) As noted in Sect. 3.4, two types of sea-land breeze haye
= —e—Cluster 2 been observed: pure breeze and non-pure breeze. Wind
WO 15 | =o=Cluster 3 blowing at night from the land towards the sea is called land
g- —e—Cluster 4 breeze and it is the result of the nocturnal cooling of the land
= —O~Cluster 5 surface. The wind direction for land breeze flow for pure
%10 | | =®=Cluster 6
o
=
3

(631
I

and at (28-29) nm and (122—-170) nm, respectively, in northFigure 11 shows the median daily particle number size dis-
westerly flows (clusters 3 and 6). Figures 9c and f showstribution and median diurnal cycle of modal concentrations
that the nucleation mode for air masses arriving from thecorresponding to 422 NB-days, 46 PB-days and 36 N-PB-
north-west showed the largest variability (16th and 84th per-days (Fig. 6). Also represented are the 16th and 84th per-
centiles). The mean total number concentrations ranged froneentiles, as well as the ratio (mean/median). Moreover, the
8200 to 9310 cm®, with the maximum values found in clus- median size distribution has been log-normal fitted for par-
ter 3. Mean total surface-area and volume concentrations foticle sizes greater than 20 nm following the fitting procedure
marine flow pathways ranged from 142 to 208%0m—2 and used in Asmi et al. (2011). The modal parameters are sum-
from 4.5 to 6.9 pricm 3. Concentrations observed in north- marized in Table 5.
westerly flows coming from the Atlantic Ocean (cluster 6)  While a bi-modal fit was used to calculate the size dis-
were lower than those observed in the slower-moving mar+ribution function for NB and N-PB days, the PB days re-
itime trajectories from the western Atlantic (cluster 2). quired a tri-modal fit. This additional mode was observed
The impact of the air masses on the particle size distri-within the accumulation size range with a geometric median
bution is also observed, when comparing the monthly meardiameter of 300 nm. PB days were characterised by a mean
concentration foacc (Fig. 3) and the trend of increasing Nt of 8890 cnt3, with a particle concentration for Mode-2
frequencies of continental and desert dust air masses duringigher than for Mode-1, and the geometric median diameters
Period B (see Sect. 3.2), from 32% to 80 % of days (thesenvere 21 nm and 77 nm for Modes-1 and -2, respectively. In
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Table 5. Median number size distribution log-normal parameters of NB, PB and N-PB daysDJ heV; ando| represent the geometric
diameter, median number concentration and the geometric standard deviation, respectively. The correlation ca@)ffieimredn observed
and fitted size distribution is also showhThe median and mean total number concentratidfShedianaNd NT mean are calculated from

the measured values instead of the fitted ones.

\ Mode-1 \ Mode-2 \ Mode-3 \ Median Mean
2 % . *
Dg, 1 N1 0g,1 Dg,2 No 0g,2 Dg,3 N3 09,3 R NT median NT mean
nm cnr3 nm cnr3 nm cni3 cm™ cm—3
NB days 20 2850 1.80 76 4890 1.89 - - — | 1.00 6900 7870
PB days 21 3370 1.81 77 5640 1.81| 300 190 1.53] 1.00 8100 8890
N-PB days 31 10440 2.52| 250 110 1.42 - - -1 1.00 8360 9380
NON BREEZE PURE BREEZE NON-PURE BREEZE
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2 16 2 16 21 % 16
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Fig. 11. Median dalily (filled symbols), 16th and 84th percentiles (black lines) and the ratio (Mean/Median, open symbols) of particle number

size distributions and the modal concentrations for 422 NB-days, 46 PB-days and 36 N-PB-days at El Arenosillo.
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addition, N-PB days reached a messin of 9380 cnt3, with ysed based on their different air mass histories. As Adame et
a particle concentration for Mode-1 significantly higher than al. (2010a) reported, the pure breeze occurs in the presence of
for Mode-2. The geometric median diameters were 31 nman anticyclonic system with a weak isobaric gradient, caused
and 250 nm for Modes-1 and -2, respectively. by high pressure circulation patterns over the Azores Islands
To quantify the effect of each type of breeze on the par-and the Western Mediterranean. Therefore, if the clustering
ticle concentration due to the recirculation of air, the meanclassification introduced in Sect. 3.5 is also applied to PB
modal concentration at 04:00 GMT was chosen as a referdays, 68 % of days (consisting of cluster 1 (22 %), cluster 4
ence of the background particle level. On this basis, the meaf20 %) and cluster 7 (26 %)) were influenced by continental
maximum concentration dfnuc (NNucmax Was 2.5and 3.1 and desert-dust air masses. The influence of air mass type,
times greater than background concentrations for PB and Nwith its possible stagnation due to the weak isobaric gradi-
PB days, respectively, (Fig. 11b.2 and 11b.3). TW€rmax. ent with the subsequent accumulation and ageing of parti-
during PB and N-PB days was 1.6 and 2.4 times greater thagles, explains howacc for PB days is higher than for N-PB
background levels (Fig. 11c.2 and 11c.3). FinaMccmax days which is supported by the daily patterm\ofcc shown
increased by 1.4 and 1.3 as compared to the background leva Fig. 11d.2. Moreover, the Mode-3 observed in the fitted
els for PB and N-PB days (Fig. 11d.2 and 11d.3). Thus,median size distribution (Table 5) is due to these continental
while mean values for modal concentrations are greater thaand desert dust aerosols.
median values for each of the three patterns (NB, N-PB and By contrast, Adame et al. (2010a) observed that non-pure
PB), the difference (shown in Fig. 11 as the ratio of the mearbreeze is characterised by an Atlantic high pressure circu-
to the median) is larger faWyuc. This again indicates that lation pattern from the Portuguese coast and/or a low pres-
the highest impact of breeze pattern occurred around noosure system over the British Isles. If the clustering classifi-
during N-PB days and mainly influencé&uc. cation introduced in Sect. 3.5 is applied during N-PB days,
During PB days, the diurnal variation @fyyc showed  50% of days (consisting of cluster 2 (32 %) and cluster 5
a minimum (Fig. 11b.2) at 08:00 GMT and a maximum at (18 %)) were influenced by maritime westerly flows. The
20:00 GMT. This was only observed in this scenario. Thepredominance of marine air masses increase the particle lev-
minimum may be caused by the diurnal fluctuation of the els of Mode-1 and decrease the concentration of Mode-2 (Ta-
nocturnal microscale inversion height (Hsu, 1988). Noctur-ble 5) by the marine particle transport processes (Heintzen-
nal inversion layers are formed primarily as a result of radia-berg et al., 2000). Moreover, these air masses arriving at
tive cooling near a rather uniform land surface. After sun-El Arenosillo from the north-west sector are influenced by
rise, the mixing processes commence and the mixed layer i®cal industries whose emissions initiate new particle forma-
broken down, increasing the particle dilution and decreasingion (Sect. 3.7), increasing also the particle concentration of
the particle concentration. The maximum concentration atMode-1 (Table 5).
20:00 GMT was discussed earlier in Sect. 3.3, in the analysis
of the diurnal cycle during the summer months (Fig. 5). Dur- 3.7 New particle formation events (V1 and N )
ing these months, the occurrence of the breeze phenomenon
is higher (Fig. 7) due to the reaching of the maximum temper-The new particle formation events at El Arenosillo have been
ature gradient between land and sea. Figure 11b.2 suggesttassified depending on the wind direction during the hours
that the behaviour observed in Fig. 5 only occurs during thepreceding the nucleation burst. During Eve¥it the wind
PB scenario. Future analysis will be focused on determiningdirection was mainly from the NE, whereas it was from the
the reason for this, and the relationships between meteordNW during EventN,. Nucleation events were not observed
logical parameters with vertical resolution, by model and ex-in the other wind sectors.
perimental studies, gas measurements and aerosol data in the
(8-14) nm size range. 3.7.1 EventsN;
Finally, while the maximum concentration at noon for N-
PB and PB days was due to the recirculation of accumulatedrigure 12a.1 and 12a.2 shows the mean diurnal variation of
particles produced by the land breeze, the maximum concerthe particle number size distributioNyuc and Sr, and the
tration for NB days is attributed to new particle formation wind direction for the 48 days (Fig. 6), identified as Event
events. The difference between the mean size distributiorV1. The “banana” shape indicates that these events were
of the nucleation events and the mean total particle concenduite homogeneous in a larger-scale air mass, (Birmili et
tration of NB days (Fig. 11b.1, 11c.1 and 11d.1) will be ex- al., 2003; Kulmala et al., 2004), i.e., the area was not sub-

plained in Sect. 3.7. jected to strong dilution and can be considered as an Eulerian
system. New particles were formed and were growing into
3.6.2 Breeze patterns based on air mass influences larger sizes during their transport to El Arenosillo. Freshly

nucleated particles contributed to the nucleation mode; their
The variations in the particle concentrations during days withgrowth by condensation and coagulation increased their
influence of breeze patterns (PB and N-PB days) are analsizes and, thus, their later contribution to the Aitken and
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Fig. 12. Classification of the new particle formation events depending on wind direction during the hours prior to the nucleation burst
particles and the regional or synoptic-scale patteanl #énda.2) Event N1, if the wind was coming from the NE (48 daysh.{ andb.2)
EventNg“3 if the wind was coming from the NW under synoptic-scale pattern (23 days)ahardc.2) EventNé3 if the wind was blowing

froNn; the NVé/ under sea-land breeze pattern (19 days). Mean size distribN§@jg;, ST and wind direction are also shown for Eveids,

N3® andNz.

accumulation modes (Fig. 12a.1). Particle nucleation anddays with EveniV; (Fig. 6), and the event frequency for each
growth rates of the new particle formation events were cal-air mass types was calculated. It is evident that the Event
culated using the method described by Birmili et al. (2003) N1 frequency is strongly linked to the air mass origin. Ma-
and based on their mean size distribution (Fig. 12a.1). Theine north-westerly aerosol from Atlantic and Arctic Oceans
particle nucleation rate was determined by dividing the ob-(clusters 3 and 6) had the highest probability to lead to an
served increase in particle concentration between 14-30 nnEventN; with 42 % (21 % for each one). Lower probabilities
by the elapsed time, and a mean value of 0.74ts1l was  were found in the desert dust (cluster 1) with 10 %, westerly
obtained. The growth rate was calculated as 1.96nth marine flows (cluster 2 and 5) with 7% and 16 %, respec-
from a linear regression analysis of the mode diameter withintively, and continental air masses (clusters 4 and 7) with 9 %
[14-Dmay] versus time, wherédpax is defined as the max- and 16 %, respectively. These observations will be analysed
imum of mode diameter. A mean total duration of 9.25 h in detail below in Sect. 3.7.3.
(starting at 10:55 GMT and ending at 20:10 GMT) was deter- The daily mean cycles of particle concentration during NB
mined. During Event#vi, an increase of the mediy from days and Event#/; were compared. As shown in Sect. 3.6,
180 unf cm2 to 222 unf cm2 and a fast increase and later the maximum concentrations for NB days were due to the
decrease ofVyyuc with a maximum of 9890 cm? around  occurrence of episodes similar to EveiMs but with less ef-
midday were observed (Fig. 12a.2). ficient nucleation processes. The maximi¥gc for Events
To provide some information on the influence of air mass Ny and NE days were, therefore_, 9000&'(':'.9' 12a.2) and .
3450 cnT? (Fig. 11b.1), respectively. The different intensi-

source region on Events;, the clustering classification in- X . .
troduced in Sect. 3.5 is now constrained to those days int'es of the nucleation events at El Arenosillo will allow us to
o analyse such episodes in more detail in the future.

which EventsV; were observed. The air mass observed over
El Arenosillo at 06:00 GMT, just prior to the onset of the
event, was selected as being representative of each of the 48

Atmos. Chem. Phys., 11, 111861206 2011 www.atmos-chem-phys.net/11/11185/2011/



M. Sorribas et al.: Sub-micron aerosol size distribution in a coastal-rural site 11201

3.7.2 EventsN, the size distribution function for Eventé)® and N2, Event
N1 required a tri-modal fit. The additional mode fit was ob-
EventsN, were classified into two categories: (1) events un-served within the accumulation size range and was related
der the influence of sea-land breeze recirculation (19 daysjo the influence of continental and desert dust air masses on
and (2) events with a synoptic-scale pattern (23 days). AcEventsN;. On the other hand, Mode-1 reached higher con-
cording to this segregation, Fig. 12b and 12c show the meagentrations during Event¥)® and N2 than during Event
diurnal variation of the particle number size distribution, n;. This could be related to the part|cle growth observed dur-
Nnuc andSt, as well as the wind direction for the 23 days ing EventsN; (“banana shape”) which led to a lower mean
under breeze (identified as Evett§), and for 19 days un-  daily concentration oNnuc and, thus, a lower particle con-
der non-breeze (identified as EveN%‘B), respectively. centration in Mode-1. The difference between the growth ob-
EventsNB and N)B can be explained as a secondary par-served in the beginning of Eventé and N> may be due to
ticle formation which was produced by emissions from the characteristics of the source region. During an Evéntthe
industrial areas situated around Huelva city, located at 35 kn@erosols arrived from a large area and grew during transport.
north-west from El Arenosillo (Fig. 1). Because of the wind However, in the case of Eveni%, the source is considered
direction, the anthropogenic pollution with a continuous high as a point of emission, thus, all particles started out with sim-
level of precursor gases caused an increase in the concentréar diameters at the same time and arrived at El Arenosillo
tion for nucleation mode aerosol over the sampling site dur-having grown to a similar size.
ing periods between two and eight hours. If N1 andN> event frequencies by means of air masses his-
To compare the mean daily particle size distributions fortories are analysed together, it is concluded that in general,
EventsNZ and NYB, shown in Fig. 12b.1 and 12c.1, respec- higher event frequencies were observed under conditions of
tively, the particle growth in the afternoon has been analysedmarine air mass which showed smaller values for concentra-
During EventsNzB (Fig. 12c.1), nucleation mode particles tion in the accumulation mode and for aerosol surface area
from the industrial area were arriving at El Arenosillo; these (Fig. 10a). This dependence on the pre-existing aerosol sur-
particles had been grown by condensation and coagulatioface is corroborated by previous studies, in regional back-
and were measured again in the evening in the Aitken and@round sites (Birmili and Wiedensohler, 2000; Rigtez et
accumulation modes, due to the recirculation of the air massal., 2005; Shen et al., 2011), in urban areas (Wehner et al.,
By contrast, during Eventy)'®, the wind direction was al- 2008) and at high latitude sites (Kivéket al., 2009; Sellegri
most constant (Fig. 12b.1) and particles at El Arenosillo were€t al., 2010).
always coming directly from the industrial area. No particle ~ Within this general behaviour, it is noteworthy that there
growth was observed in the evening and the particle diamete@ire two exceptions at El Arenosillo: the low event frequency
remained constant (Fig. 12b.1). of Events N1 during westerly flows (cluster 2) and a high
EventsN»> were also studied in terms of the airflow pat- frequency in continental air masses (cluster 7) (Fig. 8). On
terns, using a similar methodology as that for EveNis days with nucleation events, the air masses came from the
During EventsNNB, marine north-westerly aerosols, from south of Greenland and entered the Iberian Peninsula from
the Atlantic and Arctic Oceans (clusters 3 and 6), had eventhe north. Because of that, the cluster algorithm grouped
frequencies of 17 % and 31 %, respectively. Maritime west- them within cluster 7. Thus, air masses were over the At-
erly flow pathways from the Atlantic Ocean (clusters 2 and lantic sea for some time, andacc was lower than in other
5) had event frequencies of 22 % and 17 %, respectively. Theize distributions also classified by cluster 7, which showed
lowest event frequencies were observed for continental (clusonce more a dependence of the event frequency on the pre-
ters 4 and 7) with 9% and 0 %, respectively, and desert dusexisting aerosol surface. The low event frequency of Events
aerosol (cluster 1) with 4 %. Based on the analysis of EventgVa in air masses classified as cluster 2 is difficult to explain.
NB it can be concluded that maritime westerly flows (clus- These behaviours observed in clusters 7 and 2 will be anal-
ters 2 and 5) caused the highest event frequency with 32 9ysed in the future.
for each cluster, followed by maritime north-westerly flows ~ The number of days with nucleating events showed a clear
(clusters 3 and 6) with 10 % and 16 %, respectively. The low-impact on the monthly mean concentrations during Period A
est frequency was observed for both desert dust (cluster 1{Fig. 3), with higherNnuc in April than in January, reflect-
with 5% and continental (clusters 4 and 7) with 0% and 5 %.ing the even frequencies during these periods (33 % vs. 6 %,
respectively). The greater concentration of nucleation mode
3.7.3 Comparison between Event®; and N, particles during April shows once more the greater probabil-
ity of homogenous nucleation events in the absence of abun-
To gaininsight into the variations of particle number size dis- dant pre-existing aerosols.
tribution, the median size distributions for Evers, N2
and NQ'B were evaluated and fitted using a multiple log-
normal function. In Table 6, the modal parameters are shown,
indicating that while a bi-modal fit was used to determine
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Table 6. Median number size distribution log-normal parameters of EvaitsV, — Breeze anaV, — Non Breeze. Thég;, N; ando)

represent the geometric diameter, median number concentration and geometric standard deviation, respectively. The correlation coefficien
(R) between observed and fitted size distribution is also shotviThe median and mean total number concentratid¥is fedian and

NT mean are calculated from the measured values instead of the fitted ones.

Mode-1 Mode-2 Mode-3 Median Mean
Dg,l N1 0g,1 Dg,z N2 0g,2 Dg,s N3 09,3 R? *NT,median *NT,mean
nm cni3 nm cni3 nm cni3 cm 3 cm 3
EventNq 34 5030 1.73 100 2390 1.80 460 20 1.30 0.99 7320 9370
EventNB 29 8640 1.71 90 1900 1.96 - - - 1.00 9790 12070
EventN2 B 20 11200 2.09 81 2500 2.01 - - - 0.99 9160 10290
4 Summary and conclusions incidence or the non-incidence of desert dust and continen-

tal air masses over El Arenosillo. These air masses were

The first description of a long-term monitoring of the sub- associated with high values d¥acc and with large sur-
micron particle size distribution at mid-latitudes on the At- face area concentrations which favoured the condensation of
lantic Ocean coast close to the rural background environmerases onto pre-existing particles and suppressed the new par-
of Dofiana National Park was presented in this work. Char-ticle formation (decreasing/nuc). The total number con-
acterisation of primary particle emissions, secondary particlecentration showed a clear diurnal variation with a maximum
formation, changes of meteorology and long-term transpor@round noon, which was governed Byuc andNar during

were performed in order to interpret the particle size distribu-the warm seasons and Biuc during cold seasons. The di-
tion within the size range (14-673) nm during the two-year urnal maximum was attributed to nucleation events from au-

period (August 2004—July 2006). tumn to spring time. During summer time, the diurnal max-
The sub-micron particle size distribution observed was redmum was attributed mainly to the accumulation of particles

lated to different sources and atmospheric patterns (regiondf(1snore during sea-land breeze days.

and synoptic-scale processes). The sampling area was influ- The samples influenced by synoptic-scale patterns were
enced by breeze circulation, which is known to be a procesglassified by air mass type using a cluster algorithm. The
that accumulates particles over coastal areas. Long rangearticle size distributions influenced by maritime air masses
transport sources, which are represented by synoptic-scalghowed greater particle number concentrations in the nucle-
processes, were dominated by desert dust, marine and coation and Aitken modes, whereas the size distributions influ-
tinental aerosol. The particle concentration observed duringenced by desert dust and continental air masses were domi-
the synoptic and regional-scale patterns were impacted byated by the Aitken and accumulation modes. In addition,
new particle formation events, which were classified with re-a striking similarity of the median size distributions at El
gard to the particle sources. In this study, SMPS data havérenosillo was found to air masses that originated from Cen-
been analysed under three different aspects, i.e., in termsal Europe and the Iberian Peninsula and from the African
of the atmospheric flows using HYSPLIT back-trajectories, continent.

mesoscale winds and nucleation events. Air masses impacted by regional circulation were classi-
In this context, the mean total concentratio¥ir{ over fied in terms of pure breeze (land flows blowing from the
the two-year period was 8660 crhi and the mean modal NE (0°—67 sector)) and non-pure breeze (land flows blow-
concentrations were 2830 crfy 4410cnt® and 1720cm® g from the NW (315-337 sector)). The greatest impact
for the nucleation Fnuc), Aitken (Nair) and accumula-  on the particle background levels, next to the change in wind
tion (Nacc) modes, respectively. The mean total parti- direction from offshore to onshore, was observed with an
cle surface areaSf) and volume {r) concentrations were  gnshore wind arriving at the coast of El Arenosillo around
245 pnf cm~3 and 9 prd cm™3, respectively. Comparing the noon. The effect of the non-pure breeze on particle levels
total and modal mean concentrations reported in this studyyas significantly higher than the effect of the pure breeze.
with other sites at similar latitudes, particle concentrationsThis is related to the impact of the emissions from the indus-
are more similar to those found at stations of rural areas lo+ria| area located in the NW sector. It can be considered as an
cated in Central Europe, than at coastal rural sites. example of how the recirculation of air pollution in coastal
An independence of th¥T with the season was observed. places with industrial activities can influence the air quality.
This absence of seasonality resulted from a clear inverse varion the other hand, for an appropriate interpretation of the
ation betweerWnuc and Nacc, which was related to the particle levels during these regional episodes, synoptic-scale
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patterns should be considered. For example, days under puresmi, A., Wiedensohler, A., Laj, P., Fjaeraa, A.-M., Sellegri, K.,
breeze were mainly influenced by continental and desert dust Birmili, W., Weingartner, E., Baltensperger, U., Zdimal, V.,
air masses and the hourly concentrations for accumulation Zikova, N., Putaud, J.-P., Marinoni, A., Tunved, P., Hansson, H.-

mode air were higher than for days under non-pure breeze.
New particle formation events were more common dur-

ing synoptic-scale atmospheric processes. In addition, the

number of days with nucleation events showed a clear in-
fluence on the monthly mean particle levels, explaining the

seasonal and annual behaviour of the particle concentration.

Two types of nucleation eventsV{ and N2) were identi-
fied in terms of the source region. Eveis were observed
with the wind from a forest area (Bana National Park) and

C., Fiebig, M., Kivelas, N., Lihavainen, H., Asmi, E., Ulevicius,
V., Aalto, P. P., Swietlicki, E., Kristensson, A., Mihalopoulos,
N., Kalivitis, N., Kalapov, I., Kiss, G., de Leeuw, G., Henz-
ing, B., Harrison, R. M., Beddows, D., O’'Dowd, C., Jennings,
S. G., Flentje, H., Weinhold, K., Meinhardt, F., Ries, L., and
Kulmala, M.: Number size distributions and seasonality of sub-
micron particles in Europe 2008-2009, Atmos. Chem. Phys., 11,
5505-5538¢0i:10.5194/acp-11-5505-2014011.

Birmili, W. and Wiedensohler, A.: New particle formation in the

continental boundary layer: meteorological and gas phase pa-

Seville City. They were quite homogeneous in a larger-scale rameter influence, Geophys. Res. Lett., 27, 3325-3328, 2000.

air mass and had the typical “banana” shape. Evlpisere

Birmili, W., Stratmann, F., Wiedensohler, A., Covert, D., Russell, L.

observed with the wind from the industrial areas near Huelva M- and Berg, O.: Determination of differential mobility analyser

City. Particles that were transported directly from the point
of emission to El Arenosillo were mostly in the nucleation
mode size range. Particles of larger diameters were onl

transfer functions using identical instruments in series, Aerosol
Sci. Tech., 27, 215-223, 1997.

Birmili, W., Wiedensohler, A., Heintzenberg, J., and Lehmann, K.:

y Atmospheric particle number size distribution in central Europe:
observed during the breeze circulation and when the con- P P pe:

statistical relations to air masses and meteorology, J. Geophys.

densation and coagulation processes were efficient. The fre- res 106, 32005-32018, 2001.

quency of EventsV; and N2 was strongly linked to the ma-
rine aerosol from the Atlantic and Arctic oceans which might

Birmili,

W., Berresheim, H., Plassibmer, C., Elste, T.,
Gilge, S., Wiedensohler, A., and Uhrner, U.: The Hohen-

be explained by a lower surface area concentration than that peissenberg aerosol formation experiment (HAFEX): a long-

of desert dust and continental aerosol.
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