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Abstract. This study focuses on the analysis of the submicron aerosol characteristics at El Arenosillo Station, a rural and coastal environment in South-western Spain between
1 August 2004 and 31 July 2006 (594 days). The mean total
concentration (NT ) was 8660 cm−3 and the mean concentrations in the nucleation (NNUC ), Aitken (NAIT ) and accumulation (NACC ) particle size ranges were 2830 cm−3 , 4110 cm−3
and 1720 cm−3 , respectively. Median size distribution was
characterised by a single-modal fit, with a geometric diameter, median number concentration and geometric standard
deviation of 60 nm, 5390 cm−3 and 2.31, respectively. Characterisation of primary emissions, secondary particle formation, changes to meteorology and long-term transport has
been necessary to understand the seasonal and annual variability of the total and modal particle concentration. Number concentrations exhibited a diurnal pattern with maximum
concentrations around noon. This was governed by the concentrations of the nucleation and Aitken modes during the
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 variation between the monthly mean NNUC and NACC . It was related to the impact of desert dust and continental air masses
on the monthly mean particle levels. These air masses were
associated with high values of NACC which suppressed the
new particle formation (decreasing NNUC ). Each day was
Correspondence to: M. Sorribas
(sorribasmm@inta.es)

classified according to a land breeze flow or a synoptic pattern influence. The median size distribution for desert dust
and continental aerosol was dominated by the Aitken and accumulation modes, and marine air masses were dominated
by the nucleation and Aitken modes. Particles moved offshore due to the land breeze and had an impact on the particle burden at noon, especially when the wind was blowing from the NW sector in the morning during summer time.
This increased NNUC and NAIT by factors of 3.1 and 2.4,
respectively. Nucleation events with the typical “banana”
shape were characterised by a mean particle nucleation rate
of 0.74 cm−3 s−1 , a mean growth rate of 1.96 nm h−1 and a
mean total duration of 9.25 h (starting at 10:55 GMT and ending at 20:10 GMT). They were observed for 48 days. Other
nucleation events were identified as those produced by the
emissions from the industrial areas located at a distance of
35 km. They were observed for 42 days. Both nucleation
events were strongly linked to the marine air mass origin.

1

Introduction

Sub-micron particles in the atmosphere (with diameters
smaller than 1 µm) origin from both natural and anthropogenic sources. Primary aerosol is directly emitted (seasalt, desert dust, biomass and fossil fuel burning) or secondary aerosol can be the result of chemical reactions by
gas-to-particle processes (secondary organic aerosols, sulfate
and nitrate). The importance of the secondary particle formation on a global scale is uncertain although, it may make a
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significant contribution to particle concentration. Moreover,
it has been shown that the seasonal total concentration cycle observed is better simulated by including the new particle formation mechanism than by increasing the number
of emissions from primary sources (Spracklen et al., 2010).
Sub-micron aerosol is highly variable around the world and
plays an important role in global and regional climate. According to Charlson and Wigley (1994), the concentration of
natural aerosol has roughly remained the same since the industrial revolution, but human activity has increased the concentration of the anthropogenic aerosol. The report of the
Intergovernmental Panel of Climate Change (Solomon et al.,
2007) claims that the effect of the anthropogenic aerosol on
climate change is still uncertain: therefore, more research is
needed to improve our understanding. The direct effect of
aerosol particles on climate is related to the absorption and
scattering of solar radiation. The ratio of scattering to extinction coefficients describes the single scattering albedo and,
thus, the influence of the aerosols on the radiative balance of
the atmosphere (Takemura et al., 2002). The scattering properties of the aerosol can be measured, but can also be calculated theoretically from particle size distribution and the Mie
Theory. The comparison of observed and calculated scattering allows closure studies (Kleefeld et al., 2002; Shen et al.,
2011). The indirect forcing by aerosol is defined as the process by which aerosols modify the Earth’s energy balance by
the modulation of the cloud albedo and cloud amount. The
ability of an aerosol particle to act as cloud condensation
nucleus (CCN) depends on its size (Charlson et al., 1987).
Sub-micron particles comprise of the largest sources of CCN
(Yum et al., 2007; Spracklen et al., 2008).
Sub-micron particles have a wide range of atmospheric
lifetimes (from some seconds to days) and can, therefore,
be studied by means of the processes of formation, growth
and removal of the particles in the atmosphere (Birmili and
Wiedensohler, 2000; Boy and Kulmala, 2002; Kulmala et al.,
2004; Hamed et al., 2007; Jeong et al., 2010). They can also
be studied by their transport flow patterns from the aerosol
sources to the sampling site (Birmili et al., 2001; Van Dingenen et al., 2005; Wehner et al., 2008; Shen et al., 2011).
During the last decade, the particle number size distribution has been measured in many places around the world
(Heintzenberg et al., 2000; Kulmala et al., 2004) under different atmospheric conditions. These measurements have been
taken on different platforms (ground, ships or aircraft) and
during sampling over short periods, such as campaigns (Antilla et al., 2005; Van Dingenen et al., 2005; Mahajan et al.,
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 monitoring has been performed since 1996 at “El Arenosillo”
– Atmospheric Sounding Station, which is located on the
southwest coast of Spain and in a rural area. Initially, the
efforts at the site were focused on the characterisation of
the aerosol optical properties by means of remote-sensing
Atmos. Chem. Phys., 11, 11185–11206, 2011

methods, using spectro-radiometer and photometric measurements, (Vergaz et al., 2005; Toledano et al., 2007a, b;
Cachorro et al., 2008; Prats et al., 2008). In order to quantify the contribution of the tropospheric aerosol on columnar
aerosol (Córdoba-Jabonero et al., 2011), in-situ monitoring
of particle number size distribution commenced in 2004.
The objective of this paper is to report the first description of the sub-micron particle number size distribution and,
within this framework, to improve the knowledge about the
origin, levels and behaviour of sub-micron aerosol sources
in a rural and coastal area at mid-latitudes, such as the background environment of Doñana National Park. Other aerosol
properties, such as PM10 and PM2.5 mass concentrations,
have been widely analysed in this area (Querol et al., 2004,
2008; Sánchez de la Campa et al., 2009), but studies about
the long-term particle number size variability in southern Europe and especially in the Iberian Peninsula, clearly relevant
to climate sciences, are lacking. This need of information is
remedied by the present study.
Primary emissions and meteorology, transport and deposition changes are not sufficient to explain the observed particle levels at sites worldwide (Spracklen et al., 2010) and,
thus, particle also needs to be taken into account (assuming binary (Kulmala et al., 1998) or ternary (Korhonen et al.,
1999) homogeneous nucleation or an empirical particle formation mechanism (Kulmala et al., 2006)). Thus, this study
contains the following sections: the area of study, the sampling station and the aerosol instrumentation, including its
intercomparison with a GAW (Global Atmospheric Watch)
standard, are described in Sect. 2. The results and discussion
are given in Sect. 3. In Sects. 3.1, 3.2 and 3.3, a statistical analysis of the size distribution over the course of two
years by means of the diurnal, seasonal and annual cycles
of the total and modal concentration is shown. A comparison with particle concentrations at other stations is also presented. In Sect. 3.4, a day’s segregation by means of regional
and synoptic-scale patterns was performed according to the
surface data of wind speed and direction. This categorization was supplemented with an identification of the different
types of new particle formation episodes. Section 3.5 shows
a classification of the air mass origin on the basis of cluster
analysis, to determine the influence of long-range transport
aerosol sources on the particle number size distribution. In
Sect. 3.6, the results of the size distribution analysis according to sea-land breeze processes are presented and discussed.
And finally, in Sect. 3.7, the new particle formation events
are illustrated in terms of the particle source.

2
2.1

Site, measurements and methods
Sampling station site

“El Arenosillo” – Atmospheric Sounding Station is an investigation platform for several topics on atmospheric sciences
www.atmos-chem-phys.net/11/11185/2011/
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(aerosols, gaseous pollutants, visible and UV radiation
stratospheric ozone, ionosphere layer, etc). One of the main
research subjects at this station is the in situ and remote sensing of aerosol: from particulate mass levels (gravimetric) and
chemical composition (Sánchez de la Campa et al., 2009),
super- and sub-micrometer particle number size distributions
(Sorribas, 2008) and integrating scattering and absorbing coefficients (Mogo et al., 2005, 2010), to physical and radiative properties of columnar aerosol (Toledano et al., 2007a).
The station is also equipped with different instrumentation
for monitoring other atmospheric parameters, such as stratospheric ozone and UV solar radiation, to study their effects
on biological ecosystems. It is now also capable of monitoring concentration of gaseous pollutants (O3 , NO2 and NOx )
and meteorological parameters.
The observatory is located in the province of Huelva
(37.1◦ N, 6.7◦ W, 40 m a.s.l.), on the coast of the Atlantic
Ocean and close to the Mediterranean Sea and the North
African coast (Fig. 1). It is situated in a protected rural environment (Doñana National Park), which covers an extensive
area with a homogeneous Mediterranean pine forest, and a
coastal area to the south-west where the Atlantic Ocean is
less than 1 km away. The nearest population is a small village, named Mazagón, which is about 8 km to the northwest.
The closest large population is the City of Huelva (160 000
inhabitants), 35 km to the northwest. Emissions from industrial areas around Huelva could contribute to the background
levels at the sampling site during northwest winds.
The main aerosol types present at El Arenosillo Station
are coastal marine, continental and desert dust. Air mass
back-trajectories from 2000 to 2004, with starting heights of
500 m a.s.l., were used to identify the aerosol source regions.
The trajectories showed that 44 % of air masses are coastal
marine, while 38 % are continental aerosol air masses and
18 % are desert dust air masses (Toledano, 2005). Desert
dust events are more frequent during February and March
and during summer months (Toledano et al., 2007b; Prats et
al., 2008; Córdoba-Jabonero et al., 2011).
A wind rose for the period (1 August 2004–31 July 2006)
is presented in Fig. 1. The winds were most common from
the NE and the SW, indicating that air came perpendicular
to the Atlantic coast line. The influence of a recirculation
of coastal air such as the sea-land breeze is more common
in spring and summer time with an occurrence probability
of 30 % in May and a maximum of 70 % in August (Adame
et al., 2008). Because the sampling area is very flat, they
can be considered as a mesoscale phenomenon. Winds from
Huelva City (NW) and its surroundings were observed at a
lower occurrence.
An evaluation of the main meteorological characteristics
showed that the average ambient temperature oscillated between 26 ◦ C in August and 12 ◦ C in January (annual average = 19 ◦ C). Wind speed ranged from less than 2.5 ms−1
in June to as high as 3.2 ms−1 in December (annual average = 3 ms−1 ) (Adame et al., 2008).
www.atmos-chem-phys.net/11/11185/2011/
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Scanning mobility particle spectrometer
intercomparison

The dry ambient sub-micron particle number size distribution was monitored with a Scanning Mobility Particle Sizer
(SMPS) particle spectrometer (Knutson and Whitby, 1975).
The SMPS (TSI Model 3936) is made up of a differential
particle size classifier (TSI Model 3080, Electrostatic Classifier), a Condensation Particle Counter (TSI Model 3022A)
for particle detection and the AIM software (version 4.3, TSI
INC., St. Paul., MN, USA) for data reduction and analysis
of the SMPS output. The polydisperse aerosol flow was
0.3 l min−1 and the sheath flow was 3 l min−1 , which was
dried with silica gel in a closed loop.
In order to assess the quality of the measurements, an intercomparison of our system was carried out at the World
Calibration Centre for Physical Aerosol Research (WCCAP)
at Institut für Troposphärenforschung (IfT) in Leipzig (Germany). IfT is endorsed by the WMO within the framework of
the GAW programme and it has designed a calibration programme to maintain and compare aerosol instrumentation,
such as the SMPS. Limitations of our system were assessed
during an intercomparison campaign held at the IfT from 8
to 10 December 2003. Some instrumental restrictions are
the low efficiency for measuring the nucleation and Aitken
modes due to the losses in the Differential Mobility Analyzer
(DMA) inlet (Birmili et al., 1997) and in the Condensation
Particle Counter (CPC) (Su et al., 1990).
The instrument of the IfT was a Differential Mobility Particle Sizer (DMPS), which is capable of measuring the particle mobility diameter in the range of 7–400 nm. In the
Electrostatic Classifier, the particles pass through a Kr-85
Bipolar Charger and though a short-DMA with 18 cm central
electrode. The CPC Model used was the 3010 of TSI. The
aerosol and sheath flows were 1.0 l min−1 and 10 l min−1 , respectively.
Both of the spectrometers were connected to the same
sampling system of atmospheric aerosol, therefore, both instruments characterised the same air volume and the losses
in the inlet and transport lines were the same. The measurements were carried out simultaneously every four minutes.
The correction factor (CF) was calculated using the ratio
of the same hourly averages of particle size distribution given
by the SMPS – El Arenosillo and the DMPS-IfT. This CF allowed us to account for the losses that appeared in the SMPSEl Arenosillo, assuming that the DMPS-IfT is the standard
instrument. For diameters smaller than 70 nm, a decrease
in SMPS efficiency was observed, with a value of 50 % at
20 nm. The CF was 1 for particle sizes larger than 70 nm.
Using this CF a good consistency between both systems was
observed.

Atmos. Chem. Phys., 11, 11185–11206, 2011
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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 surface aerosol measurements were carried out at El
Arenosillo Station. The inlet was placed at 3 m above the
forest and about 8 m above ground level. The aerosol sampling was conducted according to Sheridan et al. (2001) with
a flow rate of 330 l min−1 and Reynolds Number Re = 9100,
using a vertical stainless steel tube (48 cm inner diameter
and 550 cm length). This outer tube was placed concentrically around the inner tube (1 cm inner diameter and 120 cm
length), which transported the sampled aerosol into the laboratory with a broad curve into the flow splitter. In this inner
tube, the flow rate was 13.3 l min−1 and Re = 1820. A conductive flexible tube with 0.6 cm inner diameter transported
the aerosol flow from the flow splitter to the SMPS instrument. The sampling system efficiency calculated according
to Willeke and Baron (1993), ranged from 85 % for 16.5 nm
particles to 94 % for 604 nm particles. Sampling losses were
corrected for data processing presented in Sect. 3.
Atmos. Chem. Phys., 11, 11185–11206, 2011

The sub-micron particle number size distributions were
measured continuously with a time resolution of 10 min from
1 August 2004 to 31 July 2006. During this period there was
one longer gap, from 25 July to 11 October 2005, due to
some instrument failure. The SMPS was operational for 594
days (81 %) and its maintenance was performed according
to the standard procedures. The accuracy of DMA size selection was tested with polystyrene latex spheres (PLS) and
the diameters that were obtained were within 2 % of those
expected.
All of the spectra were checked and inaccurate measurements were removed. Rain processes have a great effect on
particle scavenging and were not considered in this study
(about 2 % of the entire dataset). More than 75000 valid
size distributions were obtained. The temporal coverage of
data (in percentages) during the period of study was about
(81 ± 15) % of the valid size distributions per month. In
this study, particle number size distributions were assumed to
have a three modal structure: a nucleation mode (14–30) nm,
www.atmos-chem-phys.net/11/11185/2011/
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Table 1. Statistics for total and modal concentrations of several moments of the size distribution for 1-h year data series. Ñ is the arithmetic
mean concentration, ñ is the geometric mean concentration, σ is the standard deviation and µx values are the xth percentiles.
Unit

Ñ

ñ

σ

µ05

µ16

µ50

µ84

µ95

8660
2830
4110
1720

7046
1470
3240
1355

6740
4510
3220
1120

2310
210
1000
340

4050
495
1710
635

7090
1470
3260
1530

12 810
4725
6280
2750

19 960
10 520
10 100
3730

NT
NNUC
NAIT
NACC

cm−3
cm−3
cm−3
cm−3

ST
SNUC
SAIT
SACC

µm2 cm−3
µm2 cm−3
µm2 cm−3
µm2 cm−3

245
5
50
190

200
3
40
150

140
7
30
130

55
0
10
40

105
1
20
70

220
3
40
170

370
8
10
300

486
17
110
410

VT
VNUC
VAIT
VACC

µm3 cm−3
µm3 cm−3
µm3 cm−3
µm3 cm−3

9
0
1
8

7
0
0
6

6
0
0
6

2
0
0
1

3
0
0
3

8
0
0
7

14
0
1
13

19
0
1
18

20

Relative Frequency (%)

an Aitken mode (30–100) nm and an accumulation mode
(100–673) nm. The term “ultrafine size range” was used to
define particles with a diameter below 100 nm (nucleation
plus Aitken modes). The term “Mode-i” was used to describe each mode (i = 1, 2, . . . ) of the size distribution function when it was log-normal fitted. The expressions “singlemodal fit”, “bi- modal fit” and “tri- modal fit” were used to
describe the lognormal fitting algorithms.
Meteorological parameters (temperature, relative humidity, pressure and wind speed and direction) were obtained
0.5 km southwest of the sampling site.

16
12
8
4
0

1500

3

Results and discussion

3.1

3.1.1

General characteristics of the particle size
distribution

9000 16500 24000 31500 39000
Total Concentration (cm-3)

Fig. 2. The relative occurrence frequencies of total particle concentrations of 1-h data for the two-year period under study.

Mode descriptions

To study the particle number size distribution, statistics for
the total aerosol and for each of the modes are presented
in Table 1. The arithmetic mean value (Ñ) for total particle
concentration (NT ) was (8660 ± 6740) cm−3 (“±” indicates
standard deviation (σ ) in this study). The median value (µ50 )
(with µ16 −µ84 percentiles) of 7090 (4050–12 810) cm−3 indicates that the most frequent values were smaller than the
mean total concentration. Figure 2 shows how NT was distributed around a mean value of 8660 cm−3 with the highest
frequency at (6000–7500) cm−3 and only 1 % of total concentration was above 24 000 cm−3 .
For modal concentrations, the arithmetic mean values (Ñ)
were 2830 cm−3 , 4110 cm−3 and 1720 cm−3 for the nucleation (NNUC ), Aitken (NAIT ) and accumulation (NACC )
modes, respectively (Table 1). The standard deviation (σ ) of
www.atmos-chem-phys.net/11/11185/2011/

NNUC presented a variation of 160 %, indicating that NNUC
varied greatly around the mean with some high particle levels
which cause a shift of the σ towards higher values than the
mean. The σ for NAIT and NACC were greater than 75 %.
The median modal concentrations (µ50 ) (with µ16 − µ84
percentiles) were 1470 (495–4725) cm−3 for NNUC , 3260
(1710–6280) cm−3 for NAIT and 1530 (635–2750) cm−3 for
NACC .
The mean total particle surface area (ST ) and volume (VT ) concentrations were (245 ± 140) µm2 cm−3 and
(9 ± 6) µm3 cm−3 , respectively, and the median total concentrations (with µ16 − µ84 percentiles) were 220 (105–
370) µm2 cm−3 and 8 (3–14) µm3 cm−3 (Table 1).
To study the relationship between different particle size
ranges, the linear correlation coefficients (R) between hourly
Atmos. Chem. Phys., 11, 11185–11206, 2011
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mean NNUC &NAIT (R = 0.4), hourly mean NAIT &NACC
(R = 0.4) and hourly mean NNUC &NACC (R = 0.1) were calculated. As expected, concentrations for NNUC &NAIT and
NAIT &NACC were statistically (although only weakly) dependent on each other in terms of hourly means by processes
such as nucleation, condensation and coagulation.
3.1.2

Comparison with total and modal concentrations
at other stations

Comparisons with other size distributions measured at sites
of similar latitudes were made based on previous studies. These investigations included observations (Asmi et al.,
2011) and comparisons between measurements and results
obtained from global aerosol models (Spracklen et al., 2010)
of total particle number concentrations, which show diurnal,
weekly and seasonal variability at different stations around
the world. Using the study of Spracklen et al. (2010) as
a reference, measurements made at mid-latitude coastal locations showed mean total particle concentrations between
1000 cm−3 and 2000 cm−3 , while greater concentrations of
3000 cm−3 were observed at Mace Head station (west coast
of Ireland). Given that El Arenosillo station is at a midlatitude coastal site, it may be expected that mean particle
levels are similar to those concentrations at other coastal areas. However, the influence of continental, desert dust and
anthropogenic aerosol sources increases the coastal background particle level at El Arenosillo Station. The mean total concentration was, therefore, closer to the observations of
continental boundary sites than to levels of the marine boundary layer.
This assumption is also corroborated by the study of Asmi
et al. (2011). The median concentration of (NAIT + NACC )
observed at El Arenosillo Station is the second highest
value measured in Central Europe, behind Ispra Station with
7188 cm−3 and ahead of Cabauw and K-Puszta Stations
with 5126 cm−3 and 4648 cm−3 , respectively. NNUC at El
Arenosillo Station is greater than NNUC at Ispra (Rodrı́guez
et al., 2005) and Melpitz Stations (Birmili et al., 2003).
Therefore, the total and modal particle concentration at El
Arenosillo was closer to the levels found in rural areas located in Central Europe, than to those found in the coastal
rural sites of the mid-latitudes.
The technique for fitting the annual median size distribution applied by Asmi et al. (2011) has been used in our work
to compare the fit function over the two-year period at El
Arenosillo with those fitting parameters as obtained at other
European sites. This technique applies lognormal fitting algorithms, single- and bi-modal fits for particle sizes greater
than 20 nm, since the size range of (30–100) nm is of particular interest as these are the particles that act as CCN. The size
distributions of these size range show (slightly skewed) lognormal distributions. The modal parameters for both fits are
shown in Table 2. The single-mode fit had a geometric mean
diameter (Dg ), a number concentration (N) and a geometAtmos. Chem. Phys., 11, 11185–11206, 2011

ric standard deviation (σg ) of 60 nm, 5390 cm−3 and 2.31,
respectively. These modal parameters are more similar than
to those obtained at other European Stations like Waldhof
(Germany), Ispra (Italy) and Cabauw (the Netherlands). The
bi-modal fit for El Arenosillo presents two modes strongly
overlapping similar to the annual median size distribution
function for Ispra and Cabauw. The goodness of fit function
value was characterised by the correlation coefficient (R 2 ),
resulting that both fitting procedures show very high R. The
annual median size distribution can, therefore, be fitted by
using a single-mode fit which is corroborated by the annual
median size distribution function of the most of the stations
in Asmi et al. (2011). Thus, even though the real size distributions might be more complex (i.e., can be separated into
more modes), the representation of a single-mode that quantifies the important particle range at different station is also
useful. Using this methodology, models could be tested by
reproducing the size distributions for different stations.
3.2

Monthly, seasonal and annual total and modal
concentrations

Figure 3 shows the monthly means of the total and modal
particle number concentrations, which were calculated using
daily averages. The standard deviation is also indicated (grey
vertical lines), showing the wide range of values of the daily
mean concentrations.
A seasonal behaviour of the total particle concentration
was not observed at El Arenosillo (Fig. 3a), showing a different feature amongst other European rural sites which showed
maxima during summer (Birmili et al., 2001; Tunved et al.,
2003) or during autumn-winter (Rodrı́guez et al., 2005). By
contrast, other compounds at El Arenosillo Station, such as
the tropospheric ozone, exhibit an increase in concentration
from winter (56 µg m−3 in January) to summer (85 µg m−3
in July) (Adame et al., 2010a). The absence of seasonal variation of the total particle concentration was produced by a
clear inverse variation between NNUC and NACC (Figs. 3b
and 3d). Thus, Period A (January–April 2005) evinced an
increase/decrease of NNUC /NACC and Period B (April–June
2005) showed the opposite behaviour.
Figure 4 shows how the monthly means of NNUC vary with
the monthly means of NACC (red line) and NAIT (black line)
over a two-year period. The correlation NACC &NNUC allows
us to conclude that every decrease/increase in the accumulation mode of about 0.4 cm−3 (slope value given directly on
the graph) relates to an increase/decrease in the nucleation
mode of 1 cm−3 . If the correlation coefficients (R) of the
monthly means of NACC &NNUC and NAIT &NNUC (with values 0.7 and 0.5, respectively) are compared to those calculated from the hourly means (Sect. 3.1), an influence of the
different time scales on the correlations is found as R was
higher when long-term scales were used. Thus, hourly means
were statistically independent, but monthly means were related.
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 nm. Dg,i , Ni and σI represent the geometric diameter, median number concentration and geometric standard
deviation, respectively. The goodness of fit function value was characterised by the correlation coefficient (R 2 ).
Single-modal fit
N cm−3

σg

R2

Dg,1 nm

N1 cm−3

σg,1

Dg,2 nm

N2 cm−3

σg,2

R2

5910

2.31

0.99

37

3820

2.50

85

1950

1.85

1.00

60

NTotal (cm-3)

3

PER. A

PER. B

X 10
16
14 (a)
12
10
8
6
4
Aug Nov Feb May
2005
2004
9

X 10

3

PER. A

8
NNUC (cm-3)

Dg nm

Bi-modal fit

Nov

Feb
2006

PER. B

4
2

PER. B

4

X 103

Feb May
2005
PER. A

Nov

Feb May
2006

Nov

Feb May
2006

PER. B

(d)
NACC (cm-3)

(c)
NAIT (cm-3)

PER. A

(b)

0
Aug Nov
2004

May

3

7

2

5

1

3
1
Aug
2004

6

X 103

Nov

Feb May
2005

Nov

Feb
2006

May

0
Aug Nov Feb
2005
2004

May

Fig. 3. Annual cycle with monthly mean levels for (a) NT , (b) NNUC , (c) NAIT 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 of NNUC , shown in Fig. 4,
can be related to the number of days per month when new
particle formation events occurred. This process could be
promoted by a reduction of NACC due to fewer desert dust
and continental air masses arriving at El Arenosillo. The
low values of NACC were related to small surface area concentrations which could favour the homogeneous nucleation
processes (increasing NNUC ) of pre-existing precursor gases.
The high monthly means of NACC shown in Fig. 4 could be
due to the presence of large particles from desert dust and
continental air mass and from an increase in atmospheric
stagnation. This resulted in aerosol aging and, therefore,
in an increase of NACC . Both processes are present over
the Iberian Peninsula during spring-summer (Toledano et
al., 2007b; Querol et al., 2008). The high values of NACC
were associated with large surface area concentrations which
favoured the condensation of gases onto pre-existing particles and suppressed the new particle formation (decreasing
NNUC ). Previous studies have also shown a reduction of
NNUC within dusty regions of up to 20 % through this mech-
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anism (Manktelow et al., 2010). Thus, the importance of the
particle formation events in determining the existence and
the absence of the seasonal particle concentration cycle is
evident. This assumption has also been used in models to
simulate the particle concentration (Spracklen et al., 2010).
The differences in the monthly mean concentrations, observed during similar time periods during the two-years of
study, are striking. A comparison of particle levels in April
2005 and April 2006 shows that NNUC and NAIT were lower
by a factor of 1.5 and higher by a factor of 1.6 during the latter time periods. These differences are related to the desert
dust episodes, as shown below. Toledano et al. (2007b)
did not report April as a month influenced by desert dust
episodes, on the basis of photometric measurements. In the
present study, a mean aerosol optical depth (AOD – 440 nm)
of 0.15 and a mean Ångström exponent (α) of 1.09 were observed, (AERONET Level 2.0) in April 2005, and in April
2006, these mean values were 0.25 and 0.76, respectively
(AERONET Level 1.5 – no data in Level 2.0 were recorded).
Taking into account these mean values and those obtained by
Atmos. Chem. Phys., 11, 11185–11206, 2011

6

-3

3

NAIT

NACC

x 10

3

12

Fit (NAIT&NNUC )
y=(0.6 ± 0.2)x+(2460 ± 670)
R=0.5

5
4

4
3

3
2

x 10

1
2

3
-3
NNUC (cm )

4

1
5

the inventory of African desert dust events over El Arenosillo
(Toledano et al., 2007b), the number of observations of desert
dust aerosols is higher in April 2006 than in April 2005.
In addition, this will be corroborated by the back-trajectory
analysis at 500 m presented in Sect. 3.7.
Diurnal patterns of the modal concentrations

Figure 5 shows the daily mean cycles per season for the total and modal concentrations which were calculated from the
daily mean cycles per month. The aerosol size distributions
were dominated by the nucleation and Aitken modes during spring-summer times with the maximum hourly mean
for the diurnal cycle of NNUC /NAIT at 6750/5590 cm−3 and
7290/6670 cm−3 , respectively. During autumn and winter,
the diurnal cycle of the aerosol size distributions was dominated primarily by the nucleation mode with the maximum
hourly mean of about 5000 cm−3 . The maximum NNUC was
reached at 11:00 GMT and 10:00 GMT during spring and
summer times, respectively, and for NAIT at 11:00 GMT for
both time periods. By contrast, during the colder autumn and
winter the maxima for NNUC were reached at 14:00 GMT
and 13:00 GMT, respectively, and for NAIT during the night.
On the other hand, the diurnal cycle of NACC was not observed because the accumulation mode is composed mainly
by long-lived particles (Rodrı́guez et al., 2005; Shen et al.,
2011).
There was an increase in concentration for all particle
modes during afternoons of summer months (Fig. 5). We
propose that the VOC concentrations were greater at night
than during the day, in spite of lower emissions, due to the
shallower and more stable nocturnal boundary layer (Ieda et
Atmos. Chem. Phys., 11, 11185–11206, 2011
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Fig. 4. The linear fits between the monthly mean NAIT and NNUC
(black line) and between the monthly mean NACC and NNUC (red
line). The coefficient of correlation and the standard deviation of
the slope and the intercept are also shown for both linear fits.
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Fig. 5. Daily mean cycles of the total and nucleation, Aitken and accumulation mode concentrations per season, July–September (summer), October–December (autumn), January–March (winter) and
April–June (spring).

al., 2006). This may induce particle growth by coagulation
of small particles and by condensation of volatile organic
components on pre-existing particles (Kulmala et al., 2001;
Rodrı́guez et al., 2005), and subsequent increases in NNUC
and NAIT in the late afternoon.
The minimum hourly mean levels for NT during the cold
months were 15 % lower than during the warm months. This
difference may be due to the meteorological scenarios that
cause atmospheric stagnation during the warm months, characterised by the lack of renewal of the air masses. During
these episodes, the particle transport to rural areas takes place
through a regional atmospheric circulation (e.g. a breeze phenomenon), thereby increasing the particle and gas concentrations in rural areas (Gangoiti et al., 2002; Querol et al., 2008;
Adame et al., 2010b).
3.4

Day’s segregation by means of regional and
synoptic-scale patterns

If there is no strong synoptic forcing, the coastal areas are
influenced by mesoscale processes due to the diurnal heating and cooling differences between the land and sea. In a
region like El Arenosillo, in which a wide area has an altitude close to sea level, the mesoscale flow determines the regional atmospheric conditions which affect the recirculation
of aerosol particles emitted by local and long-range transport sources. With the aim to present the main properties of
the particle size distribution, each day was initially classified on the basis of the sea-land breeze phenomenon (Adame
et al., 2010a). The 594 days of the data set were separated
into 104 days (18 %) under the influence of a recirculation
of coastal air and into 490 days (82 %) with synoptic-scale
patterns. The classification scheme is shown in Fig. 6. The
percentages in brackets refer to the 594 days of the data set.
The long-term monitoring carried out during the 490 days
with no influence of the sea-land breeze pattern (Fig. 6)
www.atmos-chem-phys.net/11/11185/2011/
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Fig. 6. Representative days’ segregation by means of sea-land breezes (pure and non-pure) days and nucleation events (N1 and N2 ). Tables
containing the modal parameters of the median size distribution function for each classification are also indicated.
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allows the investigation of the particle size distribution in
terms of air mass type (Birmili et al., 2001; Tunved et al.,
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 sealand 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 49
days (8 %) of the pure breeze type and into 55 days (9 %) of
the non-pure breeze type. The diurnal variation of the particle size distribution and of the wind direction allowed for
the identification of two types of high particle number concentration events: the first related to the sea-land breeze days
and the accumulation of the particle in the wind flow, and
the second related to the new particle formation by nucleation processes. The nucleation events are shown in Fig. 6 as
Events N1 and N2 . If the days with Events N1 and N2 are removed from the classification of non-breeze and breeze days,
46 days (8 %) were representative of the pure breeze pattern
(PB days), 36 days (6 %) of non-pure breeze pattern (N-PB
days) and 422 days (71 %) of no breeze pattern (NB days).
The properties of the size distribution for NB, PB and N-PB
days will be discussed in Sect. 3.6, and the main characteristics of Events N1 and N2 will be presented in Sect. 3.7.
Figure 7 illustrates the monthly relative frequencies of
days under non-pure and pure breeze and synoptic-scale
flows together with the number of such days per month during the studied period. This classification has been performed, by applying the days’ segregation described above
and allows us to evaluate the impact of the regional circulation processes, the long-range transport air masses and the
nucleation events over the monthly mean size distributions.

10
8 9 10 11 12 1 2 3 4 5 6 7 11 12 1 2 3 4 5 6 7
2004

2005

2006

Month

Fig. 7. Frequency of monthly occurrence as percentages of nonpure breeze and pure breeze and non-breeze days (left axis), and the
number of days per month (right axis), during the two-year period
under study.

3.5

Size distribution in relation to air masses

In this section, the variation in the particle size distributions is analysed based on their different air mass histories. To represent the atmospheric flows arriving at different heights over a sampling site, the back-trajectories have
been widely used in previous investigations (Venzac et al.,
2009; Córdoba-Jabonero et al., 2011; Lozano et al., 2011).
The back-trajectories used in our study were calculated using
Atmos. Chem. Phys., 11, 11185–11206, 2011
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the HYSPLIT (Hybrid Single Particle Lagrangian Integrated
Trajectory) model (Draxler and Hess, 1998). 3-D-backtrajectories were evaluated using the vertical wind method
and the 120-h duration was selected to appropriately account
for synoptic-scale processes (Kivekäs et 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 m
(hereinafter referred to as centroids) were evaluated by cluster analysis, using a non-hierarchical method based on the
Euclidean distance between the trajectories in two dimensions (latitude and longitude). To select the optimal number
of clusters, the variation of the total root-mean-square deviation (rmsd) versus the number of clusters was evaluated.
Given that the selected threshold is arbitrary, a 7 % change in
the rmsd determined the optimal number of clusters. In our
work, the same methodology for back-trajectory classification will be used.
3.5.1

Main characteristics of the atmospheric flows

With the aim to represent the long-range aerosol transport in
the lower atmosphere appropriately and to determine a representative height of the air mass back-trajectory endpoints, a
set of 4-day back-trajectories at 100, 500 and 900 m were calculated over El Arenosillo Station. Taking into account the
seasonality of air mass types, the back-trajectories were calculated for a representative month of each season (January,
April, July and October) from August 2004 to July 2006, at
00:00, 06:00, 12:00 and 18:00 GMT. Thus, each set of backtrajectories at 100, 500 and 900 m was represented by seven
clusters. Each height of the back-trajectory endpoints had
a similar set of mean atmospheric flows during the previous
120-h over El Arenosillo. The similarities found among the
aerosol sources of the three atmospheric levels allow us to
conclude that the aerosol properties among the different levels are homogeneous. Following this conclusion and the detailed study of the air masses at 500 m over El Arenosillo
discussed by Toledano et al. (2009), which shows similar atmospheric flows to those of our analysis, the heights of the
500 m endpoints were assumed to be the most representative
for in-situ measurements.
Once the representative height levels are selected, 4-day
air mass back-trajectories at 500 m (at 00:00, 06:00, 12:00
and 18:00 GMT) were computed daily during the 490 days
without regional circulation. They were classified using the
seven clusters evaluated by Toledano et al. (2009) at this altitude, which are shown in Fig. 8. The difference between the
clusters observed in Fig. 8 and those clusters evaluated during our analysis of the most representative height for in-situ
measurements (see previous paragraph) was only the temporal coverage used to calculate the back-trajectories. The
temporal coverage was higher for the mean back-trajectories
Atmos. Chem. Phys., 11, 11185–11206, 2011

Fig. 8. Centroids of the cluster classification at 500 m identified
according to the back-trajectory analysis using the HYSPLIT model
(Toledano et al., 2009).

presented in Fig. 8 and then, the corresponding seven clusters
were selected to classify the back-trajectories.
The monthly frequency of the classification results is presented in Table 3. The main atmospheric transport regime
was of oceanic origin which is represented by clusters 2,
3, 5 and 6, which together had an occurrence frequency of
42 %. The maritime westerly flow pathway from the Atlantic
Ocean was characterised by clusters 2 and 5, which are distinguished from each other only in terms of the transportation
speed of the air masses. The cluster is longer when the wind
speed is greater: therefore, cluster 5 was associated with the
faster-moving maritime trajectories from western Atlantic.
Aerosol of marine, north-westerly origin from the Atlantic
and Arctic Oceans were found in cluster 6 and cluster 3, respectively. Finally, cluster 1 included the regional and North
African air masses with 20 % of the data, while continental flow pathways from the Iberian Peninsula and those from
central and northern Europe, were represented by cluster 7
(14 % of the cases) and cluster 4 (24 % of the cases), respectively.
A high variability can be observed in seasonal patterns
shown in Table 3. The transport of desert dust aerosol from
North Africa (cluster 1) was most frequent during spring and
summer months. While marine air masses from the western
sector (clusters 2 and 5) were most common during summer
months, flows from the north-westerly sector (clusters 3 and
6) occurred during the winter months. The continental air
masses arriving at El Arenosillo from central and northern
Europe were less frequent during summer-autumn months
and those for the Iberian Peninsula during spring and summer months.

www.atmos-chem-phys.net/11/11185/2011/

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

11195

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.
Desert Dust
2004
August
September
October
November
December

Western marine

North western marine

Continental

Cluster 1

Cluster 2

Cluster 5

Cluster 6

Cluster 3

Cluster 4

Cluster 7

15
35
17
26
12

40
20
26
3
8

20
3
10
2
10

3
1
3
5
17

0
0
19
6
10

20
13
18
33
33

2
28
7
25
10

19
4
24
5
18
12
7
23
18

11
6
9
28
25
18
32
1
18

8
0
20
15
13
0
24
8
7

4
4
5
10
0
0
0
7
16

8
16
6
15
11
2
7
18
2

31
37
33
20
25
38
22
11
10

19
33
3
7
8
30
8
32
29

21
22
16
44
31
31
43

0
7
14
18
1
0
13

4
2
29
12
10
0
22

23
17
10
9
17
0
0

14
22
27
3
1
15
13

22
28
0
13
35
44
9

16
2
4
1
5
10
0

21
15
28
20

17
16
7
14

8
10
11
10

7
5
13
8

8
9
14
10

25
26
21
24

15
19
6
14

2005
January
February
March
April
May
June
July
November
December
2006
January
February
March
April
May
June
July
Mean Annual
Period 2004
Period 2005
Period 2006
Period 2004–2006

3.5.2

Median size distribution in terms of the
atmospheric flows

To evaluate the median particle number size distribution per
cluster the following methodology was used. As being representative for each day, four size distributions were calculated
by finding the median of the hourly size distributions, which
are within a 6-h interval centred on the arrival time of the air
masses at El Arenosillo. For example, the median size distribution for the air mass arriving at 06:00 GMT was calculated
using the measured size distributions from 03:00 GMT to
08:00 GMT, which was then included in the group that contains the data of the cluster assigned to 06:00 GMT. The same
data process was applied to the 12:00 GMT, 18:00 GMT and
00:00 GMT time slots. Finally, the median data value in each
cluster group was evaluated. Figure 9a–g shows the median
size distribution averaged over all days for each of the seven
clusters and the 16th and 84th percentiles.
www.atmos-chem-phys.net/11/11185/2011/

The resulting median size distribution has been log-normal
fitted for particles sizes greater than 20 nm following the fitting procedure by Asmi et al. (2011), and the modal parameters are summarized in Table 4. For clarity, the fitted size
distributions are shown in Fig. 10a. The volume-size distribution for each cluster is also presented in Fig. 10b.
Significant differences are found between marine, continental and desert dust air masses. Desert-dust (cluster 1)
and the continental air masses (cluster 4 and 7) were characterised by similar median particle number size distributions (Figs. 9 and 10a). Mean total aerosol number concentration was (7610–7360) cm−3 , being dominated by Mode2. The median diameters for Modes-1 and -2 were (22–
23) nm and (80–84) nm, respectively. Less variability in nucleation and Aitken size ranges for continental and desert
dust air masses than for marine air masses (16th and 84th
percentiles in Fig. 9) was evident. Mean total surface-area
Atmos. Chem. Phys., 11, 11185–11206, 2011
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Table 4. Median number size distribution log-normal parameters of each cluster. The Dg,i , Ni and σI represent the geometric diameter,
median number concentration and geometric standard deviation, respectively. The correlation coefficient (R) between observed and fitted
size distributions is also shown. ∗ The median and mean total number concentrations (NT,median and NT,mean) are calculated from the
measured values instead of the fitted ones.
Mode-1
Dg,1
nm

Mode-2

N1
cm−3

σg,1

Dg,2
nm
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cm−3

σg,2
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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, 5
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 air
masses were observed between 270–300 µm2 cm−3 and between 10–11.5 µm3 cm−3 , respectively, with the highest values of both metrics being for desert-dust aerosol (cluster 1).
From the similarities found between the shape of the median size distributions (Fig. 10a), the size distributions representing marine air masses can be divided into those originated from westerly flows (clusters 2 and 5) and those from
Atmos. Chem. Phys., 11, 11185–11206, 2011

north-westerly flows (clusters 3 and 6). The main difference
between the two groups is that the particle size distribution
sampled in air masses arriving from the north-west show a
Mode-1 with higher concentration than those air masses from
westerly flows.
On the basis of these categories, the median diameters for
Modes-1 and 2 (Table 4) are found at (37–48) nm and (98–
108) nm, respectively, in westerly flows (clusters 2 and 5),
www.atmos-chem-phys.net/11/11185/2011/
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Size distributions during sea-land breeze days
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values have been evaluated by adding up the individual frequencies shown in Table 3). In addition, the variation between the monthly mean concentrations for NACC and NNUC
corroborates the reduction of NNUC within desert-dust and
continental air masses.
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Fig. 10. Median (a) number and (b) volume size distributions per
cluster. The colours are related to the flow pathway: Dust – brown
(cluster 1), Maritime westerly – blue (clusters 2 and 5), Maritime
north-westerly – red (clusters 3 and 6) and Continental – green
(clusters 4 and 7).

and at (28–29) nm and (122–170) nm, respectively, in northwesterly flows (clusters 3 and 6). Figures 9c and f shows
that the nucleation mode for air masses arriving from the
north-west showed the largest variability (16th and 84th percentiles). The mean total number concentrations ranged from
8200 to 9310 cm−3 , with the maximum values found in cluster 3. Mean total surface-area and volume concentrations for
marine flow pathways ranged from 142 to 208 µm2 cm−3 and
from 4.5 to 6.9 µm3 cm−3 . Concentrations observed in northwesterly flows coming from the Atlantic Ocean (cluster 6)
were lower than those observed in the slower-moving maritime trajectories from the western Atlantic (cluster 2).
The impact of the air masses on the particle size distribution is also observed, when comparing the monthly mean
concentration for NACC (Fig. 3) and the trend of increasing
frequencies of continental and desert dust air masses during
Period B (see Sect. 3.2), from 32 % to 80 % of days (these
www.atmos-chem-phys.net/11/11185/2011/

The presence of regional recirculation (e.g. the sea-land
breeze) is very typical in coastal areas during spring and summer and plays an important role in transporting air pollution
from and towards urban areas, (Ma and Lyons, 2003; Sorribas et al., 2007; Pey et al., 2008; Adame et al., 2010a;
Wright et al., 2010). Given that El Arenosillo is located
in a coastal rural site, the influence of the regional aerosol
transport on the background particle level is analysed in this
section.
As noted in Sect. 3.4, two types of sea-land breeze have
been observed: pure breeze and non-pure breeze. Wind
blowing at night from the land towards the sea is called land
breeze and it is the result of the nocturnal cooling of the land
surface. The wind direction for land breeze flow for pure
breeze is mainly from the NE (0◦ –67◦ sector – Doñana National Park and Seville City), whereas it is mainly from the
NW (315◦ –337◦ sector – Huelva industrial areas) for nonpure breeze (Fig. 1). This local wind produced an accumulation of particles offshore. The wind direction changes at
approximately 07:00 GMT and 08:00 GMT for pure breeze
and non-pure breeze, respectively, and blows during the day
from the sea towards the land (SW sector for both land patterns). This wind is called sea breeze and is the result of
the diurnal heating of the land surface. The accumulated offshore particles are then transported back to land, increasing
the background levels.
3.6.1

Median size distribution and diurnal patterns
during PB and N-PB days

Figure 11 shows the median daily particle number size distribution and median diurnal cycle of modal concentrations
corresponding to 422 NB-days, 46 PB-days and 36 N-PBdays (Fig. 6). Also represented are the 16th and 84th percentiles, as well as the ratio (mean/median). Moreover, the
median size distribution has been log-normal fitted for particle sizes greater than 20 nm following the fitting procedure
used in Asmi et al. (2011). The modal parameters are summarized in Table 5.
While a bi-modal fit was used to calculate the size distribution function for NB and N-PB days, the PB days required a tri-modal fit. This additional mode was observed
within the accumulation size range with a geometric median
diameter of 300 nm. PB days were characterised by a mean
NT of 8890 cm−3 , with a particle concentration for Mode-2
higher than for Mode-1, and the geometric median diameters
were 21 nm and 77 nm for Modes-1 and -2, respectively. In
Atmos. Chem. Phys., 11, 11185–11206, 2011
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Table 5. Median number size distribution log-normal parameters of NB, PB and N-PB days. The Dg,i , Ni and σI represent the geometric
diameter, median number concentration and the geometric standard deviation, respectively. The correlation coefficient (R) between observed
and fitted size distribution is also shown. ∗ The median and mean total number concentrations (NT,median and NT,mean ) are calculated from
the measured values instead of the fitted ones.
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Fig. 11. Median daily (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 mean NT of 9380 cm−3 , with
a particle concentration for Mode-1 significantly higher than
for Mode-2. The geometric median diameters were 31 nm
and 250 nm for Modes-1 and -2, respectively.
To quantify the effect of each type of breeze on the particle concentration due to the recirculation of air, the mean
modal concentration at 04:00 GMT was chosen as a reference of the background particle level. On this basis, the mean
maximum concentration of NNUC (NNUCmax ) was 2.5 and 3.1
times greater than background concentrations for PB and NPB days, respectively, (Fig. 11b.2 and 11b.3). The NAITmax ,
during PB and N-PB days was 1.6 and 2.4 times greater than
background levels (Fig. 11c.2 and 11c.3). Finally, NACCmax
increased by 1.4 and 1.3 as compared to the background levels for PB and N-PB days (Fig. 11d.2 and 11d.3). Thus,
while mean values for modal concentrations are greater than
median values for each of the three patterns (NB, N-PB and
PB), the difference (shown in Fig. 11 as the ratio of the mean
to the median) is larger for NNUC . This again indicates that
the highest impact of breeze pattern occurred around noon
during N-PB days and mainly influenced NNUC .
During PB days, the diurnal variation of NNUC showed
a minimum (Fig. 11b.2) at 08:00 GMT and a maximum at
20:00 GMT. This was only observed in this scenario. The
minimum may be caused by the diurnal fluctuation of the
nocturnal microscale inversion height (Hsu, 1988). Nocturnal inversion layers are formed primarily as a result of radiative cooling near a rather uniform land surface. After sunrise, the mixing processes commence and the mixed layer is
broken down, increasing the particle dilution and decreasing
the particle concentration. The maximum concentration at
20:00 GMT was discussed earlier in Sect. 3.3, in the analysis
of the diurnal cycle during the summer months (Fig. 5). During these months, the occurrence of the breeze phenomenon
is higher (Fig. 7) due to the reaching of the maximum temperature gradient between land and sea. Figure 11b.2 suggests
that the behaviour observed in Fig. 5 only occurs during the
PB scenario. Future analysis will be focused on determining
the reason for this, and the relationships between meteorological parameters with vertical resolution, by model and experimental studies, gas measurements and aerosol data in the
(3–14) nm size range.
Finally, while the maximum concentration at noon for NPB and PB days was due to the recirculation of accumulated
particles produced by the land breeze, the maximum concentration for NB days is attributed to new particle formation
events. The difference between the mean size distribution
of the nucleation events and the mean total particle concentration of NB days (Fig. 11b.1, 11c.1 and 11d.1) will be explained in Sect. 3.7.
3.6.2

Breeze patterns based on air mass influences

The variations in the particle concentrations during days with
influence of breeze patterns (PB and N-PB days) are analwww.atmos-chem-phys.net/11/11185/2011/
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ysed based on their different air mass histories. As Adame et
al. (2010a) reported, the pure breeze occurs in the presence of
an anticyclonic system with a weak isobaric gradient, caused
by high pressure circulation patterns over the Azores Islands
and the Western Mediterranean. Therefore, if the clustering
classification introduced in Sect. 3.5 is also applied to PB
days, 68 % of days (consisting of cluster 1 (22 %), cluster 4
(20 %) and cluster 7 (26 %)) were influenced by continental
and desert-dust air masses. The influence of air mass type,
with its possible stagnation due to the weak isobaric gradient with the subsequent accumulation and ageing of particles, explains how NACC for PB days is higher than for N-PB
days which is supported by the daily pattern of NACC shown
in Fig. 11d.2. Moreover, the Mode-3 observed in the fitted
median size distribution (Table 5) is due to these continental
and desert dust aerosols.
By contrast, Adame et al. (2010a) observed that non-pure
breeze is characterised by an Atlantic high pressure circulation pattern from the Portuguese coast and/or a low pressure system over the British Isles. If the clustering classification introduced in Sect. 3.5 is applied during N-PB days,
50 % of days (consisting of cluster 2 (32 %) and cluster 5
(18 %)) were influenced by maritime westerly flows. The
predominance of marine air masses increase the particle levels of Mode-1 and decrease the concentration of Mode-2 (Table 5) by the marine particle transport processes (Heintzenberg et al., 2000). Moreover, these air masses arriving at
El Arenosillo from the north-west sector are influenced by
local industries whose emissions initiate new particle formation (Sect. 3.7), increasing also the particle concentration of
Mode-1 (Table 5).
3.7

New particle formation events (N 1 and N 2 )

The new particle formation events at El Arenosillo have been
classified depending on the wind direction during the hours
preceding the nucleation burst. During Event N1 the wind
direction was mainly from the NE, whereas it was from the
NW during Event N2 . Nucleation events were not observed
in the other wind sectors.
3.7.1

Events N 1

Figure 12a.1 and 12a.2 shows the mean diurnal variation of
the particle number size distribution, NNUC and ST , and the
wind direction for the 48 days (Fig. 6), identified as Event
N1 . The “banana” shape indicates that these events were
quite homogeneous in a larger-scale air mass, (Birmili et
al., 2003; Kulmala et al., 2004), i.e., the area was not subjected to strong dilution and can be considered as an Eulerian
system. New particles were formed and were growing into
larger sizes during their transport to El Arenosillo. Freshly
nucleated particles contributed to the nucleation mode; their
growth by condensation and coagulation increased their
sizes and, thus, their later contribution to the Aitken and
Atmos. Chem. Phys., 11, 11185–11206, 2011
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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 pattern. (a.1 and a.2) Event N1 , if the wind was coming from the NE (48 days), (b.1 and b.2)
Event N2NB if the wind was coming from the NW under synoptic-scale pattern (23 days) and (c.1 and c.2) Event N2B if the wind was blowing
from the NW under sea-land breeze pattern (19 days). Mean size distribution, NNUC , ST and wind direction are also shown for Events N1 ,
N2NB and N2B .

accumulation modes (Fig. 12a.1). Particle nucleation and
growth rates of the new particle formation events were calculated using the method described by Birmili et al. (2003)
and based on their mean size distribution (Fig. 12a.1). The
particle nucleation rate was determined by dividing the observed increase in particle concentration between 14–30 nm,
by the elapsed time, and a mean value of 0.74 cm−3 s−1 was
obtained. The growth rate was calculated as 1.96 nm h−1
from a linear regression analysis of the mode diameter within
[14-Dmax ] versus time, where Dmax is defined as the maximum of mode diameter. A mean total duration of 9.25 h
(starting at 10:55 GMT and ending at 20:10 GMT) was determined. During Events N1 , an increase of the mean ST from
180 µm2 cm−3 to 222 µm2 cm−3 and a fast increase and later
decrease of NNUC with a maximum of 9890 cm−3 around
midday were observed (Fig. 12a.2).
To provide some information on the influence of air mass
source region on Events N1 , the clustering classification introduced in Sect. 3.5 is now constrained to those days in
which Events N1 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, 11185–11206, 2011

days with Event N1 (Fig. 6), and the event frequency for each
air mass types was calculated. It is evident that the Event
N1 frequency is strongly linked to the air mass origin. Marine north-westerly aerosol from Atlantic and Arctic Oceans
(clusters 3 and 6) had the highest probability to lead to an
Event N1 with 42 % (21 % for each one). Lower probabilities
were found in the desert dust (cluster 1) with 10 %, westerly
marine flows (cluster 2 and 5) with 7 % and 16 %, respectively, and continental air masses (clusters 4 and 7) with 9 %
and 16 %, respectively. These observations will be analysed
in detail below in Sect. 3.7.3.
The daily mean cycles of particle concentration during NB
days and Events N1 were compared. As shown in Sect. 3.6,
the maximum concentrations for NB days were due to the
occurrence of episodes similar to Events N1 , but with less efficient nucleation processes. The maximum NNUC for Events
N1 and NB days were, therefore, 9000 cm−3 (Fig. 12a.2) and
3450 cm−3 (Fig. 11b.1), respectively. The different intensities of the nucleation events at El Arenosillo will allow us to
analyse such episodes in more detail in the future.
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3.7.2

Events N 2

Events N2 were classified into two categories: (1) events under the influence of sea-land breeze recirculation (19 days)
and (2) events with a synoptic-scale pattern (23 days). According to this segregation, Fig. 12b and 12c show the mean
diurnal variation of the particle number size distribution,
NNUC and ST , as well as the wind direction for the 23 days
under breeze (identified as Events N2B ), and for 19 days under non-breeze (identified as Events N2NB ), respectively.
Events N2B and N2NB can be explained as a secondary particle formation which was produced by emissions from the
industrial areas situated around Huelva city, located at 35 km
north-west from El Arenosillo (Fig. 1). Because of the wind
direction, the anthropogenic pollution with a continuous high
level of precursor gases caused an increase in the concentration for nucleation mode aerosol over the sampling site during periods between two and eight hours.
To compare the mean daily particle size distributions for
Events N2B and N2NB , shown in Fig. 12b.1 and 12c.1, respectively, the particle growth in the afternoon has been analysed.
During Events N2B (Fig. 12c.1), nucleation mode particles
from the industrial area were arriving at El Arenosillo; these
particles had been grown by condensation and coagulation
and were measured again in the evening in the Aitken and
accumulation modes, due to the recirculation of the air mass.
By contrast, during Events N2NB , the wind direction was almost constant (Fig. 12b.1) and particles at El Arenosillo were
always coming directly from the industrial area. No particle
growth was observed in the evening and the particle diameter
remained constant (Fig. 12b.1).
Events N2 were also studied in terms of the airflow patterns, using a similar methodology as that for Events N1 .
During Events N2NB , marine north-westerly aerosols, from
the Atlantic and Arctic Oceans (clusters 3 and 6), had event
frequencies of 17 % and 31 %, respectively. Maritime westerly flow pathways from the Atlantic Ocean (clusters 2 and
5) had event frequencies of 22 % and 17 %, respectively. The
lowest event frequencies were observed for continental (clusters 4 and 7) with 9 % and 0 %, respectively, and desert dust
aerosol (cluster 1) with 4 %. Based on the analysis of Events
N2B it can be concluded that maritime westerly flows (clusters 2 and 5) caused the highest event frequency with 32 %
for each cluster, followed by maritime north-westerly flows
(clusters 3 and 6) with 10 % and 16 %, respectively. The lowest frequency was observed for both desert dust (cluster 1)
with 5 % and continental (clusters 4 and 7) with 0 % and 5 %.
3.7.3

Comparison between Events N 1 and N 2

To gain insight into the variations of particle number size distribution, the median size distributions for Events N1 , N2B
and N2NB were evaluated and fitted using a multiple lognormal function. In Table 6, the modal parameters are shown,
indicating that while a bi-modal fit was used to determine
www.atmos-chem-phys.net/11/11185/2011/
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the size distribution function for Events N2NB and N2B , Event
N1 required a tri-modal fit. The additional mode fit was observed within the accumulation size range and was related
to the influence of continental and desert dust air masses on
Events N1 . On the other hand, Mode-1 reached higher concentrations during Events N2NB and N2B than during Event
N1 . This could be related to the particle growth observed during Events N1 (“banana shape”) which led to a lower mean
daily concentration of NNUC and, thus, a lower particle concentration in Mode-1. The difference between the growth observed in the beginning of Events N1 and N2 may be due to
characteristics of the source region. During an Event N1 , the
aerosols arrived from a large area and grew during transport.
However, in the case of Events N2 , the source is considered
as a point of emission, thus, all particles started out with similar diameters at the same time and arrived at El Arenosillo
having grown to a similar size.
If N1 and N2 event frequencies by means of air masses histories are analysed together, it is concluded that in general,
higher event frequencies were observed under conditions of
marine air mass which showed smaller values for concentration in the accumulation mode and for aerosol surface area
(Fig. 10a). This dependence on the pre-existing aerosol surface is corroborated by previous studies, in regional background sites (Birmili and Wiedensohler, 2000; Rodrı́guez et
al., 2005; Shen et al., 2011), in urban areas (Wehner et al.,
2008) and at high latitude sites (Kivekäs et al., 2009; Sellegri
et al., 2010).
Within this general behaviour, it is noteworthy that there
are two exceptions at El Arenosillo: the low event frequency
of Events N1 during westerly flows (cluster 2) and a high
frequency in continental air masses (cluster 7) (Fig. 8). On
days with nucleation events, the air masses came from the
south of Greenland and entered the Iberian Peninsula from
the north. Because of that, the cluster algorithm grouped
them within cluster 7. Thus, air masses were over the Atlantic sea for some time, and NACC was lower than in other
size distributions also classified by cluster 7, which showed
once more a dependence of the event frequency on the preexisting aerosol surface. The low event frequency of Events
N1 in air masses classified as cluster 2 is difficult to explain.
These behaviours observed in clusters 7 and 2 will be analysed in the future.
The number of days with nucleating events showed a clear
impact on the monthly mean concentrations during Period A
(Fig. 3), with higher NNUC in April than in January, reflecting the even frequencies during these periods (33 % vs. 6 %,
respectively). The greater concentration of nucleation mode
particles during April shows once more the greater probability of homogenous nucleation events in the absence of abundant pre-existing aerosols.
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Table 6. Median number size distribution log-normal parameters of Events N1 , N2 – Breeze and N2 – Non Breeze. The Dg,i , Ni and σI
represent the geometric diameter, median number concentration and geometric standard deviation, respectively. The correlation coefficient
(R) between observed and fitted size distribution is also shown. ∗ The median and mean total number concentrations (NT,median and
NT,mean ) are calculated from the measured values instead of the fitted ones.
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–
–
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–
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–
–

0.99
1.00
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Summary and conclusions

The first description of a long-term monitoring of the submicron particle size distribution at mid-latitudes on the Atlantic Ocean coast close to the rural background environment
of Doñana National Park was presented in this work. Characterisation of primary particle emissions, secondary particle
formation, changes of meteorology and long-term transport
were performed in order to interpret the particle size distribution within the size range (14–673) nm during the two-year
period (August 2004–July 2006).
The sub-micron particle size distribution observed was related to different sources and atmospheric patterns (regional
and synoptic-scale processes). The sampling area was influenced by breeze circulation, which is known to be a process
that accumulates particles over coastal areas. Long range
transport sources, which are represented by synoptic-scale
processes, were dominated by desert dust, marine and continental aerosol. The particle concentration observed during
the synoptic and regional-scale patterns were impacted by
new particle formation events, which were classified with regard to the particle sources. In this study, SMPS data have
been analysed under three different aspects, i.e., in terms
of the atmospheric flows using HYSPLIT back-trajectories,
mesoscale winds and nucleation events.
In this context, the mean total concentration (NT ) over
the two-year period was 8660 cm−3 and the mean modal
concentrations were 2830 cm−3 , 4410 cm−3 and 1720 cm−3
for the nucleation (NNUC ), Aitken (NAIT ) and accumulation (NACC ) modes, respectively. The mean total particle surface area (ST ) and volume (VT ) concentrations were
245 µm2 cm−3 and 9 µm3 cm−3 , respectively. Comparing the
total and modal mean concentrations reported in this study
with other sites at similar latitudes, particle concentrations
are more similar to those found at stations of rural areas located in Central Europe, than at coastal rural sites.
An independence of the NT with the season was observed.
This absence of seasonality resulted from a clear inverse variation between NNUC and NACC , which was related to the
Atmos. Chem. Phys., 11, 11185–11206, 2011
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Mean
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T,median
cm−3

∗N
T,mean
cm−3

7320
9790
9160

9370
12 070
10 290

incidence or the non-incidence of desert dust and continental air masses over El Arenosillo. These air masses were
associated with high values of NACC and with large surface area concentrations which favoured the condensation of
gases onto pre-existing particles and suppressed the new particle formation (decreasing NNUC ). The total number concentration showed a clear diurnal variation with a maximum
around noon, which was governed by NNUC and NAIT during
the warm seasons and by NNUC during cold seasons. The diurnal maximum was attributed to nucleation events from autumn to spring time. During summer time, the diurnal maximum was attributed mainly to the accumulation of particles
offshore during sea-land breeze days.
The samples influenced by synoptic-scale patterns were
classified by air mass type using a cluster algorithm. The
particle size distributions influenced by maritime air masses
showed greater particle number concentrations in the nucleation and Aitken modes, whereas the size distributions influenced by desert dust and continental air masses were dominated by the Aitken and accumulation modes. In addition,
a striking similarity of the median size distributions at El
Arenosillo was found to air masses that originated from Central Europe and the Iberian Peninsula and from the African
continent.
Air masses impacted by regional circulation were classified in terms of pure breeze (land flows blowing from the
NE (0◦ –67◦ sector)) and non-pure breeze (land flows blowing from the NW (315◦ –337◦ sector)). The greatest impact
on the particle background levels, next to the change in wind
direction from offshore to onshore, was observed with an
onshore wind arriving at the coast of El Arenosillo around
noon. The effect of the non-pure breeze on particle levels
was significantly higher than the effect of the pure breeze.
This is related to the impact of the emissions from the industrial area located in the NW sector. It can be considered as an
example of how the recirculation of air pollution in coastal
places with industrial activities can influence the air quality.
On the other hand, for an appropriate interpretation of the
particle levels during these regional episodes, synoptic-scale
www.atmos-chem-phys.net/11/11185/2011/
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patterns should be considered. For example, days under pure
breeze were mainly influenced by continental and desert dust
air masses and the hourly concentrations for accumulation
mode air were higher than for days under non-pure breeze.
New particle formation events were more common during synoptic-scale atmospheric processes. In addition, the
number of days with nucleation events showed a clear influence on the monthly mean particle levels, explaining the
seasonal and annual behaviour of the particle concentration.
Two types of nucleation events (N1 and N2 ) were identified in terms of the source region. Events N1 were observed
with the wind from a forest area (Doñana National Park) and
Seville City. They were quite homogeneous in a larger-scale
air mass and had the typical “banana” shape. Events N2 were
observed with the wind from the industrial areas near Huelva
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 only
observed during the breeze circulation and when the condensation and coagulation processes were efficient. The frequency of Events N1 and N2 was strongly linked to the marine aerosol from the Atlantic and Arctic oceans which might
be explained by a lower surface area concentration than that
of desert dust and continental aerosol.
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