
Variability of sub-micrometer particle number

size distributions and concentrations in the

Western Mediterranean regional background

By MICHAEL CUSACK1,2*, NOEMÍ PÉREZ1, JORGE PEY1,
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ABSTRACT

This study focuses on the daily and seasonal variability of particle number size distributions and

concentrations, performed at the Montseny (MSY) regional background station in the western Mediterranean

from October 2010 to June 2011. Particle number concentrations at MSY were shown to be within range of

various other sites across Europe reported in literature, but the seasonality of the particle number size

distributions revealed significant differences. The Aitken mode is the dominant particle mode at MSY, with

arithmetic mean concentrations of 1698 cm3, followed by the accumulation mode (877 cm�3) and the

nucleation mode (246 cm�3). Concentrations showed a strong seasonal variability with large increases in

particle number concentrations observed from the colder to warmer months. The modality of median size

distributions was typically bimodal, except under polluted conditions when the size distribution was unimodal.

During the colder months, the daily variation of particle number size distributions are strongly influenced by a

diurnal breeze system, whereby the Aitken and accumulation modes vary similarly to PM1 and BC mass

concentrations, with nocturnal minima and sharp day-time increases owing to the development of a diurnal

mountain breeze. Under clean air conditions, high levels of nucleation and lower Aitken mode concentrations

were measured, highlighting the importance of new particle formation as a source of particles in the absence of

a significant condensation sink. During the warmer months, nucleation mode concentrations were observed to

be relatively elevated both under polluted and clean conditions due to increased photochemical reactions, with

enhanced subsequent growth owing to elevated concentrations of condensable organic vapours produced from

biogenic volatile organic compounds, indicating that nucleation at MSY does not exclusively occur under clean

air conditions. Finally, mixing of air masses between polluted and non-polluted boundary layer air, and brief

changes in the air mass being sampled gave rise to unusual particle number size distributions, with specific

cases of such behaviour discussed at length.

Keywords: Western Mediterranean, sub-micrometer particle size distribution, number concentration, nucleation,

photochemistry

1. Introduction

The Western Mediterranean Basin (WMB) and Iberian

Peninsula represent a very complex climate area owing to

its geographical position. Its location between two large

bodies of water, with Africa to the south and isolated from

mainland Europe to the north, makes it considerably

unique within Europe both climatologically and geogra-

phically. Atmospheric aerosols here are under the influence

of both mesoscale and synoptic meteorology, being affected

by marine aerosol, Saharan dust, regional pollution and

long-range transport from mainland Europe. The varia-

bility of particle number size distributions in background

sites throughout Europe has been well documented (Asmi

et al., 2011), but the lack of similar studies at regional

background (RB) sites in the WMB are noticeable by
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their absence. Previous studies performed in this area

have described the variability of particulate matter (PM)

(Pérez et al., 2008), the chemical speciation of PM (Cusack

et al., 2012) and the aerosol optical properties of aerosols

(Pandolfi et al., 2011). Sorribas et al. (2011) published

results on sub-micron particle size distributions for a rural

background site in southern Spain, which was observed to

be heavily influenced by marine, Saharan and continental

air masses and, in some circumstances, emissions from a

nearby industrial estate. However, the study of particle

number concentration and size distributions in the RB

of north-east (NE) Spain, until now, has been largely

underdeveloped.

The impact of sub-micron aerosols in the atmosphere is

of great interest for various reasons: sub-micron particles

can penetrate as far as the alveoli in the lungs (Wichmann

et al., 2000), and they have the ability to absorb and scatter

light and act as cloud condensation nuclei (Charlson et al.,

1987), thus affecting the Earth’s radiation balance. Sub-

micron aerosols may be emitted directly to the atmosphere

or may be formed from gaseous precursors. Usually, cleaner

atmospheres are favourable for new-particle formation

processes. These pristine environments include: the Polar

Regions (Wiedensohler et al., 1996), high altitude sites

(Venzac et al., 2009), continental boreal forests (Kulmala

et al., 1998) and remote areas (Birmili et al., 2001), among

others. In theWMB, photochemical nucleation episodes are

thought to be very relevant since they are observed even in

highly polluted environments (Pey et al., 2008; Reche et al.,

2011).

New particle formation (NPF) and subsequent growth is

a current topic of great interest. It is widely accepted that

two phases are involved in NPF: (1) the nucleation of an

initial cluster and (2) subsequent activation of these clusters

resulting in particle growth to a detectable size (Kulmala

et al., 2000). The formation of these initial clusters is part of

the main focus of investigation, with numerous candidates

thought to play a role in NPF, such as H2O�H2SO4 (binary

nucleation, Easter and Peters, 1994), H2O�H2SO4�NH3

nucleation (Eisele andMcMurray, 1997), ‘nucleation of low

vapour pressure organic compounds’ (O’Dowd et al., 2002),

‘ion-induced nucleation’ (Kim et al., 2002) and ‘activation

of existing neutral and/or ion clusters’ (Kulmala et al.,

2006). However, nucleation and subsequent growth are

believed to be two separate processes, and species involved

in initial nucleation may not be important for the growth of

the nucleating clusters (Kulmala et al., 2004). There is

increasing evidence to suggest that the condensation of

organic vapours on the nucleating clusters play a pivotal

role in particle growth. Such organic vapours include the

oxidation products of biogenic emissions such as isoprene

and terpenes (Allan et al., 2006; Laaksonen et al., 2008).

Results shown in this work present unusual processes

regarding ultrafine particles, especially nucleation mode

particles that may be indicative of mixing of air masses

whereby nucleation events with differing phases of particle

formation and growth are sampled during the same day.

The objective of this article is to report the sub-micron

particle number size distribution in the WMB RB at

Montseny (MSY, NE Spain) with special focus on the

aerosol formation and modification processes, and seasonal

trends. Most studies on ultra-fine particle size distribution

within Spain have focused on the urban environment

(Rodriguez and Cuevas, 2007; Pey et al., 2008; Fernández-

Camacho et al., 2010; Gómez-Moreno et al., 2011) and a

rural background site in southern Spain frequently affected

by local anthropogenic emissions (Sorribas et al., 2011),

with relatively few focusing on the regional background

environment. This article interprets the combination of a

large range of aerosol parameters and properties and their

influence on the particle size distribution. The objective is

to determine the temporal variations of aerosols and

aerosol size distribution occurring and the conditions and

processes that govern these variations. Special attention is

given to processes affecting the nucleation mode, where

some peculiar processes have been observed to have taken

place.

2. Methodology

2.1. Measurement site

From October 2010 to June 2011, simultaneous measure-

ments of particle number and size distribution of sub-

micron particles (85% data coverage based on hourly

resolution), PM (92% data coverage) and Black Carbon

(BC; 99% data coverage) mass concentrations, as well as

gaseous pollutants (�98% data coverage) were carried out

at a RB site at MSY (41819?N, 02821?E). The MSY station

is located in the MSY natural park, 40 km to the N�NE of

the Barcelona urban area, and 25 km from the Mediterra-

nean coast. The station is located on the upper walls of a

valley extending perpendicularly from the Catalan Pre-

Coastal ranges, in a densely forested area known as La

Castanya (720m.a.s.l.). The station is situated relatively far

from urban and industrial zones, but the region is generally

densely populated and heavily industrialised, and local

anthropogenic emissions can affect this site under specific

meteorological conditions. Atmospheric dynamics and

aerosol variability of aerosols at MSY has been described

in detail by Pérez et al. (2008), Pey et al. (2008) and Seco

et al. (2011). The MSY station, located in the WMB RB, is

a member of the ACTRIS network. The ACTRIS (Aero-

sols, Clouds, and Trace gases Research InfraStructure

Network; formerly EUSAAR) project aims to provide a

reliable and quality-controlled network of aerosol measure-
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ments across Europe and farther afield (Philippin et al.,

2009). This project has harmonised and homogenised

measurements of aerosol chemistry and physical and

optical properties through the standardisation of protocols

of instrument operation and maintenance, data submission

and measurement procedures (Wiedensohler et al., 2012).

2.2. Measurements

Sub-micrometer particle number size distribution was

measured using a mobility particle size spectrometer

operated in the scanning mode. In the following article,

we call the system a Scanning Mobility Particle Sizer

(SMPS). The SMPS system comprises a differential mobi-

lity analyser (DMA) connected to a condensation particle

counter (CPC, Model TSI 3772). The entire system was

designed and manufactured in the framework of the

EUSAAR project at the Leibniz Institute for Tropospheric

Research (IfT) in Leipzig, Germany. The full specifications

of the instrument, such as DMA dimensions, bipolar

diffusion charger, and so on for the IFT-SMPS can be

found in Wiedensohler et al. (2012). An intercomparison

was carried out on the SMPS system in 2010 at the

World Calibration Centre for Physical Aerosol Research

(WCCAP) at IfT. IfT has designed a calibration programme

for aerosol instrument maintenance and comparison and

the institute is endorsed by the WMO. The intercomparison

found the SMPS at MSY to measure within 10% of the

reference mobility size spectrometer for particles 20�200 nm
(see Wiedensohler et al., 2012 for further details). In that

same article, it was observed that measurement accuracy for

particles B20 nm and �300 nm was less reliable than for

particles 20�200 nm, and thus concentrations reported in

this work for these size ranges could be more qualitative

in nature rather than quantitative. Furthermore, it is

important to note that diffusion loses were not calculated

in this work which can affect accurate measurement of

ultrafine particles. The SPMS system provided a complete

particle number size distribution of the number of particles

between 9 and 825 nm (N9�825), and completed one scan

every 5 minutes. The aerosol is dried prior to sampling

to maintain a relative humidity below 40% using a

Nafion dryer, in line with EUSAAR/ACTRIS require-

ments. Aerosol inlet flow was maintained at 1 l/min and

sheath airflow at 5 l/min (which was also dried in a system

using a Nafion dryer in a closed loop).

Real-time measurements of PM1 mass concentrations

were continuously obtained using a GRIMM optical

counter (model 180). Hourly PM1 data provided by

GRIMM were daily averaged and subsequently corrected

by comparison with 24 hours gravimetric mass measure-

ments of PM1 collected by high volume samplers (sampled

consecutively every 4 d). The cross-section absorption

coefficient was measured continuously using a Multi Angle

Absorption Photometer (MAAP, model 5012, Thermo).

Equivalent BC measurements provided by MAAP are

calculated by the instrument software by dividing the

measured absorption coefficientsap (l) by 6.6m2 g�1 which

is the mass absorption cross section (MAC) at 637 nm

(Müller et al., 2011). However, MAC may vary depending

on the aerosol composition and age, and may differ

depending on the area under study. In accordance with the

findings of Pandolfi et al. (2011), the absorption coefficient

values measured at MSY provided by the MAAP were

converted into BC mass/volume units by multiplying by a

factor of 10.4m2 g�1. Thus, BC results presented in this

work are specifically Equivalent Black Carbon (EBC) as

measurements are derived from optical methods.

The SMPS system and MAAP instruments were both

connected to the same sampling line and inlet, with a cut-

off diameter of 10 mm, placed at about 1.5m above the roof

of the cabin housing the instruments. The sampled aerosol

for SMPS and MAAP was dried in the same sampling inlet

before reaching the respective instruments. Humidity con-

trol of the sampled aerosol was performed by attaching a

Nafion dryer to the sampling inlet. Real-time measure-

ments of O3, NO, NO2, CO and SO2 were obtained on-site

on a separate sampling inlet, supplied by the Department

of the Environment of the Autonomous Government of

Catalonia. Hourly levels of wind direction, wind speed,

solar radiation, temperature, relative humidity and pre-

cipitation were recorded in real time on site. See Pérez et al.

(2008) for further details.

Measurements of sulphuric acid concentrations were not

performed but a proxy, referred to as [H2SO4], was calcu-

lated according to the proxy described by Mikkonen et al.

(2011), whereby [H2SO4] is the product of SO2 concentra-

tions and solar radiation, although the uncertainty asso-

ciated with this simplified linear approach is somewhat

higher than for non-linear proxies also described by

Mikkonen et al. (2011). The dry aerosol condensation

sink was calculated as described by Kulmala et al. (2001).

Air mass back trajectory analysis was performed using

HYSPLIT4 (Draxler and Rolph, 1998) for various altitudes,

typically 750, 1500 and 2500m.a.s.l., to determine air mass

origins and to aid in establishing air mass mixing effects.

3. Results

3.1. Overview of aerosol concentrations

The measured particle number size distributions in this

work are grouped in size bins, whereby the nucleation

mode includes all particles of diameter between 9 and

20 nm, the Aitken mode includes particles of diameter

20�100 nm and finally the accumulation mode 100�825 nm.

VARIABILITY OF SUB-MICROMETER PARTICLE NUMBER SIZE DISTRIBUTIONS AND CONCENTRATIONS 3



Figure 1 shows the time variability from 11 October 2010

to 6 June 2011 of the total arithmetic mean (coloured line)

and median (black line) daily particle number concentra-

tion (N9�825) and the daily particle number concentration

for the nucleation mode (N9�20), Aitken mode (N20�100)

and accumulation mode (N100�825). The daily arithmetic

mean particle number concentration for the measurement

period was 2856 cm�3 (median of 2292 cm�3). The max-

imum daily value (9415 cm�3) was recorded in May and

was associated with an intense burst of NPF. The minimum

total particle number concentration (537 cm�3) occurred

during a period of heavy rainfall.

Nucleation mode particles typically registered the lowest

concentrations during the study period with a mean hourly

concentration of 246 cm�3 (8.7% of the total particle

number concentration) and a median concentration of

98.8 cm�3. The large difference between the arithmetic

mean and median concentrations can be attributed to

nucleation events of short duration, whereby elevated

concentrations of N9�20 occurring for only a few hours

influence the arithmetic mean concentrations while having a

lesser impact on the median value. This is evident in Fig. 1

where the variation in the mean concentration of the

nucleation mode in some instances differs significantly

from that of median concentrations. Average concentra-

tions of this mode increased significantly from April

onwards, when the hourly mean concentration for April

to early June increased to 352 cm�3 (Table 1). For the

remaining time period (October to March inclusive), the

time series for this mode is marked by relatively intense,

short-lived peaks in concentrations, such as occurred on

7 January 2011 (daily mean concentration of 742 cm�3 and

median of 128 cm�3). Some of these intense peaks are

related to NPF episodes, when low levels of upper Aitken

and accumulation mode particles were recorded.

The Aitken mode is the dominant particle mode through-

out the year, with a mean concentration of 1698 cm�3 (59%

of the total) and a median concentration of 1227 cm�3.

Similar to that observed for nucleation mode particles, the

mean concentration of Aitken mode particles increases
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Fig. 1. Time series of daily mean total particle number concentration (coloured lines), median concentrations (black lines) and particle

number concentration for the nucleation, Aitken and accumulation modes from 11 October 2010 to 6 June 2011. Warm period (October,

April to June) is shaded in green and cold period (November to March) in blue.
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significantly in April and May (2274 cm�3) compared

to October to March (1414 cm�3). Thus, the majority of

sub-micron particles at MSY are of diameter 20�100 nm.

The average accumulation mode concentrations registered

877 cm�3 (31% of the total) and median concentrations of

742 cm�3. The accumulation mode bears some correlation

with the upper Aitken mode (R2�0.57 for the study period,

hourly resolution, 4850 points), as the sources of accumula-

tion mode particles may not always be the same as those of

Aitken mode particles (such as during Saharan dust events

or increased levels of secondary inorganic particles when

larger particles are dominant). The autocorrelation coeffi-

cient (whereby the correlation between the accumulation

mode and the upper Aitken is shifted for one or more hours

for one of the variables), gives R2 for x (t�1) of 0.47 and

x (t�2) of 0.37. Hourly autocorrelations from here on will

be referred to as R2
0 for x (t), R2

1 for x (t�1) and R2
2 for

x (t�2).

Comparisons of particle number concentrations with

various other sites across Europe show that levels in MSY

fall in line with other RB sites. A study performed by

Spracklen et al. (2010) comparing particle number concen-

trations at various sites across Europe found mean levels at

continental boundary layer sites to range from 2000 to

10 000 cm3, and mid-latitude coastal stations to be between

1000 cm�3 and 2000 cm�3, while Mace Head on the west

coast of Ireland registered levels of 3000 cm�3. Asmi et al.

(2011) compiled particle number concentration data (for

particles of diameter 30�500 nm) for various EUSAAR

stations. Median concentrations in this range at MSY for

the study period were 1764 cm�3, which is lower than the

mean of all the median concentrations of all the stations

included in the study by Asmi et al. (2011; 2718 cm�3).

Comparing results with those observed for other Mediter-

ranean sites included in the study, levels at MSY are

significantly lower than those measured at Finokalia in

the eastern Mediterranean which registered median con-

centrations of 2344 cm�3, with most of this difference

owing to elevated concentrations at Finokalia of N50�100.

Similar concentrations were also measured in Aspvreten

(1786 cm�3), which is a regional background station in

Sweden surrounded by mixed coniferous and deciduous

forest similarly to MSY, but is not typically influenced by

anthropogenic activities, unlike MSY. The lack of complete

summer measurements of particle number concentrations at

MSY in this study, when photochemistry, soil resuspension

and Saharan dust intrusions are most influential, means

the annual particle number concentrations reported in this

work are likely to be underestimated and thus, extended

measurements including an entire year of data would make

for better comparisons of the other EUSAAR/ACTRIS

sites mentioned.

Concerning other stations in Spain, levels of particle

number concentrations at a regional station on the southern

Atlantic coast of Spain (Sorribas et al., 2011) recorded

concentrations (for particles of diameter 14�673 nm) sig-

nificantly higher than those at MSY (8660 cm�3). This

significant increase compared to MSY can be attributed to

the influence of anthropogenic aerosols on particle number

concentrations emitted from an industrial site close to

the monitoring station. A study by Venzac et al. (2009)

described in detail particle number concentrations and size

distributions at the Puy de Dôme site. A strong diurnal and

seasonal variability was observed at the site, attributed to

the boundary layer height development during the day,

reaching the height of the site during warmer months, which

is a common occurrence at MSY.

The time series of various other aerosol parameters

measured simultaneously are shown in Fig. 2. Average

daily BC mass concentrations at MSY for the measurement

period were 616 ng m�3. BC was closely related to the

accumulation mode (R2
0�0.84, R2

1�0.72, R2
2�0.54; hourly

resolution, 4850 points), but was not correlated with the

Aitken mode (R2�0.21), suggesting that BC at MSY exists

mostly in the accumulation mode. BC and NO2 exhibited

high correlation (R2
0�0.69, R2

1�0.64, R2
2�0.41), indicat-

ing they are of the same source, most likely from traffic and

biomass burning emissions. No correlation was observed

Table 1. Arithmetic mean (n) and median concentrations (ñ) of the Total, N9�20, N20�100 and N100�825 mode particles recorded at

Montseny (MSY) for the entire colder period (C) and warmer period (W), and under polluted and clean conditions for measurements from

October 2010 to June 2011

N9�20 (cm
�3) N20�100 (cm

�3) N100�825 (cm
�3) Total (cm�3)

n ñ n ñ n ñ n ñ

C: Total 191 95 1414 1070 778 598 2383 1879

W: Total 352 108 2274 1623 1071 1025 3697 2793

C: Polluted 164 92 1611 1287 987 822 2763 2339

C: Clean 366 173 1367 1002 440 376 2173 1680

W: Polluted 345 104 2628 1894 1274 1160 4247 3282

W: Clean 345 101 1958 1386 730 707 3033 2294
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for SO2 with other pollutants indicating sources of SO2

at MSY are not related to sources of the other parameters

measured.

3.2. Particle number size distributions and seasonality

at MSY

During this study, two periods were identified according

to temperature features in the colder and warmer seasons.

The first period includes all data recorded from November

2010 to March 2011, when temperatures (average 78C) were
considerably lower than the second period (average 158C;
October 2010, April�June 2011), and thus the periods were

accordingly entitled Cold (C) andWarm (W). Furthermore,

periods were subdivided according to episodes of pollution

and clean air episodes. Episodes of pollution were cate-

gorised according to concentrations of BC, and include all

days whereby hourly averaged BC concentrations exceeded

700 ng m�3. Clean episodes were classified similarly, and

include all days whereby levels of BC hourly averages never

exceeded 700 ng m�3. Thus, the colder period was sub-

divided into C: Polluted (67 d) and Clean (31 d). The same

criteria were applied for the warmer period, giving W:

Polluted (32 d) and Clean (13 d). These periods will hitherto

be referred to as C: Polluted and C: Clean for the colder

periods, and W: Polluted and W: Clean for the warmer

period. Tables 1 and 2 list the concentrations for various

aerosol and meteorological parameters for each period.

Analysis of 5-d back trajectories of air masses using

HYSPLIT4 aided in verifying that air masses were likely

to be clean or polluted. Of the 31 d classified as C: Clean,

all were associated with Atlantic advection episodes or

occurred after periods of heavy rainfall. The origins of

air masses giving rise to episodes of elevated levels of
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pollution were more varied than under clean conditions.

As mentioned previously, local pollution is carried to the

site by a mountain breeze with low nocturnal concentra-

tions when MSY resides above the polluted mixing layer.

The influence of long-range transport as opposed to local

pollution is more difficult to ascertain but is usually evident

when elevated nocturnal levels of pollutants occur. The

most influential air masses bringing aerosols to MSY are

from mainland Europe and North Africa. Saharan dust

intrusions from North Africa occurred on 7 d and were

associated with high concentrations of PM10 and BC, both

during the day and at night. Long-range transport from

Europe can occur when a high pressure system builds north

of the peninsular as far as the British Isles, and air from

mainland Europe travels south. This scenario occurred on

7 d during the colder period and was marked by low

temperatures and very high levels of fine PM and BC both

during the day and at night. Clean episodes during the

warmer period resulted from either air masses from the

Atlantic or from the nearby Mediterranean arriving at

MSY. During the warmer period, phases of pollution are

typically a result of air mass recirculation across the region,

creating a continuous increment in pollution levels until it is

replaced by a cleaner air mass or removed by precipitation.

An intrusion of a polluted air mass from mainland Europe

occurred during W lasting for a period of 5 d, resulting in

continuously high levels of BC and fine PM.

Concerning particle number concentrations, levels in all

modes were considerably higher during W than those

recorded during C. The ratios of W to C mean concentra-

tions for the nucleation (N9�20), lower Aitken (N20�50),

upper Aitken (N50�100) and accumulation (N100�825) modes

are 1.8, 1.7, 1.6 and 1.4, respectively. Higher levels of upper

Aitken and accumulation mode particles in W compared to

C can be attributed to the residence of MSY within the

mixing layer for longer periods during the day in warmer

months and lower precipitation (Pérez et al., 2008). Higher

number concentrations of nucleation and lower Aitken

mode particles are likely a result of increased NPF and

growth, which will be discussed anon. Figure 3 shows

histograms for concentrations of N20�100 and N100�825 for

the measurement period. The accumulation mode presents

the greatest differences between each period, with very low

concentrations during C: Clean, and highest concentrations

during W: Polluted. Elevated concentrations of Aitken

mode particles under W: Polluted are more frequent as

evidenced by the wider histogram shape. However, Aitken

mode concentrations are similar in all periods, even though

the sources are likely to be very different depending on the

scenario.

The modality of median number size distributions under

the different periods and scenarios was also investigated and

are presented in Fig. 4. The fitted log-normal modes (dN/

dlog10Dp) are also shown underneath each graph (in red).

The modal fittings in all cases are performed for day-time

size distributions, i.e. 8�20 hours GMT [median night-time

size distribution modality (20�8 hours) is represented in

each figure by the solid black line]. All scenarios except C:

Polluted exhibit a bimodal size distribution. During pol-

luted conditions in C, the size distribution is unimodal with

a median diameter (Dpm) around 75 nm. Median size

distributions for different seasons at a range of regional

background sites across Europe were reported by Asmi

et al. (2011). Using the results presented in that article,

winter size distributions under polluted conditions at

MSY most closely reflect those given for central European

stations, indicating that size distributions and concentra-

tions at MSY under these conditions are very similar to

continental size distributions. Comparatively, the median

size distribution under clean conditions during C is dis-

tinctly bimodal, with a Dpm around 35 nm and a second

mode with peak diameter around 150 nm, albeit with much

lower concentrations. Interestingly, this modality is ob-

served in winter at many of the high altitude sites reported

by Asmi et al. (2011), such as at Jungfraujoch (3580

m.a.s.l.). Thus, under clean conditions during the colder

period, it appears that MSY bears some similarities with

high or mid altitude sites.

This bimodal behaviour is also evident during W, except

the dominant modes in these cases are reversed when

compared with C: Clean. The Aitken mode is dominant,

with Dpm between 80 and 90 nm under both W: Clean and

Table 2. Arithmetic mean and standard deviation for various aerosol parameters, pollutant gases and meteorological variables recorded

at MSY for different periods throughout the measurement campaign

PM1

(mg m�3)

BC

(ng m�3)

O3

(mg m�3)

NO

(mg m�3)

NO2

(mg m�3)

SO2

(mg m�3)

WS

(m s�1)

WD

(8)
RH

(%)

Temp

(8C)
Days

(#)

C: Total 10910 5439692 62916 1.1091 3.996 0.9991 1.6691.3 316 64 7 111

W: Total 1195 7079452 88923 0.5090.5 3.894 0.6996 1.1390.8 158 63 15 67

C: Polluted 1399 7209674 60918 1.1691.1 5.296.6 1.0390.8 0.9090.9 296 69 7 67

C: Clean 594 2309140 65910 1.0090.5 2.091.1 0.9390.9 1.4791.2 318 65 7 31

W: Polluted 1194 7869422 100921 0.2890.4 3.994.2 0.6990.6 1.2291.5 163 61 16 32

W: Clean 893.5 3969203 88920 0.1590.1 1.791.3 0.4190.5 1.2090.8 102 68 14 14
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W: Polluted, with a secondary mode between 20 and 30 nm.

Although the modality for both clean and polluted condi-

tions is very similar, concentrations are substantially lower

under cleaner conditions. Referring once again to results

published by Asmi et al. (2011), MSY displays similar

spring time size distributions for the stations Bösel and

Schauinsland in Germany. Bösel is a central European low

altitude site situated among land mostly used for agricul-

ture and some residential areas. Interestingly, springtime

total particle number concentrations at MSY under clean

conditions are similar to those reported for Schauinsland

(Germany; 1210m.a.s.l.), while under polluted conditions

they are more similar to concentrations at Bösel.

3.2.1. Particle concentrations and variability during

colder months. During the colder months, MSY undergoes

sharp changes in pollutant concentrations, with daytime

maxima and nocturnal minima for all pollutants, driven by

the diurnal breeze system (Pérez et al., 2008; Pey et al., 2010)

which advects pollutants from the semi-urban and urban

areas at lower altitudes to the site during the day-time.

Therefore, mixing effects between polluted and non-

polluted boundary layer air masses can be very significant

at this site. Aerosols accumulate in the valleys below MSY,

and are transported towards elevated areas such as MSY

during the day by the presence of mountain and sea breezes,

activated by insolation (see wind speed and direction in

Fig. 5). The nocturnal north-west (NW) winds and daytime

southerly wind scenarios are related to the topography of

the valley wherein the MSY site is located. The polluted

southerly breeze proceeds up the valley during the day,

followed by a nocturnal drainage flow from the north,

removing pollutants from the site. Night-time levels of BC

(minimum 374 ng m�3) and PM1 (7.6 mg m�3) are relatively

low, but undergo sharp increases during the day with

maximum values being reached at 16:00 (1343 ng m�3 and

15.9 mg m�3, respectively). The mixed state of the particle

sizes is highlighted by the similar concentrations for the

upper Aitken and accumulation mode. Nucleation mode

particle concentrations are low (median concentration of

92 cm�3) owing to the elevated condensation sink, which

varies similarly to N20�825, highlighting the aged state of the

air mass having stagnated within the mixing layer before

reaching MSY. As stated previously, the median size

distribution of particles under these conditions is clearly

unimodal with a Dpm of 75 nm, both during the day and at

night (Fig. 4).
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Conversely, Fig. 6 shows the diurnal variations for almost

the same parameters (temperature is replaced by solar

radiation) under clean conditions during the colder months.

The NW wind is maintained throughout the day with little

change in wind direction and, thus, minimum influence of

the polluted mountain breeze. Wind speeds are also slightly

higher (1.4791.2 m s�1) compared to polluted conditions

(0.9090.9 m s�1), especially during the day. The day and

night variations are significantly reduced for many pollu-

tants, with night-time minima of BC of 177 ng m�3 and day

time maxima of 277 ng m�3. The absence of abundant pre-

existing particles allows for NPF to take place, giving rise to

higher concentrations of nucleation mode particles. This is

evident in the overall reduced condensation sink (daily

mean of 2.6�10�3 s�1) compared to polluted conditions

(5.9�10�3 s�1). Kulmala et al. (2005) reported condensa-

tion sink values for nucleation event days in Athens and

Marseille to range between 5.9�10�3�1.3�10�2 s�1

and 3.2�10�3�1.5�10�2 s�1, respectively, which are in

line with values recorded at MSY in winter. Furthermore,

the condensation sink reaches a minimum precisely when

the nucleation mode begins to increase at 10:00 GMT.

Concerning particle number size concentrations, less varia-

tion is observed for the accumulation and upper Aitken

mode particle number concentrations between night and

day, similarly to BC and PM1. However, particle number

concentrations of nucleation and lower Aitken mode par-

ticles are significantly increased and undergo a large diurnal

variation unlike that of the other parameters measured. No

correlation between either nucleation or lower Aitken and

accumulation mode particle concentrations was observed

(R2�0.006 and 0.03, respectively), giving a strong indica-

tion that NPF is occurring in-situ and not by transport.

Growth to the Aitken mode is possible considering the loose

correlation observed for nucleation and the lower Aitken

mode (R2
0�0.44, hourly resolution, 671 data points), and

this correlation actually improves slightly with R2
1 (0.48).

Further growth from the lower Aitken to the upper Aitken

mode is not as efficient (R2
0�0.23). As solar radiation

approaches maximum values between 10 and 11:00 GMT,

nucleation particle concentrations begin to increase con-

tinuously to a maximummedian concentration of 480 cm�3

at 14:00 GMT, as shown in Fig. 6. The continuous increase

in lower Aitken mode concentrations reaches a maximum of

1475 cm�3 at 18:00 GMT. The diurnal profile for ozone

under polluted conditions (Fig. 5) is in stark contrast to that

of ozone under clean conditions (Fig. 6). The absence of the

polluted breeze loaded with NOx allows ozone concentra-

tions to increase throughout the day. Ozone may be a

limiting factor in the growth of nucleating particles under
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these conditions, as it is responsible for the formation of

condensable organic species through reactions with VOCs

(Hallquist et al., 2009). These condensable organic species

are not believed to be directly involved in NPF but are

believed to promote more rapid growth of nucleating

clusters.

Out of a total of 31 d of clean conditions, 14 episodes of

elevated nucleation mode particle concentrations were

observed, as shown in Fig. 7. However, episodes with ele-

vated concentrations of nucleation mode particles were

observed to occur at different times of day. As Fig. 7

outlines, for each date that elevated concentrations of

nucleation mode particles occurred, the time (hour GMT)

when maximum particle number concentrations of nuclea-

tion and lower Aitkenmode was recorded for that respective

day, and the particle number concentrations reached in

those modes at that hour. This highlights how the occur-

rence of elevated nucleation particle number concentrations

varies on different days. According to the classification of

nucleation events outlined by Dal Maso et al. (2005), not all

of the episodes when elevated N9�20 were observed at MSY

can be classified as nucleation events in the traditional sense.

For example, elevated concentrations of nucleation mode

particles recorded on 10 November 2010, 6 December 2010

and 8 January 2011 coincide with peak concentrations in the

lower Aitken mode. In all three cases, a sharp increase was

observed simultaneously for both nucleation and Aitken

mode particle concentrations, suggesting that there is mixing

of different air masses with differing aerosol processes

occurring within the air mass. Similarly, days where nuclea-

tion mode concentrations are significantly lower than lower

Aitken mode concentrations, and when peak concentrations

occur quite late in the day such as on the 15 November 2010

and 26 November 2010, may be a result of transport of

nucleating particles and accompanying growth particles,

with some influence of mixing effects of air masses. Days

of elevated nucleation mode particles when nucleation

mode particle number concentrations are low are usually
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accompanied by low lower Aitken mode particle number

concentrations, and are not especially intense bursts of

NPF. Nucleation events in the traditional sense, displaying

the typical banana profile associated with NPF and growth,

occurred on the 9 November 2010, 7 December 2010, 8

December 2010, 25 December 2010 and the 27 December

2010.

An example of a nucleation event that occurred on 25

December 2010 is shown in Fig. 8. NPF commences around

12:00 GMT, and nucleation mode particle number concen-

trations reach a maximum at 15:00 GMT. The lower Aitken

mode continues to increase after the nucleation mode and

reaches a maximum at 17:00 GMT, as the nucleation mode

particles grow in diameter to Aitken mode particles. Upper

Aitken and accumulation mode concentrations are com-

paratively much lower (note their concentrations are

represented by the right axis), that is, the absence of larger

particles allow NPF to take place. This is verified by the

variation in the condensation sink, which varies similarly

to the upper Aitken mode. SO2 concentrations, and thus

[H2SO4], for this particular day were negligible and under-

went little variation.

Continuous particle number size distribution measure-

ments in Northern Italy (Ispra) were performed from June

to December 1999 by Rodrı́guez et al. (2005). It was

observed that nucleation events at the boundary layer site

only occurred under clean air conditions. This also appears

to be the case at MSY during the colder months, whereby

nucleation tends to occur when clean-air conditions are

prevalent.

3.2.2. Particle concentrations and variability during

warmer months. The diurnal variations of pollutants

measured during the warmer period (W) present significant

differences to the variation observed during C. During

the day, wind speeds are slightly higher and the daytime

southerly breeze is much more stable and longer in

duration, owing to the higher temperatures. The effect of

the mountain breeze on the aerosol parameters is evident
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during this period also, but the duration of the peaks in

pollutant concentrations are extended compared to C,

owing to the higher temperatures, increase in mixing layer

height and the increase in wind speed during the warmer

months.

Figure 9 displays the diurnal trends for the same

parameters presented in Fig. 5 for W under polluted con-

ditions. BC and PM1 concentrations are slightly elevated

during the warmer months, with minimum night time

concentrations for BC of 505 ng m�3 and PM1 concentra-

tions at 9.2 mg m�3. Particle number concentrations are

elevated for all modes compared to C. Upper Aitken and

accumulation mode particles undergo similar diurnal varia-

tions as BC and PM1 mass concentrations. Ozone concen-

trations are elevated owing to more intense solar radiation

and increased photochemical reactions of VOCs, irrespec-

tive of the NOx sink.

The diurnal variation of the nucleation and lower Aitken

modes during the warmer period is unlike the variations

observed for BC or PM1. The nucleation mode peaks at

14:00 GMT coinciding with peak solar radiation, and

also with maximum lower Aitken mode particle number

concentrations. Thus, nucleation mode particle number

concentrations increase even in the presence of the polluted

breeze and elevated levels of upper Aitken and accumula-

tion mode particles, indicating that NPF may be taking

place even in the presence of pre-existing particles,

as highlighted by the increased levels of the condensation

sink. As observed for the size distribution modality under

these conditions, a secondary mode is observed near the

nucleation mode (25 nm; Fig. 4). Hamed et al. (2007) also

observed higher nucleation events during the warmer

months at the boundary layer site in the Po valley in Italy

even under polluted conditions. High particle growth and

formation rates of the nucleation particles were recorded,

as freshly nucleated particles need to grow quickly before

being scavenged by pre-existing particles.

Owing to the heavy particle loading of the polluted air

mass arriving at MSY, and the short residence time of

nucleation mode particles (reported as a few hours in a
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roadside environment by Charron and Harrison, 2003), the

elevated particle number concentrations of nucleation

mode particles at MSY are evidently forming and growing

faster than they can be removed. Biogenic emissions from

local vegetation may be a significant source of condensable

organic vapours at MSY. Although organic vapours

are not believed to play a role in the initial formation of

new particles, subsequent growth of nucleated clusters

is considered to be enhanced by oxidation products of

biogenic organic vapours such as terpenes (O’Dowd et al.,

2002). An abundance of such biogenic compounds in the

atmosphere might indeed promote the growth of nucleating

clusters to a detectable size before the gaseous precursors

are lost through coagulation and condensation processes.

Seco et al. (2011) reported VOC mixing ratios at the same

site of MSY in summer and winter with the aim of

determining the effect of biogenic emissions on VOC

concentrations. It was reported that short-chain oxyge-

nated VOCs and isoprenoids presented higher mixing ratios

in summer, attributed to higher emissions by vegetation

and increased photochemistry. This also resulted in higher

ozone concentrations. The abundance of VOCs in the

atmosphere during the warmer months most likely account

for the increase in ultrafine particles observed. Further-

more, a study performed by Querol et al. (1999) in a rural

area in NE Spain found midday oxidation rates of SO2

to SO2�
4 (the intermediate compound H2SO4 is a known

nucleating agent) were seasonally dependent, with oxida-

tion ratios ranging seasonally from B1% h�1 (winter) to

6% h�1 (summer). Thus, an abundance of H2SO4, VOCs

and solar energy would likely enhance NPF and growth.

Figure 10 displays an example of an episode with elevated

levels of nucleation mode particles recorded on the 6 June

2011, a day with relatively elevated levels of pollutants.

As is evident in Fig. 10, an intense burst of NPF occurs at

9:00 GMT, where nucleation is evidently activated by the

peak observed for [H2SO4]. NPF is relatively short lived as it

is interrupted by the increasing condensation sink and BC

concentrations. A drop in solar radiation is also observed

which may be due to a passing cloud or cloud formation on

site. As BC and PM1 mass concentration levels begin to

decrease as the morning progresses, the lower Aitken

and nucleation mode begin to increase, peaking between

13:00 and 14:00 GMT. The lower Aitken mode decreases
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thereafter but unusually the nucleation mode concentra-

tions are maintained for an hour after the lower Aitken

mode decreases. There are various reasons that could

explain this unusual behaviour. It is possible that a mixing

event between different air masses occurred, whereby

nucleation occurring in one of the air masses is replaced

briefly by a more polluted air mass. Air mass back

trajectory analysis showed a stable atmosphere for various

altitudes throughout the day at MSY, but higher resolution

analysis may prove that a mixing event is taking place.

Thus, it could be suggested that (a) as background aerosol

particle number and mass concentrations decrease, nuclea-

tion processes resume without further growth; (b) different

parts of the air mass at different stages of a nucleation event

are being sampled during the same day; (c) particles are

actually evaporating from the lower Aitken mode to the

nucleation mode. Particle evaporation, to the author’s

knowledge, has only been described in the urban environ-

ment of London (Dall’Osto et al., 2011) and Hong Kong

(Yao et al., 2010). It was suggested that nanoparticle loss as

a result of evaporation of the volatile/semi-volatile species

caused this phenomenon. At MSY, episodes whereby a

reversal of nucleated particle growth occurs in a ‘reverse

banana’ profile occurred on 23 d during the entire measure-

ment period. It is likely that these unusual processes are a

result of mixing effects of air masses, but the possibility of

particle evaporation cannot be ruled out. These findings are

beyond the scope of this present work but will be further

investigated in detail in future publications.

Figure 11 displays all the same variables for W under

clean conditions. Mean particle number concentrations of

nucleation mode particles are the same as under polluted

conditions (345 cm�3), whereas Aitken and accumulation

mode particle number concentrations are significantly lower

than under polluted conditions. Peak concentrations of

nucleation mode particles are slightly higher (866 cm�3)

compared to polluted conditions (706 cm�3). MaximumBC

and PM1 mass concentrations reach 532 ng m�3 and 9.5mg
m�3, respectively. BC is closely related to accumulation

mode particle number concentration (R2
0�0.67, R2

1�0.54,

R2
2�0.40; 336 data points) and undergo similar variations.

The nucleation and lower Aitken modes undergo alternative
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variations independent of the other parameters. Nucleation

mode concentrations begin to increase in the early morning

with increasing solar radiation, to a maximum of 866 cm�3

at 13:00 GMT, followed by a peak in lower Aitken mode

concentrations (1718 cm�3 at 14:00 GMT). The condensa-

tion sink under clean conditions is significantly lower than

under polluted conditions, but this does not seem to affect

the nucleation mode concentrations. SO2 concentrations

also begin to increase around the same time as the nucleation

mode. An input of sulphuric acid (produced from the

oxidation of SO2), a summer abundance of condensable or-

ganic vapours from vegetative and anthropogenic sources,

elevated ozone concentrations and intense solar radiation,

would provide perfect conditions for NPF and growth.

A measurement campaign performed at Monte Cimone

from June to July was described by Van Dingenen et al.

(2005). The diurnal trends during the study show remark-

able similarities to those observed at MSY during the

warmer months. Monte Cimone (2165m.a.s.l.) is located at

a much higher altitude than MSY (720m.a.s.l.), but BC

mass concentrations undergo similar diurnal trends to

those observed at MSY. The diurnal trend at Monte

Cimone for BC is attributed to the transport of pollution

by upslope winds induced by heating of the mountain side,

similar to MSY. Furthermore, the morning increase of sub-

micron particle number concentrations is noticeably similar

to that observed at MSY. The authors suggest that the

mixing of polluted boundary layer air with the clean

free troposphere air provided favourable conditions for

photochemically induced homogenous nucleation to occur

in-situ. The example of a nucleation event shown in Fig. 12

suggests that mixing of different air masses is similarly

influential at MSY.

Figure 12 displays an example of NPF occurring at the

beginning of April under clean conditions. Nucleation

begins at 8:00 GMT and is followed by a rapid increase

in concentrations relative to the lower Aitken mode. Peak

concentrations of nucleation mode particles also coincide

with peak [H2SO4] concentrations. Nucleation is inter-

rupted as levels of BC and PM1 increase suddenly at 12:00

GMT and the condensation sink increases, removing the

nucleating particles through condensation and coagulation.
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The coinciding double peak observed in BC and the Lower

Aitken mode suggests that the two parameters are closely

related, and also that an abrupt change in the air mass is

occurring. The change in wind direction and speed which

occurs at the same time when lower Aitken mode concen-

trations begin to decrease and nucleation mode particles

peak suggests that a mixing event is being observed,

whereby different phases of a nucleation event within the

air mass are sampled during the same day. Air mass back

trajectory analysis (using HYSPLIT) at different altitudes

did not show any evidence of mixing. However, taking into

consideration the change in wind direction, it would seem

likely that a nucleation event is being observed over a large

area, and the nucleating particles at different stages of

formation and growth are being sampled as the day

progresses. The nucleation mode reaches a daytime mini-

mum between the hours of 12:00 and 13:00 GMT, when BC

and PM1 are at their highest, that is, a polluted air mass has

moved over MSY. The change in wind direction and

coinciding drop in BC and particles�20 nm, suggest that

the polluted air mass is quickly replaced by a cleaner air

mass, within which a nucleation episode is occurring.

4. Summary and conclusions

Eight months of sub-micrometer particle number size

distributions at the RB site of MSY have been analysed

and described to determine their variability in the western

Mediterranean. The Aitken mode was observed to be the

dominant size mode in terms of particle number concentra-

tion, followed by the accumulation and nucleation modes.

Furthermore, particle number concentrations showed a

clear seasonal variability, with concentrations significantly

elevated during warmer months relative to colder months.

Owing to this seasonality observed, the dataset was divided

according to temperature; a cold period (C: November to

March) and a warm period (W: October, April to June).

Furthermore, these periods were categorised according to

scenarios of clean and polluted episodes. Under polluted

conditions during C, the observed daily variability of the

various particle properties was related to a diurnal breeze

system activated by insolation. This scenario was charac-

terised by low nocturnal number and mass concentrations

of aerosols when MSY resided above the polluted mixing

layer, with elevated daytime concentrations due to transport
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of pollutants to MSY carried by upslope winds. Particle

number size distributions during C: Polluted were clearly

unimodal, both during the day and at night, with a modal

diameter around 75 nm. Conversely, the diurnal profile

under clean conditions during C presented little day-to-

night variation for almost all the pollutant parameters

except for the nucleation mode and lower Aitken mode. The

absence of pre-existing particles in the form of coarser

particles, as evidenced by lower values of the condensation

sink, allowed for NPF to take place. The nucleation mode

began to increase coinciding with minimum levels of the

condensation sink and maximum intensity of solar radia-

tion. The particle size distribution is bi-modal, with a

dominant mode peaking at 35 nm and a secondary mode

at 150 nm. Nucleation mode concentrations were observed

to undergo significant increases at different times of day and

to varying degrees of intensity, and this was related to NPF

events in some cases. In others, mixing events between

polluted and non-polluted boundary layer air gave rise to

short intense bursts of nucleation mode particles.

Diurnal particle number concentrations for all modes

during W were observed to be significantly different to the

diurnal profiles observed during C. The nucleation and

lower Aitken modes concentrations exhibited the largest

difference between W and C, although particle number

concentrations in all modes were elevated. Bimodal size

distributions were recorded for both W: Polluted and

W: Clean, with modal diameters around 80�90 nm and

20�30 nm, although particle concentrations are reduced

under W: Clean. Nucleation mode particle number con-

centrations were elevated even under polluted conditions

and the presence of an elevated condensation sink. NPF

under polluted conditions was believed to be able to occur

due to (a) increased solar radiation promoting photo-

chemical reactions, and (b) elevated concentrations of

condensable organic vapours produced from the photo-

chemical oxidation of secondary aerosol precursor gases

and biogenic emissions. An abundance of such condensable

organic vapours in the atmosphere might promote the

growth of nucleating clusters to a detectable size even in a
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relatively polluted atmosphere. The diurnal profile for

clean conditions during W differs significantly to that of

C, specifically in that BC and PM1 mass concentrations

are higher and underwent a larger day-to-night variation.

NPF clearly occurred even in the presence of pre-existing

particles capable of scavenging potentially nucleating

gaseous precursors. Finally, mixing effects between pol-

luted and non-polluted boundary layer was observed to be

an influential process at MSY, whereby it was observed

that different phases of nucleation and growth processes

within the same air mass was occurring and sampled at

different times of day at the site, giving rise to unusual size

distributions.
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