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The vertical profiles (up to 975 m a.s.l.) of ultrafine and micronic particles across the planetary boundary layer
and the free troposphere over a Mediterranean urban environment were investigated. Measurements were
carried out using a tethered balloon equippedwith a miniaturized condensation particle counter, a miniaturized
optical particle counter, a micro-aethalometer, a rotating impactor, and meteorological instrumentation.
Simultaneous ground measurements were carried out at an urban and a regional background site. New particle
formation episodes initiating in the urban area were observed under high insolation conditions. The precursors
were emitted by the city and urban photochemically-activated nucleation occurred both at high atmospheric
levels (tens to hundreds of meters) and at ground level. The new particle formation at ground level was limited
by the high particulate matter concentrations recorded during the morning traffic rush hours that increase the
condensation sink and prevent new particle formation, and therefore restricted to midday and early afternoon.
The aloft new particle formation occurred earlier as the thermally ascending polluted air mass was diluted. The
regional background was only affected from midday and early afternoon when sea and mountain breezes
transported the urban airmass after particle growth. These events are different frommost newparticle formation
events described in literature, characterized by a regionally originated nucleation, starting early in the morning
in the regional background and persisting with a subsequent growth during a long period. An idealized and
simplified model of the spatial and time occurrence of these two types of new particle formation episodes into,
around and over the city was elaborated.

© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The origin and processes affecting levels and variability of ambient
ultrafine particles (UFP, particles smaller than 0.1 μm in diameter) in
urban areas are a hot topic in both air quality and climate sciences
(Charlson et al., 1992; Spracklen et al., 2010; Makkonen et al., 2012;
IPCC, 2013). The main source of UFP in urban areas is road traffic
(Charron and Harrison, 2003; Pey et al., 2009; Dall'Osto et al., 2013;
Kumar et al., 2014; Brines et al., 2014a), and especially diesel engines
(Morawska et al., 1998; Harris and Maricq, 2001; Rose et al., 2006;
Rodríguez et al., 2007). Thus, studies carried out worldwide show that
UFP levels are higher close tomajor road traffic urban arteries compared
with those recorded at urban background sites (Zhu et al., 2002;
Wehner et al., 2002; Kittelson et al., 2004; Hudda et al., 2010;
Padró-Martínez et al., 2012; Fujitani et al., 2012). The spatial distribu-
tion of UFP across the urban environment has been studied in detail in
.C. Minguillón).

. This is an open access article under
a few cities in Europe (Dall'Osto et al., 2011, 2013; von Bismarck-
Osten et al., 2013; Salma et al., 2014; Brines et al., 2014a) finding that
UFP concentrations markedly increased at road sites with respect to the
urban background. In addition to the prevalent primary UFP emissions
governing ambient concentrations at urban sites, nucleation, agglomera-
tion, condensation, and evaporation processes have an effect on UFP
concentrations and size (Charron and Harrison, 2003; Kulmala et al.,
2004; Robinson et al., 2007; Dall'Osto et al., 2011; Harrison et al., 2012).

A number of studies in the beginning of the last decade first pointed
to the occurrence of new particle formation episodes in urban environ-
ments (Woo et al., 2001; Alam et al., 2003; Stanier et al., 2004).
Subsequent studies evidenced the relevance of these episodes in cities
from high insolation regions such as southern Europe, California or
Australia (Pey et al., 2008; Costabile et al., 2010; Reche et al., 2011;
Hudda et al., 2010; Cheung et al., 2011, 2015; Brines et al., 2014b).
This influence is so important that, on an annual average, maximum
hourly UFP concentrations at the urban background of Barcelona
(Northeast of Spain) are recorded at midday simultaneously with the
lowest black carbon (BC) concentrations (Reche et al., 2011). The new
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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particle formation events studied in the cities of Barcelona, Brisbane, Los
Angeles, Madrid, and Rome by Brines et al. (2014b) showed nucleation
bursts without important subsequent particle growth, different from the
typical ‘banana-like’nucleationepisodesusually described in regional back-
ground environments (Kulmala et al., 2004; Kulmala andKerminen, 2008).
The lack of a relevant growing stage was attributed to the delay in the
start of the new particle formation in urban environments with respect
to the regional background, where new particle formation starts in the
morning. This delay is due to the increase of the condensation sink (CS)
during themorning and afternoon road traffic rush hours. Thus new par-
ticle formation takes place in the city only when primary pollutant con-
centrations are low, i.e. after the concentration of traffic primary
pollutants has decreased at midday, and until the afternoon rush hour.

Two major types of new particle formation episodes in the urban
area of Barcelona were identified by using four simultaneous Scanning
Mobility Particle Sizer (SMPS) instruments into the city and in the
regional background during the SAPUSS campaign (Dall'Osto et al.,
2013). One occurs on a regional scale and hence it is simultaneously re-
corded at the regional background and urban sites, with the differences
in growth and time extension described above. The other type starts in
the city and affects the regional background in a delayed stage by the
transport of the nuclei and/or the precursors. The time delay is attributed
to the availability of chemical precursors in the city (Dall'Osto et al.,
2013). These midday urban new particle formation episodes are favoured
by the high insolation and the decrease of the CS caused by the dilution of
pollutants due to reduced emissions, growth of the planetary boundary
layer (PBL) and maximum sea breeze flow intensity. Furthermore, the sea
breeze transports SO2 from shipping emissions that may help to activate
nucleation. Similarly to these urban new particle formation episodes,
Setyan et al. (2014) reported that the occurrence of new particle formation
events in the regional background of Sierra Nevada (US) was associated
with the influence of the urban plumes of Sacramento.

Studies carried out in London at different heights suggested that
during the upwards convective transport of urban air pollutants as the
PBL grows, important volatilization processes occur affecting the exter-
nal shells of semi-volatile organic matter of UFP (Dall'Osto et al., 2011;
Harrison et al., 2012). These volatilized organic substances are very
reactive and they may yield to the formation of a large amount of
newly formed particulate matter (Robinson et al., 2007). In any case,
studies on the urban vertical distribution of UFP are very scarce, espe-
cially those covering the whole PBL, given that special instrumentation
is required to measure UFP concentrations using balloons, or other
airborne settings, throughout the vertical profile of the PBL (Ahn and
Eun, 2013). Wehner et al. (2007) designed a study with four ground
sites in Leipzig, Germany, separated up to 50 km, and a tethered balloon
equipped with a combination of two Condensation Particle Counters
(CPC)with different lower size detection limits so that theparticle num-
ber concentration between 5 and 10 nmwas deduced. They found two
different nucleation scenarios, namely (i) homogeneous case, during
which new particle formation was measured at the different ground
sites nearly in parallel with subsequent particle growth and the UFP
were found to be well mixed within the entire PBL; and (ii) inhomoge-
neous case, duringwhich newparticle formationwas observed at one to
three ground sites irregularly and subsequent particle growthwas often
interrupted. In this latter case, the new particle formation was found to
depend mainly on the incoming solar radiation, but other factors must
account for the inhomogeneous occurrence of the event in the study
area. Some other studies on the vertical distribution of aerosols with
in-height and/or tethered balloon borne instrumentation exist but
they do not include the UFP size range (e.g. Matsuki et al., 2005;
Greenberg et al., 2009; Ferrero et al., 2010, 2011; Babu et al., 2011;
Moroni et al., 2012, 2013; Hara et al., 2013, 2014) and therefore the
new particle formation processes could not be investigated.

The vertical profiles of aerosol properties have been determined
using different instrumentation. Thus, Ma and Yu (2014) measured
the aerosol extinction up to 5 km and found that it is mainly located
below 1 km, with larger percentages in winter seasons (62–79%) and
smaller percentages in summer seasons (44–57%), and attribute these
differences to the strength of vertical transport. Moreover, they link
the aerosol extinction to secondary particles whereas that attributed
to other aerosol species is relatively small and only limited near the sur-
face. Fernández-Gálvez et al. (2013) combined ground and column
measurements, finding that anthropogenic aerosol in the atmosphere
in the absence of a well-developed mixing layer is not exponentially
distributedwith height, and concluded that estimates of columnar aero-
sol optical and microphysical properties from ground measurements
are not straightforward.

The main objective of this study is to analyze how the new particle
formation takes place over an urban Mediterranean environment, by
investigating the vertical distribution of UFP throughout the PBL height
(PBLH) and the free troposphere. To this end measurements were
carried out using a tethered balloon equipped with miniaturized CPC
and optical particle counters (OPC) (Lee et al., 2014), a micro-
aethalometer, a rotating impactor, instrumentation to measure meteo-
rological variables (wind speed and direction, temperature and relative
humidity) and a GPS. Vertical profiles up to 975 m a.s.l. were studied
from 13 to 15May 2014 between 8:00 and 16:00 local time with differ-
ent sampling strategies regarding the ascending and descending veloc-
ity and the time spent at maximum height. To support interpretations,
simultaneous measurements of aerosol parameters (concentration,
size and composition), gaseous pollutants ambient concentrations,
and meteorological parameters were carried out at two ground moni-
toring stations (one urban and one regional background).

2. Methodology

2.1. Measurement area, sites, and schedule

Themeasurements were carried out in the Northeast of Spain, in the
Western Mediterranean Basin (WMB). This area is characterized by
mild winters, warm summers and prevalent clear sky conditions all
year round. Solar radiation is thus intense, its maximum values ranging
from 450 to 900 W/m2 at midday. Precipitations are scarce and usually
concentrated in spring and autumn. More characteristics of the WMB
can be found in Millán et al. (2000). The city of Barcelona is geographi-
cally constrained by the coastal range of Collserola to the North and
the Mediterranean Sea to the Southeast, thus being influenced by the
sea-breeze dynamics. This results in a dominant Northwest wind
component during the night and the development of sea breezes during
the day. The diurnal breezes turn progressively from Southeast to
Southwest and the gradually increasing wind speed reaches its maxi-
mum levels around noon when the boundary layer is fully developed
(Pérez et al., 2004). Moreover, different meteorological scenarios can
have an impact on the air pollution of the city, ranging from stagnant
anticyclonic conditions, recirculation of air masses or Atlantic air mass
advection to African dust outbreaks. The main source of atmospheric
pollution in Barcelona is road traffic (e.g. Amato et al., 2009; Pérez
et al., 2010; Reche et al., 2011), although emissions from industry,
power generation, construction, domestic and residential sectors, and
harbor activities are also relevant.

The balloon measurements location was situated in the city of
Barcelona, in an open area from the Real Club de Polo de Barcelona.
The balloon flightswere carried out during 13 to 15May 2014 according
to the schedule in Table 1. Local time in Barcelona is GMT + 2. All
reported times in this study correspond to local time. One flight up to
800 m a.s.l. from 8:29 to 10:34 was carried out on the 13 May. Two
flights were performed on the 14 May, from 8:12 to 10:35 (up to
800 m a.s.l.) and from 12:01 to 15:52 (up to 975 m a.s.l.). On 15 May
the measurements were carried out during an ascending flight from
8:00 to 9:30 up to 900 m a.s.l. and a short descending flight down to
770m a.s.l. (until 10:28). Subsequently themeasurementswere carried
out at a constant height (about 700 m a.s.l.) until 16:00.



Table 1
Schedule of balloon flights, with indication of the impactor samples taken.

Date Start time End time Balloon direction Impactor samples Observations

13 May 2014 8:29 9:22 Ascending
9:23 10:34 Descending Non-valid Hy-CPC data

No more flights due to rain
14 May 2014 8:12 9:23 Ascending 9:19–9:49 #6

9:25 10:35 Descending
12:01 13:38 Ascending 13:05–13:35 #7
13:40 15:52 Descending 13:43–13:58 #8

14:01–14:16 #9
14:20–14:35 #10
15:06–15:21 #11
15:27–15:37 #12
15:47–16:02 #13

Non-valid Hy-CPC data from
13:40 to 13:57 (about 700 m.a.s.l.)
13:57 pump re-start

15 May 2014 7:00 8:00 Ground 7:06–7:36 #14 7:47 Hy-CPC flow rate calibration
8:00 9:30 Ascending 8:09–8:36 #15

9:04–9:34 #16
8:16 pump re-start

9:31 10:28 Descending 9:35–10:39 #17 9:57 Hy-CPC pump re-start Stop
descending at around 770 m a.s.l.

10:30 16:02 Stable 10:25–10:55 #18
11:09–11:39 #19
12:41–13:11 #20

10:01 Hy-CPC pump re-start
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Simultaneous measurements were carried out at two ground sites.
The urban background site Palau Reial was about 500 m far from the
balloon location (41°23′14″ N, 02°06′56″E, 78 m a.s.l.). It is influenced
by vehicular emissions from one of the main traffic avenues of the
city, located at a distance of 200 m (traffic density of 11,8000 vehicles/
day; Ajuntament de Barcelona, 2014, http://w110.bcn.cat/Mobilitat/
Continguts/DADESBASIQUES2013_p2.pdf). The regional background
site of Montseny (41°46′46″N, 02°21′29″E, 720 m a.s.l.) was located in
a natural park 40 km to the NNE of Barcelona and 25 km from the
coast. This site represents the regional background of the NE Iberian
Peninsula (Pérez et al., 2008; Pey et al., 2008; Seco et al., 2011) and is
a member of the ACTRIS (Aerosols, Clouds, and Trace gases Research
InfraStructure) and GAW (Global Atmosphere Watch) networks (Fig. 1).
Montseny (RB site)

Palau R

Fig. 1. Location of the ground and balloon measurem
2.2. PBLH determination

Radiosounding data is available from the Catalan Meteorological
Office. Free balloons are launched daily in Barcelona from the Faculty
of Physics, located at 300 m from the Palau Reial site (Fig. 1). The
PBLH at 14:00 and 02:00was calculated using the simple parcelmethod
described by Holzworth (1967). The parcel method allows the determi-
nation of the PBLH in the case of marked inversions, which are usually
observed at midday but are also typical for the nocturnal atmosphere
(e.g. Pandolfi et al., 2014). With this method the PBLH is taken as
the equilibrium level of an air parcel with the potential temperature
(Tpot) calculated at ground level. The water vapor mixing ratio (χ) was
calculated with the humidity conversion formulas provided by Vaisala
eial (UB site)

Balloon measurements

Aerosol instrumentation pack 

Meteorological measurements
and radiosounding launching site

ent sites and pictures of balloon and equipment.
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(2013). Given that the launching site of the weather balloons was at
98 m a.s.l., the calculated PBLH may be underestimated. The vertical
profiles of Tpot and χ at 14:00 and 02:00 were used together with the
vertical profiles of Tpot and χ from the tethered balloon to study the
thermodynamic state of the lower atmosphere. The apparent discrepancy
between the different vertical profiles (from radiosounding measure-
ments and from the tethered balloon measurements) can be explained
by the fact that radiosounding measurements use free balloons which
reach the top of the PBL typically in few minutes, as opposed to the
tethered balloon, which can take up to 1.5 h to reach 1000 m. Moreover,
the times of the different profiles were not the same.

2.3. Air mass origin

The airmass originwas determined based on air back trajectories cal-
culated using the HYSPLIT (Hybrid Single Particle Lagrangian Integrated
TrajectoryModel)model from the NOAAAir Resources Laboratory (ARL)
(Draxler and Rolph, 2003). Five-day back trajectories were calculated on
each of the study days at 6, 9, 12 and 15 hGMTmodeling vertical velocity
and for 3 different heights (750, 1500 and 2500 m a.g.l.).

2.4. Balloon characteristics and instrumentation

A tethered balloon of 27 m3 filled with He was used. An aerosol
instrumentation pack was attached 30m below the balloon. The instru-
ments included in the pack were as follows (Fig. 2):

- A miniaturized condensation particle counter (Hy-CPC), which
measured particle number concentration larger than 3 nm with a
time resolution of 1 s and a flow rate of 0.125 L/min, using isopropyl
alcohol as the working fluid (Lee et al.,2014). The particle number
concentration measured by the Hy-CPC will be referred to as NN3.
Note that it should be interpreted as UFP, given that around 70–
90% of the total particle number concentration is made by UFP
(Charron and Harrison, 2003).

- A miniaturized optical particle counter (Hy-OPC), which measured
particle number concentrations in the ranges of 0.3–0.5 μm, 0.5–
1.0 μm, 1.0–2.0 μm and 2.0–5.0 μm, with a time resolution of 1 s and
a flow rate of 1 L/min (Lee et al.,2014).

- A rotating impactor, which collectedmicroscope samples in three size
stages (1–2.5 μm, 2.5–10 μm, and N10 μm),with aflow rate of 1 L/min.

- Amicroaethalometer (MicroAeth AE51), whichmeasured BC concen-
trations derived from absorption values on a 5 min basis with a flow
rate of 0.15 L/min. Valid data only on 15 May 2014.

- A Global Position System (GPS).
Fig. 2. Details of the instrumentation included in
- An accelerometer.
- Temperature, relative humidity, pressure, wind direction and speed
sensors.

- A control board to communicate with a computer located on the
ground so that all the measurements could be tracked in real time.

Monitoring sensors are usually attached to fixed supports. In this
case, however, they were suspended from a tethered balloon, which
could be a matter of concern under erratic or turbulent motions that
could affect sensor measurements. These motions were assessed using
the GPS and accelerometer data, showing that balloon accelerations
were of the same order as wind accelerations thus indicating that the
aerostat smoothly adapted its position to the blowing wind with no
sharp movements. Visual observations revealed the same. Therefore
the lack of a fixed support for the aerosol pack is not expected to have
had any influence on the measurements.

Fig. S1 shows the comparison of ambient particle number concen-
tration measured with collocated Hy-CPC and a CPC TSI 3776, both
with a similar size detection limit of around 3 nm. Results evidenced
very comparable concentrations, with r2 between 0.65 and 0.98,
and slopes between 0.87 and 1.23. The concentrations reported in the
present study corresponding to the vertical profiles have been calculated
to be in normal conditions (25 °C, 1013.2 hPa).

2.5. Ground site instrumentation

2.5.1. Urban background site
Particle number size distributions within the range of 10–480 nm

(N10–480) were measured with a SMPS, composed by a Differential
Mobility Analyser (DMA, TSI 3081) coupled with a CPC (TSI 3772).
Equivalent BCmass concentrations (Petzold et al., 2013) weremeasured
by a multi-angle absorption photometer (MAAP, model 5012, Thermo
ESM Andersen Instruments) with a PM10 inlet. On-line PM10, PM2.5,
and PM1 concentrations were measured by an OPC (GRIMM 180) and
corrected with simultaneous 24-hour gravimetric samples. An Aerosol
Chemical Speciation Monitor (Aerodyne Research Inc., ACSM; Ng et al.,
2011) was used to measure real time non-refractory submicron aerosol
species (organic matter, nitrate, sulfate, ammonium and chloride). Real
time monitors for NO, NO2 (SIR S-5012), O3 (SIR S-5014), and SO2

(Thermo Scientific Model 43C) were supplied by the Department of
Environment of the Autonomous Government of Catalonia. Atmospheric
pressure, wind components, solar radiation, temperature and relative
humidity were recorded by the Faculty of Physics from the University
of Barcelona in a meteorological station located at a height of
108 m a.s.l. at 300 m from the urban background site (Fig. 1).
the aerosol pack for balloon measurements.
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2.5.2. Regional background site
Particle number size distributions within the range of 9–860 nm

were measured using a SMPS, comprising a DMA connected to a CPC
(TSI 3772). This system was designed and manufactured in the frame-
work of the EUSAAR project at the Leibniz Institute for Tropospheric
Research (TROPOS; Wiedensohler et al., 2012). Total particle number
concentrations in the size range between 3 and 1000 nm (NN3) were
measured with an ultrafine CPC (UCPC, TSI 3776). On-line BC, PM10,
PM2.5, and PM1 concentrationsweremeasured using similar instrumen-
tation as that used in the urban background site. Real time monitors for
O3 (MCV, 48 AUV), NO, NO2 (Thermo Scientific Model 42i-TL, trace
level), and SO2 (Teledyne instruments Model 100E) were supplied by
the Department of the Environment of the Autonomous Government
of Catalonia. Wind direction, wind speed, solar radiation, temperature,
relative humidity and precipitation were also recorded.

2.6. TEM and SEM analysis

Using the rotating impactor, particles for transmission electron
microscopy (TEM) or scanning electron microscopy (SEM) observation
were collected onto Quantifoil® gold (Au) grids with 1 μm diameter
holes–4 μm separation of 200-mesh. Gold gridsweremounted covering
the whole impacting area for each of the size-fractionated particles
stages (1–2.5 μm, 2.5–10 μm, and N10 μm). The impactor had 24 sam-
pling positions for each of the size stages and was remotely operated
from the ground in such a way that 30 min samples were collected at
different heights and times on single sample holders (Table 1).

Particle morphology, chemical composition, and size were analyzed
in Spain by TEM (Jeol, JEM 1220, Japan) or SEM (FEI, Quanta 200 FEG,
USA), both coupledwith an energy-dispersive X-ray (EDX) spectroscopy;
and in Korea by a SEM (Jeol, JSM-6390, USA) equipped with an Oxford
Link SATW ultrathin window EDX detector.

In order to identify the particle composition at different altitudes,
more than 100 particles per PM1–2.5 sample collected on 14 May
2014 at the free troposphere (sample #6), top of the PBL (sample #7),
middle of the PBL (sample #10), and at ground level (sample #13),
and more than 100 particles per PM1–2.5 + PM2.5–10 samples collected
on 15May 2014 at the top of the PBL (sample #19), the free troposphere
(sample #16), and at ground level (sample #14) were semi-quantified
by SEM-EDX microanalysis. The abundance of mineral matter (SiO2,
Fe2O3, Al2O3, K2O and CaO), sea salt (Mg + Na + Cl) and sulfate was
assessed.

3. Results

3.1. Meteorological conditions

The sampling period included from 13 to 15 May 2014. Light
rain took place on 12 May, leading to a clean atmosphere at the start
of the measurements. The 13 May was cloudy with sporadic very light
rain and solar radiation intensity below 60W/m2 at noon.Mild temper-
atures from 13 to 15 °C and 68 to 81% RH were registered at ground
level.

On 14 and 15 May 2014, clear, dry, and warm conditions prevailed.
The temperature ranged from 19 to 27 °C and 17 to 25 °C on the 14
and 15 May, respectively. The RH ranged from 31 to 47% and 37 to
64% on the 14 and 15 May, respectively. The sea breeze was developed
on both the 14 and 15 May, from 12:00 to 22:00, with prevailing S–SW
wind direction and wind speed of 1–2 m/s on the 14 May and 2 m/s on
the 15 May.

3.2. 13 May 2014 measurements

This was a cloudy day with very mild advective circulation and mild
temperatures, from 13 to 15 °C and 68 to 81% RH at ground level, and
from 8.5 to 8.8 °C and 91 to 92% RH at 800 m a.s.l. during the balloon
measurements. Very light rain occurred during the descending flight.
The analysis of air mass back trajectories indicates that air masses
originated dominantly from the West (about 2500–3000 km far)
(Fig. S2). The solar radiation intensity was lower than 60 W/m2 at
noon, which prevented the development of the boundary layer. The
PBLH at 14:00 was around 750 m a.s.l., whereas a lower PBLH was
detected at 02:00 (550 m a.s.l.) (Fig. 3). The vertical profiles of χ con-
firmed that the highest concentrations of liquid water were observed
in these altitude ranges. During the flight with the tethered balloon
(8:29–10:34), ascending up to 800 m a.s.l., the PBLH was at around
400–600 m a.s.l.

These conditions yielded an early morning (08:29–09:22) vertical
profile of NN3 characterized by an upward decreasing gradient (from
28,500 to 10,000 #/cm3) up to around 500 m a.s.l., and from there an-
other upward increasing trend (up to 34,000 #/cm3) up to 800 m a.s.l.
(Figs. 4 and S2). At ground level, maximum N10–480 during themorning
rush hour peak was 19,500 #/cm3 (Fig. 5), mainly due to an increase of
the 50–100 nm fraction, with a simultaneous increase in BC, NO2 and
SO2 concentrations (Fig. 5).

Number concentrations of 0.3–0.5, 0.5–1.0 and 1.0–5.0 μm particles
in the vertical profilewere also relatively constantwith a slight upwards
increasing trend from 22 to 50 #/cm3 in the 0.3–0.5 μm fraction from
ground to 700 m a.s.l., and an abrupt increase from 700 to 760 m a.s.l.
due to the influence of clouds (RH around 100%) (Fig. 4). Temperature
gradientwas characterized by an adiabatic trend from15 to 8 °C,where-
as RH, as expected, exhibited an inverse trend from 70 to 90% at about
700 m a.s.l., and reached 100% at 800 m a.s.l. A similar vertical profile
was evidenced during the descending measurements (09:23–10:34)
for T, RH and particles N0.3 μm, the latterwith some increases attributed
to clouds. The NN3 measurements during the descending flight
were invalidated due to the massive condensation of water on the
instrument.

At the Montseny regional background site maximum N3–10 concen-
trations reached only 4000#/cm3 and only for a short period (about 1 h)
after midday (Fig. 5), probably due to the development of mountain
breeze flows that transported UFP from the urban to the mountain
areas.
3.3. 14 May 2014 measurements

This was a clear, dry, and warm day, with 19 to 27 °C and 31 to 47%
RH at ground level, and from 14 to 15 °C and 47 to 51% RH at 900m a.s.l.
during the balloon measurements. The 5-day back trajectory at 750 m
a.g.l. indicates that the dominant air mass origin was from the
Northwest (at about 3500 km) (Fig. S2). The wind direction during
the first ascending flight turned from the NW at heights between 0
and 400ma.s.l. to NW–SWbetween400 and 600ma.s.l., and it changed
to SW from 600 to 800 m a.s.l. During the entire first descending flight
thewind directionwas SW (Fig. S3). During the second ascending flight
(starting at 10:21), the sea-breezewas already developed, and thewind
direction was mainly from the S–SW between 0 and 800 m a.s.l., and
switched to SW–Wbetween 800 and 1000m a.s.l. During the descend-
ing flight the wind direction stayed at SW–W between 1000 and
800 m a.s.l. and it was S–SW during the rest of descending flight to
the ground. The PBLH at 02:00 and 14:00 was around 650 and
1110 m a.s.l., respectively (Fig. 3). The lower PBLH during the night is
a consequence of the reduction of convective activity driven by the
heating of the Earth's surface and the corresponding nocturnal radiative
cooling of the ground. During the first balloon ascending flight the PBLH
was around 500 m a.s.l. and it was around 600 m a.s.l. during the de-
scending flight. This is in agreement with the change in wind direction
observed during the ascending flight at around 600 m a.s.l (Fig. S3).
Higher PBLH was measured during the second flight in the afternoon,
reaching altitudes higher than 800–1000 m a.s.l. (maximum altitudes
reached by the tethered balloon).
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3.3.1. First flight
Early in the morning (8:12–9:23) NN3 and 0.3–0.5 μm particles

concentrations showed an increasing trend from ground up to around
200 m a.s.l. where the highest concentrations were reached (NN3 and
0.3–0.5 μm particles concentration increased from 25,000 to 95,000
and from 55 to 70 #/cm3, respectively). In this lower layer the Tpot
strongly decreased with height indicating a quite unstable atmosphere
likely allowing the transport of pollutants from ground upwards. From
200 m a.s.l. to around 600 m a.s.l. the NN3 decreased to 7000 #/cm3, re-
maining then relatively constant up to 800 m a.s.l. (8000–5000 #/cm3)
(Figs. 4 and S4). Hence these latter lower concentrations probably
represent the cleaner free troposphere, in agreement with the PBLH.
In addition to the gradients described, narrow (10 m thick) strata with
very different NN3 were identified (Fig. S4). The 0.3–0.5 μmparticle con-
centration decreased to 25 #/cm3 from 200 m a.s.l. to 600 m a.s.l., and
increased up to 40 #/cm3 at 820 m a.s.l. A similar trend was followed
by the 0.5–1.0 and 1.0–5.0 μm particles (Fig. 4).

Simultaneously, at ground level (Fig. 5), particle size distributions
and BC concentrations reflected the traffic rush hour (maximum N10–

480 19,300 #/cm3 and 3.2 μg/m3 of BC), followed by a significant
decrease (down to 5000 #/cm3 and 0.5 μg/m3) due to the development
of the boundary layer. Organic matter, nitrate, ammonium and sulfate
concentrations increased at 6:00 and remained relatively high until
9:00 (with average concentrations higher than the previous day)
(Fig. 6). A similar trend was observed for the road traffic organic tracer
atm/z 55 (Canagaratna et al., 2004) as well as for the secondary organic
aerosol tracers (m/z 43 andm/z 44) (Zhang et al., 2005) from the organic
mass spectra registered by the ACSM. The ratio of them/z xx signal to the
total organic signal in the ACSMmass spectra is shown in Fig. 6 as fxx.

During the descending flight (9:25–10:35, after the traffic rush hour
peak) the concentration of all particulate size fractions was diluted by
a factor of at least 2 with respect to the ascending trajectory (Figs. 4
and S4). Thus, at altitudes from 815 to 520 m a.s.l. NN3 reached 1500–
2000 #/cm3, and from there to the ground a slight and progressive
increase up to 30,000 #/cm3 was measured, with stratification being
less marked than in the ascending profile. For the 0.3–0.5, 0.5–1.0 and
1.0–5.0 μm fractions, there was also a dilution factor of 2 with respect
to the ascending trajectory, but the maximum recorded at 200 m a.s.l.
was shifted to 650 m a.s.l. coinciding with the Tpot inversion with the
stable atmosphere above.

3.3.2. Second flight
The vertical profiles during the second ascending flight of the day

(12:01 to 13:38) can be segmented in four parts. The first part includes
from ground up to 400m a.s.l., which is the lower layer characterized by
quite unstable atmospheric conditions with Tpot decreasing with height
(Fig. 3). The vertical profile was characterized by a marked increase of
NN3 from around 35,000 to 50,000 #/cm3 and a simultaneous increase
of coarser particles, with concentrations from 33 to 113 #/cm3 for 0.3–
0.5 μm particles (Figs. 4 and S4). Less stratification than in the morning
flight was observed probably due to better homogenization of the
PBL by the intensive convective dynamics (Fig. S4). From 420 to
525 m a.s.l., an increase in NN3 and a simultaneous decrease in coarser
particles were recorded. From 525 to 930 m a.s.l., a layer with almost
constant Tpot with height, where the inversion was detected, the NN3

increased (reaching around 62,000 #/cm3) and the 0.3–0.5, 0.5–1.0
and 1.0–5.0 μmconcentrations followed a clearly opposite trend, slightly
decreasing from 113 to 80 #/cm3 for the 0.3–0.5 μmparticles. Finally, the
last segment covers from 930 to 975 m a.s.l., where the NN3 decreased
down to 21,000 #/cm3.

The high NN3 and micronic particulate concentrations registered
from ground to 975 m a.s.l. are typical from the PBL and not from the
free troposphere, which is in agreement with the PBLH of 1100 m a.s.l.
determined by radiosoundings at 14:00 (Fig. 3). These high NN3 concen-
trations recorded at different heights can be attributed to new particle
formation events induced by the low RH and high temperature and
insolation and the dispersion of pollutants.

Simultaneously, a newparticle formation event took place at ground
level. An increase in N15–30 attributed to photochemical nucleation pro-
cesses starting at 11:00was detected, with a growth until 14:30 (Fig. 5).
An increase in BC (up to 2.4 μg/m3, Fig. 5), organic aerosols, nitrate,
ammonium and sulfate concentrations (Fig. 6) was also recorded. The
formation of secondary organic aerosol is supported by the variations
in the different organic tracers. Whereas the marker for road traffic
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primary organic aerosol (m/z 55) experimented amoderate increase,
those for secondary organic aerosol (m/z 43 andm/z 44) increased in
a higher proportion. A change in the wind direction at 12:30 resulted
in a sharp reduction of N10–480 for 15 min, as particles were advected
away by a change of air parcel. This change coincides with an in-
crease in wind speed, BC, NO2 and SO2 concentrations (Fig. 5). SO2

concentrations reached a maximum of 4 μg/m3, which could explain
the increase in sulfate concentrations (reaching about 1.5 μg/m3,
Fig. 6).

The descending measurements (13:40 to 15:52) can be divided
in three segments (Figs. 4 and S4). From 970 to about 350 m a.s.l.
the NN3 decreased from around 52,000 to 37,500 #/cm3 (note that the
Hy-CPC data from 970 to 700 m a.s.l. was discarded due to anomalous
measurements), whereas the 0.3–0.5, 0.5–1.0 and 1.0–5.0 μm particle
concentrations increased. The second segment includes from 350
to about 140 m a.s.l. During this segment, a reverse trend was recorded
for both NN3 (increasing to 46,000 #/cm3) and 0.3–0.5, 0.5–1.0 and 1.0–
5.0 μm particles (decreasing). Finally, whereas the 0.3–0.5, 0.5–1.0 and
1.0–5.0 μm particles continued decreasing down to the ground, the NN3

showed an increase between 140 and 100 m a.s.l. up to 72,000 #/cm3
,

followed by a decrease down to 33,000 #/cm3 at ground levels.
Simultaneously, particle growth was registered at ground until

about 14:00, and a second relative increase in nitrate and organic
aerosols was observed (Figs. 5 and 6). It is probable that the high NN3



Fig. 5. Particle number size distribution, meteorological parameters, N, gaseous pollutants, PM1 and black carbon (BC)measurements at the urban background site in Barcelona (left) and
the regional background site at Montseny (right), from 13th to 15th May 2014.
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recorded at different heights (much higher than theN concentrations at
ground level) were caused by new particle formation episodes.

At Montseny regional background an average N15–100 of 3500 # cm−3

was recorded (Fig. 5). At 14:00 photochemical nucleation and subsequent
particle growth also occurred as deduced from SMPS measurements,
whose resulting particles merged with the pre-existing coarser regional
background particles, increasing NN3 levels up to 9500 # cm−3 (Fig. 5).
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This was also a clear and warm day, with 17 to 25 °C and 37 to 64%
RH at ground level, and from 12 to 18 °C and 44 to 64% RH at
850ma.s.l. during the balloonmeasurements. The 5-day back trajectory
indicates that the dominant air mass origin was from the Northwest,
although the last day of the trajectory is only a few km long, which
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indicates that the air masses on this day were the same as in the previ-
ous day (Fig. S2). The wind direction during the ascending flight turned
from the W–NW at heights between 0 and 400–500 m a.s.l. to W–SW
between 500 and 900m a.s.l. (Fig. S3). According to the radiosoundings,
the PBLH at 02:00 and 14:00 was around 700 and 1900 m a.s.l., respec-
tively (Fig. 3). The vertical profile obtained from the tethered balloon in
the early morning (08:00 to 09:30) indicated a lower PBLH of around
400 m a.s.l. (Fig. 3), which is in agreement with the change in wind
direction recorded at 400–500 m a.s.l. This apparent discrepancy can
be explained by the higher errors of the applied technique (the parcel
method) in the absence of clear inversions, such as at the situation at
8:00 in the morning. It can also be due to the different times at which
the PBLH was calculated, since the PBL may have not been developed
at 8:00 but completely developed at 14:00.

The ascendingflight (up to 900ma.s.l.) took place during 8:00–9:30,
coinciding with the traffic rush hour. During this time, particle size
distributions at ground level reflect the influence of road traffic, with a
maximum N10–480 of 32,800 #/cm3 and very high BC concentrations,
reaching 6–7 μg/m3 (Fig. 5). Simultaneously, increases in NO2 (up to
70 μg/m3), PM1 (up to 8 μg/m3), organic aerosols (reaching 3.5 μg/m3)
and N20–100 (31,300 #/cm3) were also recorded (Figs. 5 and 6). Balloon
measurements (Figs. 4 and S4) show that NN3 followed a clear upward
decreasing trend from ground (52,000–66,000 #/cm3) to around
240 m a.s.l. (6600 #/cm3), followed by a transect from 240 to
530 m a.s.l. with constant intermediate levels (8500–19,500 #/cm3)
and a top section from 530 to 875 m a.s.l. with lower levels (5800–
6700 #/cm3), representing the free troposphere (Fig. 3). As described
for the first flight on the 14 May, the bottom and intermediate sectors
were characterized by an interlayering of strata with very different
NN3 (Fig. S4). The decrease of NN3 with height in the lowest layer
(ground-240 m a.s.l.) was associated with more stable conditions
preventing the transport of UFP generated at ground level upwards.
Concentrations of particles with size N0.3 μm evidenced a vertical
profile where the same three transects described above can be identi-
fied, the two lower ones with clear upward decreasing trends (56 to
24 #/cm3 and 24 to 8 #/cm3 for the 0.3–0.5 μm particulate fraction)
and the top one with an increasing trend (8 to 14 #/cm3).

The descending flight took place only from 875 to 777 m a.s.l. (9:31
to 10:28), followed by measurements at around 777–644 m a.s.l.
(altitude depending on the wind velocity) until 16:02. From 9:31 to
9:57 the NN3 was typical from the free troposphere, 4600–7100 #/cm3,
but a progressive increase up to 78,500 #/cm3 was recorded at
808–699 m a.s.l. from 9.57 to 11.35, probably due to the growth of the
boundary layer reaching the measurement height (Fig. 7). The change
in the RH and temperature recorded at 10:40 further indicates a change
in the air mass (Fig. 7). These concentrations at this height are very high
and they may be the result of new particle formation processes occur-
ring as the ground emissions of precursors are diluted by the convective
growth of the PBL under relatively lowRHand high temperature and in-
solation. This is also supported by the constantly relatively low levels of
BC recorded during this marked increase of NN3 (Fig. 7). From 11:35 to
13:42 the NN3 remained very high (45,300–96,600 #/cm3), with the
maximum being recorded at 13:38, very close to the maximum insola-
tion time (14:00), and probably reflecting the occurrence of intense nu-
cleation bursts (Fig. 7). During this time, very high UFP concentrations
were also recorded at ground level and SMPS data show a new particle
formation episode (Fig. 5), which indicates that new particle formation
could have been taking place in the whole column over Barcelona. The
arrival of relatively clean air masses with the sea breeze, maybe includ-
ing SO2 and other gaseous precursors, may also be responsible for the
new particle formation taking place at the measuring site. High sulfate
concentrations (about 2.5 μg/m3) were recorded at ground level
(Fig. 6), which may result from the new particle formation processes
and subsequent growth of particles. Secondary organic aerosol also
increased during this time, as shown by the high increase in m/z 44,
which is not seen for the road traffic primary organic aerosol markers
(Fig. 6). The N10–480 at ground level remained high until approximately
13:30, coinciding with the maximum NN3 recorded on height (Figs. 5
and 7). These high NN3 were recorded with a range of RH from 44 to
71% and 14–19 °C at around 777–644 m a.s.l. Following this period,
RH was kept at relatively higher values (57–72%) and temperature at
lower ones (14–16 °C) and NN3 progressively decreased down to
37,600 #/cm3 at 14:00, and from then to the end of the measurements
(16:02) levels ranged from 46,800 to 27,200 #/cm3 (Fig. 7).

Levels of 0.3–0.5, 0.5–1.0 and 1.0–5.0 μm particulate fractions (Fig. 4)
showed a similar trend to the one described for NN3, with very low levels
during early morning (12–16 #/cm3 for the 0.3–0.5 μm particulate
fraction) and a progressive increase until 11:49 (36–42 #/cm3 for 0.3–
0.5 μm) and relatively higher levels from then to the end of the
measurements (42–71 #/cm3) (Fig. 7). Hence, the coarser fractions seem
to be less affected by insolation than UFP, but they depend more on the
PBLH. Furthermore, relative peaksof their concentrationsmaybe influenced
by relative increases of wind velocity (Fig. 7), which cause convective flows
transporting PM from ground level upwards. In any case, the maximum
concentration of the N0.3 μm fraction is also influenced by the insolation,
since it is recorded at 14:02 (Fig. 7). These highNN3 andmicronic particulate
levels are typical fromtheboundary layer andnot fromthe free troposphere,
which is in agreementwith the PBLH of around 1900ma.s.l. determined by
radiosounding measurements at 14:00.

At Montseny regional background site the pattern was similar to
that described for the 14 May. There was a pool of particles in the
sizes of 50–100 nm that persisted all day. The N3–10 concentration was
N3000 #/cm3 from 14:00 to 16:00, reaching a peak of 9000 #/cm3. At
14:00 the increase in particle number concentration may be attributed
to an intensive newparticle formation episodewith subsequent growth,
or to the arrival of previously formed particles transported to the sam-
pling site (Fig. 5). In either case, a subsequent growth and eventual
mixing with the pre-existent larger particles may have also occurred.

3.5. Microscopy analysis

TEM and SEM analysis of particles sampled at altitudes N600m a.s.l.
evidenced a high proportion of aged sea salt (Na–Mg–Cl–S–N rich par-
ticles), sulfate-bearing particles and mineral aggregates in the PM1–2.5

and PM2.5–10 fractions (Fig. S5). The PM1–2.5 fraction was dominated
by highly hygroscopic particles as deduced from the spherical shapes,
probably originated by water condensation (Fig. S5a). These are made
up in a large proportion by sea salt particles and ammonium sulfate
(Fig. S5b and c). Furthermore, mineral (quartz, and aluminumsilicate
particles, Fig. S5d and e) with irregular shapes were also present. In a
minor proportion, the occurrence of soot particles (Fig. S5f and g),
probably from vehicle exhaust emissions, and metallic fly ash (Fig. S5h)
from industrial sources was also evidenced.

The semi-quantitative SEM-EDX analysis of PM1–2.5 and PM2.5–10

samples resulted in a ternary system of sulfate, sea salt, and mineral
matter. The analysis revealed a relative increase of sea salt particles
from ground to the top of the PBLH and to the free troposphere
(16, 30, and 50% on the 14 May and 31, 44, and 66% for the 15 May).
The opposite trend was found for mineral matter (from 70% to 39% on
the 14May, and from46 to 14% on the 15May) (Figs. S6 and S7). Finally,
the relative abundance of sulfate particles is relatively homogenous,
with a slight increase in the top of the PBLH.

4. Discussion and conclusions

Themeasurement campaign covered a period with different meteo-
rological scenarios affecting newparticle formation processes. Light rain
took place on 12 May, which partly cleaned the atmosphere. The first
day of measurements (13 May 2014) was cloudy with very light rain
that prevented the development of intensive convective circulations
due to the low insolation (Figs. 3 and 5). Low concentrations of BC, N,
micronic PM and gaseous pollutants were recorded at ground level



Fig. 7.Time evolution ofNN3, black carbon (BC), altitude, NN3/BC ratio, relativehumidity (RH), temperature (T), number concentration of particles from0.3 to 0.5 μmand 0.5 to 1.0 μm(N0.3–

0.5, N0.5–1.0) and wind speed of the ascending vertical profile and the subsequent constant height measurements carried out on 15 May 2014.
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(both at the urban and the regional background sites, Figs. 5 and 6), as
well as during the vertical measurements (Figs. 4 and S4). The low inso-
lation also accounted for the absence of relevant new particle formation
episodes over the city of Barcelona as ground pollution was being
diluted.

During the second and third days (14 and 15 May 2014), meteoro-
logical conditions changed drastically leading to sunny clear-sky days.
The very high insolation (Fig. 5) accounted for intense convective circu-
lations that generated a very thick PBLH and injected and diluted
ground pollutants to over 1000 m a.s.l. at midday (Fig. 3). High levels
of traffic-related pollutants were measured during traffic rush hours
at ground level (NO2 N 90 μg/m3, BC N 6 μg/m3, Fig. 5; organic
matter N 2 μg/m3, nitrate N 0.5 μg/m3, Fig. 6). The high insolation coupled
to these high loads of pollutants, and probably regionally-emitted
biogenic volatile organic compounds (VOCs), gave rise to high levels of
O3 (Fig. 5). This upwards urban thermal flow and dilution of pollutants
in a very photochemically-favorable scenario probably caused continu-
ous new particle formation episodes over the city, with a maximum
reached at midday on the 15 May 2014, where NN3 was above
90,000 #/cm3 at around 800 m a.s.l. over the city (Figs. 4 and 7). Thus,
the ratio NN3/BC was close to 10 (#/cm3/ng/m3) at ground level during
early morning, and it reached up to 50 at around 200 and 600 m a.s.l.
Measurements done at a constant height (800–650 m a.s.l.) from early
morning to the afternoon evidenced that the time evolution of NN3

concentrations followed the insolation trend (Fig. 7), probably due to
the photochemically driven new particle formation. In the period when
the balloon (fixed at around 750 m a.s.l.) was reached by the boundary
layer by the convective growth (from around 10:00 h to 11:30), as
shown by the change in RH and temperature, the ratio NN3/BC reached
up to more than 800, one order of magnitude higher than during the
rest of the measurements, and higher than the ratio at ground level,
which was 20 at that time. This was probably caused by intensive new
particle formation episodes in the top upper front of the boundary layer.
The new particle formation may have remained active during the day
given the NN3/BC ratios between 50 and 120 registered at 750m a.s.l. Par-
ticle concentration in the ranges of 0.3–0.5, 0.5–1.0 and 1.0–5.0 μm
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followed also an increasing trend with time. The concentrations were rel-
atively low in early morning, when the sampling point was above the
PBLH, and reached higher values when the PBLH surpassed the sampling
point height (750ma.s.l.). However, once into the PBL, number concentra-
tion of particles N0.3 μm could be influenced by the wind speed (Fig. 7).
This reflects probably the upward supply of ground particles N0.3 μm by
convective circulations. TEM and SEM analysis of sampled particles at
altitudes N 600 ma.s.l. evidenced a high proportion of aged sea salt,
sulfate-bearing particles and mineral aggregates (Fig. S5) transported
from the ground level.

The influence of the wind dynamics at a local scale on the UFP
concentrations and coarser particles was investigated. No clear relation
was observed between wind speed and NN3. Nevertheless, an inverse
relationship was found for the coarser particles (N0.3 μm), indicating
particle advection processes when the balloon was kept at a constant
height on the 15 May. After 12:00, however, the PBL grew over the
balloon height and the particle concentration was mainly driven by
local processes. Moreover, the standard deviation of the wind speed
over given time intervals (2 min) was calculated as an indicator of
turbulence. Whereas no relationship was found between turbulence
and NN3, a slight relationship with coarser particles was found, such
that more intense turbulence leads to higher particle concentrations
(Fig. S8). Hence, the behavior of the wind dynamics at very local scales
does not have any influence on the production or removal of UFP, but it
does on the coarser particles.

The ACSM ground measurements evidenced an increase in sulfate
concentrations during the campaign, pointing to a progressive regional
generation of sulfate. Moreover, the maximum sulfate load as well as
the maximum concentration of secondary organic aerosol tracer m/z
44 were recorded around midday of the third day of measurements
(15 May 2014), when maximum N concentrations were measured
both at 800m a.s.l. and at ground level (Figs. 5, 6 and 7). The occurrence
of new particle formation processes during the second and third days
was evidenced by the SMPS measurements at both regional and urban
background sites (Fig. 5). Into the city, the duration of these new parti-
cle formation episodes at ground levelwas probably different than aloft:
the high levels of pollution affecting the urban site during bothmorning
and afternoon traffic rush hours increased the CS and prevented new
particle formation; whereas at higher altitudes the upwards dilution
may have allowed new particle formation during a longer period, as
shown by the relatively highNN3/BC ratios. Furthermore, when compar-
ing the time of occurrence of newparticle formation processes at the re-
gional background site and at the urban site, newparticle formation into
the city started at around 11:00 at ground level on the 14 May 2014,
whereas at the regional background site Nb20 increased only after
12:30 (Fig. 5). A similar situation was observed on the 15 May 2014,
when new particle formation into the city was evident at 12:00, where-
as at Montseny this occurred from 13:00 to 14:00 (Fig. 5), although it
may have happened before near the sampling site with subsequent
transport of particles. Thus, the fact that the new particle formation
started before at the urban site than at the regional background in addi-
tion to the bigger size of particles in the regional background points to a
probable urban origin of these episodes and not to a regional one, since
a regional origin would lead to new particle formation starting at the
same time at both sites, or even later at the urban site.

Fig. 8 shows an idealized and simplified model of the spatial and
time occurrence of new particle formation episodes into, around
(regional background) and over (at a given height) the city. Two types
of scenario are described. For scenario 1, the new particle formation
starts in the urban area and affects the regional background after parti-
cle growth while being transported away from the city. The scenario 1
corresponds to the two new particle formation episodes studied in our
field campaign. The precursors are emitted in the city and urban
photochemically-activated nucleation occurs both at ground and at
high atmospheric levels (tens to hundreds of meters). At ground, new
particle formation is limited by the high PM concentrations during
morning and evening traffic rush hours that increase the CS and prevent
nucleation (Brines et al., 2014b) and hence it is restricted tomidday and
early afternoon. During this period pollution is diluted due to maximal
sea breeze development and the relatively lower emissions, thus favor-
ing new particle formation. A few hundred meters above the ground,
levels of pollutants from the city are diluted and new particle formation
may occur (as shown by the balloon measurements), even before mid-
day as the thermally ascending polluted air mass is diluted. Thus, the
highest NN3 during the campaign was measured at midday at around
800 m a.s.l. above the city. The occurrence in the regional background
is delayed, starting around midday when sea and mountain breezes
transport the urban air mass towards the regional background site. At
this time, a light increase of PM concentrations in the regional back-
ground is also observed as pollutants reach a relatively clean air mass
(Fig. 8). This urban new particle formation, with delayed impact in the
regional background site, was also observed by Dall'Osto et al. (2013)
and Brines et al. (2014b), although only ground measurements were
available for those studies.

The scenario 2 did not occur during the study period, but it has been
described by Dall'Osto et al. (2013) and Brines et al. (2014b). It is
characterized by the new particle formation having a regional origin.
The new particle formation at the regional background site starts early
in the morning and is probably driven both by photochemistry and an
increase of precursors concentrations. Available SO2 and biogenic
VOCs emissions favor nucleation and substantially contribute to the
growth of the ion clusters (Kulmala et al., 2004, 2013; Pierce, 2011).
At the regional background the new particle formation and subsequent
growth persists, during a long period, governed by insolation. The new
particle formation pattern at ground level and over the city is similar
to that described for scenario 1.

The scenario 1, corresponding to the one taking place during the
measurements in the present study, agrees with the findings from
Setyan et al. (2014), who showed that nucleation over foothills of Sierra
Nevada area of California was enhancedwhen the plume of Sacramento
affected the regional background area, and that the interaction between
biogenic VOCs with urban plumes enhanced the nucleation and growth
of particles. However, Cusack et al. (2013) and Dall'Osto et al. (2013)
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found regional backgroundnewparticle formation episodes that started
early in the morning (09:00 GMT, not observed in the present study)
before urban plumes reach the Montseny regional background site.
These regional new particle formation episodes (scenario 2 in Fig. 8)
probably occur around the Mediterranean basin due to the relatively
high SO2 background levels that shipping emissions cause in the region.

Although UFP concentrations are driven by road traffic emissions in
most European urban areas, they can be highly influenced by new
particle formation events in high insolation regions, taking place
both at urban and at regional scales. This should be borne in mind
when studying the impact of such particles in air quality, climate, and
human health.
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