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Abstract. Time variation of mass particulate matter (PM1
and PM1−10), black carbon (BC) and number of particles
(N3: number of particles with an aerodynamic diameter
higher than 3 nm, andN10: higher than 10 nm) concentra-
tions at the high-altitude site of Montsec (MSC) in the south-
ern Pyrenees was interpreted for the period 2010–2012.

At MSC, PM10 (12 µg m−3) andN7 (2140 # cm−3) three-
year arithmetic average concentrations were higher than
those measured at other high-altitude sites in central Eu-
rope during the same period (PM10: 3–9 µg m−3 and N :
634–2070 # cm−3). By contrast, BC concentrations at MSC
(0.2 µg m−3) were equal to or even lower than those mea-
sured at these European sites (0.2–0.4 µg m−3). These dif-
ferences were attributed to the higher relevance of Saharan
dust transport and to the higher importance of the biogenic
precursor emissions and new particle formation (NPF) pro-
cesses, and to the lower influence of anthropogenic emissions
at MSC.

The different time variation of PM and BC concentrations
compared with that ofN suggests that these aerosol param-
eters were governed by diverse factors at MSC. Both PM
and BC concentrations showed marked differences for dif-
ferent meteorological scenarios, with enhanced concentra-
tions under North African air outbreaks (PM1−10: 13 µg m−3,
PM1: 8 µg m−3 and BC: 0.3 µg m−3) and low concentrations
when Atlantic advections occurred (PM1−10: 5 µg m−3, PM1:
4 µg m−3 and BC: 0.1 µg m−3). PM and BC concentrations
increased in summer, with a secondary maximum in early
spring, and were at their lowest in winter, due to the contrast-
ing origin of the air masses in the warmer seasons (spring
and summer) and in the colder seasons (autumn and win-
ter). The maximum in the warmer seasons was attributed to

long-range transport processes that mask the breezes and re-
gional transport breaking the daily cycles of these pollutants.
By contrast, PM and BC concentrations showed clear diur-
nal cycles, with maxima at midday in the colder seasons.
A statistically significant weekly variation was also obtained
for the BC concentrations, displaying a progressive increase
from Tuesday to Saturday, followed by a significant decrease
on Sunday and Monday.

N concentrations depended more on local meteorologi-
cal variables such as temperature and solar radiation inten-
sity than on the origin of the air mass. Therefore, arith-
metic averages as a function of meteorological episodes
showed the highest concentrations ofN during summer re-
gional episodes (N3: 4461 # cm−3 andN7: 3021 # cm−3) and
the lowest concentrations during winter regional scenarios
(N3: 2496 # cm−3 andN7: 1073 # cm−3). This dependence
on temperature and solar radiation also accounted for the
marked diurnal cycle ofN concentrations throughout the
year, with a peak at midday and for the absence of a weekly
pattern.

Measurements carried out at MSC enabled us to charac-
terize the tropospheric background aerosols in the western
Mediterranean basin (WMB). Our results highlight the im-
portance of the NPF processes in southern Europe, underline
the high contribution of long-range dust transport with re-
spect to central Europe and its prevalence in elevated layers,
and reveal that MSC is much less affected by anthropogenic
emissions than other high-altitude sites in central Europe.
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1 Introduction

Atmospheric aerosols have been extensively investigated be-
cause of their adverse effects on health (Pope III and Dock-
ery, 2006), and because of their role in many atmospheric
and climate processes, influencing the Earth’s radiative bal-
ance (IPCC, 2007). Atmospheric particulate matter (PM) is
associated with increasing mortality and morbidity in urban
populations (WHO, 2013). Ambient concentrations of pollu-
tants have therefore been measured in urban areas (Eeftens
et al., 2012) and have been subject to regulation (Direc-
tive 2008/50/CE). Nonetheless, the effect of aerosols on cli-
mate is observed more clearly in the free troposphere (FT)
than in the planetary boundary layer (PBL) because the FT
is more representative of the global atmosphere (Laj et al.,
2009). The reason for this is that the aerosol residence time is
longer in the FT, i.e., several weeks (Kent et al., 1998). Con-
sequently, in situ aerosol properties are measured at high-
altitude mountain observatories (Asmi et al., 2013; Collaud
Coen et al., 2013). Moreover, measurements at such sites en-
abled us to characterize background aerosols, source origins,
particle formation mechanisms and long-range transport bet-
ter without the interference of local pollution.

Although the number of studies based on surface aerosol
measurement sites worldwide is considerable, most of them
have been carried out in areas within the PBL because of
air quality regulations and only a few concern high-elevation
sites. Furthermore, the majority of these high-altitude studies
have focused on greenhouse gases and aerosol radiative prop-
erties (Andrews et al., 2011; Zieger et al., 2012), whereas few
studies deal with the seasonal, weekly and diurnal variation
of parameters such as particle number concentration (N ) and
size distribution, black carbon (BC), and PM chemical com-
position, which are rising in importance (Asmi et al., 2011;
Monks et al., 2009; Putaud et al., 2010).

Earlier studies at high-altitude sites in Europe were carried
out inter alia in Switzerland (Jungfraujoch, 3578 m), France
(Puy de Dôme, 1465 m), and Italy (Mt. Cimone, 2165 m).
These studies showed a marked seasonal cycle for PM10
(Tositti et al., 2013), BC (Marinoni et al., 2008), andN (Col-
laud Coen et al., 2011; Venzac et al., 2009), with the lowest
concentrations in winter and the highest in summer. The vari-
ation of these aerosol parameters is produced at two scales:
(1) seasonal variation depending on the origin of the air mass
and (2) daily variation controlled by PBL growth and moun-
tain breeze transport. In contrast to central Europe, few stud-
ies on mountain aerosol have been carried out in the western
Mediterranean basin (WMB).

The WMB is characterized by atmospheric dynamics that
are atypical and complex because of its topography, the ele-
vated emissions of anthropogenic pollutants, and the arrival
of natural and anthropogenic aerosols as a result of long-
range transport processes (Millan et al., 1997). All these
characteristics prompted us to study the aerosol phenomenol-
ogy. For this reason, a regional background aerosol monitor-

Fig. 1. Top: location of the two monitoring stations (Montsec and
Montseny). Bottom: topography of the Montsec area following the
red line.

ing station was installed at Montseny Natural Park (MSY,
720 m a.s.l.), 40 km north–northeast of Barcelona and 25 km
from the Mediterranean coast, to study the regional-scale
aerosols in the WMB (Pérez et al., 2008). However, the ur-
ban and industrial contributions to the regional background
aerosol concentrations in the WMB have been found to be
higher than those at other mountain sites in Europe (Pey et
al., 2010b). Consequently, a remote aerosol measurement site
was set up to gain further insight into the continental back-
ground aerosols. The site selected is in the Montsec mountain
range, which is located at 1570 m a.s.l., in the southern Pyre-
nees, and removed from large urban and industrial areas.

In this study, the results of PM, BC andN measurements
from a high-altitude site (Montsec) are presented and their
variation is interpreted. Given the location of this site be-
tween the Atlantic and the Mediterranean, greater emphasis
was placed on evaluating the influence of different meteo-
rological scenarios on these parameters. The present study
seeks to (1) evaluate the concentrations and evolution of PM,
BC, andN at a remote site with no influence of local an-
thropogenic emission sources, (2) analyze the annual, sea-
sonal, weekly, and daily variations in the concentration of
continental background aerosols with respect to the MSY re-
gional site, and (3) deduce the main factors influencing these
variations.
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2 Methodology

2.1 Monitoring sites

The Montsec site (MSC) is a high-altitude emplacement lo-
cated in the northeast of the Iberian Peninsula. This station
is placed at the Montsec Astronomical Observatory (Obser-
vatori Astronomic del Montsec, OAdM) facilities, supported
by the Catalan Autonomous Government and owned by the
Consorci del Montsec(CdM). This observatory is situated
on the highest part of the Montsec d’Ares mountain, at an
altitude of 1570 m a.s.l. (42◦3′ N, 0◦ 44′ E), in a plain near
to the edge of a 1000 m cliff to the south, with no wind
obstructions present around. The Montsec mountain range
has a west-to-east orientation and is located on the southern
side of the Pyrenees, 50 km from the Axial Pyrenees to the
north (Fig. 1). This region is sparsely populated and isolated
from large urban and industrial agglomerations: 140 km from
Barcelona to the southeast and 30 km from the largest city in
the region (Balaguer, 15 769 inhabitants) to the south. Light
pollution in the OAdM was found to be very low (Colomé et
al., 2010), which could be an indicator of the very low an-
thropogenic impact at this site. The station is surrounded by
forest (mainly pine and oak) and Cretaceous calcareous rock
formations. There is a marked prevalence, especially in the
colder seasons (autumn and winter), of Atlantic advections
owing its latitudinal and longitudinal position, at mid-latitude
in the Ferrel cell between the sub-polar lows belt and the sub-
tropical highs belt, where westerly trade winds prevail. The
atmospheric dynamics is governed by the typical Mediter-
ranean climate, with long dry periods, sporadic but intense
rains, and a prevalence of local and regional atmospheric air
mass circulations.

Results were compared with those simultaneously ob-
tained at the Montseny (MSY) station, a regional back-
ground site located in the Montseny Natural Park
(41◦19′ N, 02◦21′ E, 720 m a.s.l.), 40 km north–northeast of
the Barcelona urban area, and 25 km from the Mediterranean
coast (Fig. 1). A detailed description of this site may be found
in Pérez et al. (2008).

2.2 Sampling schedule and measurements

The MSC site consisted of a mobile laboratory equipped with
aerosol monitoring instrumentation from January to August
2010. This was replaced by a permanent station in November
2010. The present paper provides results from January 2010
to December 2012. A detailed sampling schedule is shown in
Fig. S1 in the Supplement. All the meteorological data were
supplied by the Catalonian Meteorological Service from the
Montsec d’Ares station, which has been in operation since
2007 (Tables S1, S2 and S3 and Fig. S2 in the Supplement)
and which is also installed at the OAdM facilities. Real-time
PM concentrations were continuously measured by an opti-
cal counter (GRIMM 1107). PM 30 min data were daily av-

eraged and subsequently corrected by comparison with 24 h
gravimetric mass measurements of PM10 collected every 4
days by a high-volume (hi-vol) sampler. The absorption co-
efficient was measured continuously using a Multi Angle Ab-
sorption Photometer (MAAP, model 5012, Thermo). Equiv-
alent BC concentrations were calculated by the MAAP in-
strument software by dividing the measured absorption co-
efficient σab (λ) by 6.6 m2 g−1, which is the mass absorp-
tion cross section (MAC) at 637 nm (Müller et al., 2011; Pet-
zold and Schönlinner, 2004). Absorption measurements were
compared with elemental carbon (EC) determined by a SUN-
SET OCEC analyzer using the EUSAAR 2 protocol (Cav-
alli et al., 2010), in 24 h quartz filters collected with a hi-vol
sampler. This comparison enabled us to determine the spe-
cific MAC for this site (9.1 m2 g−1). Nevertheless, the instru-
ment default MAC was used to calculate BC concentrations.
Measurements of particle number (N ) concentrations were
carried out using a low-size detection (detects particles with
an aerodynamic diameter (Dp) higher than 3 nm) conden-
sation particle counter (TSI, CPC 3776) from March 2010
to August 2011, and an environmental (Dp > 7 nm) particle
counter (TSI, EPC 3783) from December 2011 to December
2012 (Fig. S1 in the Supplement).

At MSY, concentrations of PM, BC andN were also mea-
sured from January 2010 to December 2012 (Fig. S1 in the
Supplement) using a GRIMM (model 180), a MAAP (model
5012) and a CPC (model 3772,Dp > 10 nm), respectively.
The comparison ofN concentrations at both sites was lim-
ited by the different size ranges.

The mean values shown in the whole paper are arithmeti-
cal averages unless otherwise specified.

2.3 Classification of meteorological episodes

HYSPLIT (http://www.ready.noaa.gov/HYSPLIT_traj.php),
BSC/DREAM8b (http://www.bsc.es/earth-sciences/
mineral-dust-forecast-system/bsc-dream8b-forecast/
north-africa-europe-and-middle-ea-0), SKIRON
(http://forecast.uoa.gr/dustindx.php), and NAAPS
(http://www.nrlmry.navy.mil/aerosol/index_shortcuts.html)
models were used to determine the transport pathways and
classify the atmospheric episodes affecting the MSC. 120 h
backward trajectories (for 12 a.m. modeling vertical velocity
and for 3 different heights, 750, 1500 and 2500 m.a.g.l) were
computed on each day of measurements, and interpreted
and classified visually according to their predominant
transport direction in the (1) Atlantic North (AN), (2) At-
lantic North West (ANW), (3) Atlantic South West (ASW),
(4) North Africa (NAF), (5) Mediterranean (MED), (6)
Europe (EU), (7) Winter Regional (WREG, from October
to March), and (8) Summer Regional (SREG, from April
to September) (Fig. S3 in the Supplement). Mineral matter
(MM) determination was done for the same filters as EC
determination using an inductively coupled plasma atomic
emission spectroscopy (IPC-AES), in order to identify NAF
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Fig. 2. Frequency of air mass origin as a function of season at
Montsec.

episodes better. WREG and SREG are characterized by
regional transport from the Iberian Peninsula but are divided
owing to their seasonal differences. The global atmospheric
circulation undergoes some seasonal oscillations, i.e., MSC
is influenced by westerlies and northerlies in winter, whereas
the prevailing winds come from the south in summer
(Table S2 and Fig. S2 in the Supplement). As a result, clean
oceanic Atlantic advections are more frequent in winter than
in summer, whereas continental NAF air masses reach this
region with a higher frequency in summer than in winter
(Fig. 2).

Additionally, the boundary layer height was calculated us-
ing the HYSPLIT model from the NOAA Air Resources Lab-
oratory (http://www.ready.noaa.gov/READYamet.php), us-
ing the information for stability time series. This was cal-
culated every three hours during the whole period (Figs. S4
and S5 in the Supplement).

3 Results and discussion

3.1 PM, BC andN mean concentrations and
comparison with high-altitude central European
sites

The three-year average concentrations (5th, 50th, 95th per-
centiles) of PM measured at MSC reached 12 µg m−3 (2,
10, 27 µg m−3), 8 µg m−3 (2, 7, 18 µg m−3) and 5 µg m−3

(1, 4, 13 µg m−3) for PM10, PM2.5 and PM1, respectively.
These concentrations were lower than the concentrations re-
ported at nearby regional background stations, such as Els
Torms and Cap de Creus, which are European Monitoring
and Evaluation Programme (EMEP) sites, and Montseny

Fig. 3. Three-year (2010-2012) arithmetic average concentrations
of (a) PM, (b) BC and(c) N compared with the data available in
the ACTRIS Data Center web site.∗ Jungfraujoch and Mt. Cimone
BC concentrations averaged from 2007 to 2009. Non-solid markers
correspond to non-high-altitude sites.

(PM10: 18 µg m−3 (6, 17, 32 µg m−3), PM2.5: 13 µg m−3 (4,
12, 24 µg m−3), PM1: 10 µg m−3 (3, 9, 21 µg m−3)) (Fig. 3a
and Table S4 in the Supplement). Conversely, the mean
PM at MSC were higher than those obtained at other high-
altitude sites in central Europe, such as Jungfraujoch, Riji,
Chaumont, Mt. Cimone, Vorhegg and Schauinsland (Fig. 3a
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and Table S4 in the Supplement). The difference between
the MSC and the nearby EMEP regional background sites
could be due to the fact that the aforementioned sites are
located at a lower altitude and are within the PBL. Higher
concentrations at MSY were attributed to the fact that this
regional site is closer to large urban agglomerations than
MSC. Consequently, the anthropogenic influence is higher
at MSY. The higher concentrations recorded at MSC with re-
spect to those at other remote sites in central Europe may be
due to the fact that these sites are located at higher altitudes
(Jungfraujoch and Mt. Cimone), so that they are more af-
fected by the FT conditions or/and are much less influenced
by African dust outbreaks, which are a major natural source
of PM in the Mediterranean basin (Pey et al., 2013; Querol
et al., 2009).

The BC three-year average concentration at MSC was
0.2 µg m−3 (0.02, 0.2, 0.5 µg m−3), which was clearly lower
than the concentrations found at MSY (0.4 µg m−3 (0.1,
0.4, 0.8 µg m−3)), and equal to or lower than the concentra-
tions reported in central Europe at Schneefernerhaus, Puy de
Dôme, Mt. Cimone and Schauinsland (Fig. 3b and Table S4
in the Supplement). These differences could be attributed to
the influence of solid fuel use for power plants and domes-
tic heating in central Europe (Gelencsér et al., 2007), and to
the fact that these central Europe stations are located down-
wind from important BC sources such as densely populated
areas. The higher PM10 / BC ratio found at MSC (63) with
respect to that at other high-altitude European sites (25–49)
corroborates the high influence of African dust in PM10 con-
centrations at MSC.

The three-year average concentration ofN7 at MSC
reached 2140 # cm−3 (370, 1650, 5044 # cm−3), which was
lower than theN10 average concentration found at MSY
(3475 # cm−3 (1137, 3132, 6943 # cm−3)), probably due to
the lower anthropogenic influence at MSC. On the other
hand, the averageN7 concentration at MSC was slightly
higher than the averageN10 concentrations reported at
Jungfraujoch, Mt. Cimone and Puy de Dôme (Fig. 3c and
Table S4 in the Supplement). This difference can be partially
due to the different size ranges of the instruments used and
to the importance of biogenic particle precursors and NPF
processes in southern Europe. This importance of biogenic
compound emissions as a result of higher temperature (Seco
et al., 2011), and the relevant role of the photochemical ox-
idation as a result of higher solar radiation in southern Eu-
rope (Cusack et al., 2013; Pey et al., 2008; Reche et al.,
2011) is further confirmed by the higherN3 concentrations
(3716 # cm−3 (831, 3556, 7567 # cm−3)) with respect to the
N7 concentrations.

Thus, at MSC, concentrations of PM10 were higher than
at high-altitude sites in central Europe because of the greater
influence of the Saharan dust transport affecting the Mediter-
ranean basin (Pey et al., 2013). The effect of these episodes
on PM10 concentrations is discussed in the next section.
Moreover,N concentrations were also higher at MSC, prob-

ably owing to greater temperature and solar radiation favor-
ing biogenic particle precursor emissions and NPF processes.
By contrast, concentrations of BC were lower because of the
lower BC emissions reaching MSC.

3.2 Variation of PM, BC and N concentrations

3.2.1 Effects of meteorological episodes on aerosols

Backward trajectory calculations showed that air masses that
reached MSC were mainly from the Atlantic sector (Atlantic
North (AN): 20 %, Atlantic North West (ANW): 34 % and
Atlantic South West (ASW): 7 %), whereas North African
(NAF) episodes occurred for 13 % of the days. Air masses
from Europe (EU) reached MSC for 9 % of the time; win-
ter regional scenarios (WREG) prevailed for 5 % of the days,
and summer regional (SREG) for 7 % of the time. Mediter-
ranean (MED) air masses were detected very infrequently
(< 4 %) and therefore conclusions on their characteristics
will not be drawn in the present paper.

The PM1−10, PM1, BC andN median concentrations were
determined for the different types of episodes at MSC and
at MSY (Fig. 4). and at MSY (Fig. 4b). The meteorologi-
cal episodes affected all aerosol parameters similarly at both
sites. The highest coarse PM mean concentration was ob-
served at MSC under NAF influence (13 µg m−3), which is
in agreement with what was measured at MSY (Fig. 4) (also
13 µg m−3). Despite this similar average, calculation of the
mass load from PM10 attributed to African dust (Pey et al.,
2013) at MSC and MSY in the warmer seasons (Fig. S6 in the
Supplement) showed that African dust plumes travel at vari-
ous altitudes but that they present higher dust concentrations
at upper layers. This is consistent with the highest concentra-
tions of PM1−10 recorded during episodes of southerly winds
(Fig. 5a). Furthermore, high concentrations of PM1−10 were
also measured during SREG episodes at both sites, MSC
(8 µg m−3) and MSY (9 µg m−3). The lowest concentrations
of PM1−10 were associated with the Atlantic air masses
(MSC: 5 µg m−3, MSY: 6 µg m−3), and with the WREG sce-
narios (MSC: 6 µg m−3, MSY: 5 µg m−3) (Fig. 4). Thus, the
concentrations of PM1−10 were similar at both sites, proba-
bly as a consequence of a common origin of the coarse PM.
The highest concentrations of fine PM at MSC were linked
to air masses from central Europe (8 µg m−3), North Africa
(8 µg m−3) and under SREG episodes (8 µg m−3) (Fig. 4),
which is consistent with what was found at MSY (13 µg m−3

for EU and NAF, and 11 µg m−3 for SREG) (Fig. 4). Low
wind speeds were recorded at MSC during SREG episodes,
and Fig. 5b shows how high PM1 concentrations were as-
sociated with wind velocities lower than 10 m s−1. Never-
theless, whereas the lowest PM1 concentrations at MSC
were recorded under the Atlantic advections (4 µg m−3) and
WREG scenarios (5 µg m−3), results at MSY did not show a
specific scenario with low PM1 concentrations, owing to the
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greater influence of anthropogenic emissions affecting this
site.

BC concentrations at MSC varied concurrently with
those of PM1, with higher concentrations observed under
NAF (0.3 µg m−3), EU (0.3 µg m−3) and SREG (0.3 µg m−3)
episodes, and lower concentrations under Atlantic advections
(0.1 µg m−3) and WREG scenarios (0.2 µg m−3). BC concen-
trations at MSY were relatively high during EU (0.5 µg m−3)
and NAF (0.5 µg m−3) episodes. The high BC concentrations
observed during NAF episodes could be due to two reasons.
The first reason is the possible occurrence of the simultane-
ous transport of African dust together with BC. The BC could
be caused by wildfires in North Africa or in the Mediter-
ranean basin (Cristofanelli et al., 2009) and/or by anthro-
pogenic emissions from oil refineries in North Africa (Per-
rino et al., 2010; Rodríguez et al., 2011). A notable exam-
ple of simultaneous transport of African dust and BC was
recorded at MSC on 30 June 2012. Figure 6 shows how BC
concentrations increased from late 29 to early 30 June at
the same time as PM1−10, and the NAAPS model reported
high dust and smoke surface concentrations (Fig. S7 in the
Supplement) at MSC. The second reason concerns the inter-
ference of some mineral matter constituents in the absorp-
tion measurements, which could lead to an increase in the
absorption coefficient, as observed elsewhere (Vrekoussis et
al., 2005). This was evident at MSC during episodes where
the regional pollution was much lower compared with the
African dust impact (the purest Saharan episodes). Figure 7
shows the absorption versus the elemental carbon (EC) con-
centrations determined by thermal–optical methods in 24 h
filter samples as a function of the mineral matter concentra-
tion calculated by ICP-AES in the same filters. This shows
that absorption and EC correlate strongly (R2

= 0.75), ex-
cept for the pure Saharan episodes highlighted in a yellow
area and characterized by high concentrations of mineral
matter, very low concentrations of EC, and abnormally high
absorption. A good example was recorded on 28–29 June
2012 (Fig. 6), when hourly concentrations of PM1−10 in-
creased up to 60 µg m−3 or more, BC concentrations were
about 0.4 µg m−3, while the annual mean of BC at MSC
was 0.2 µg m−3, and the NAAPS model did not show any
smoke surface concentrations affecting the Iberian Peninsula
(Fig. S7 in the Supplement). Therefore, high concentrations
of mineral dust may account for high absorption values (high
BC artifact), which is more evident when EC concentration
is low. This could also explain why high BC concentrations
were associated with southerly winds (see Fig. 5c).

N concentrations at MSC underwent the largest variation
for these different types of episodes (wide range of concen-
trations) (Fig. 4) compared with the other aerosol parame-
ters. The higher meanN concentrations were reported un-
der SREG (N3: 4461 # cm−3 andN7: 3021 # cm−3) and NAF
(N3: 3748 # cm−3 and N7: 2388 # cm−3) episodes and un-
der some Atlantic advections (ANWN3: 4186 # cm−3 and
N7: 2440 # cm−3). By contrast, the lowestN concentra-

tions were recorded under WREG (N3: 2496 # cm−3 andN7:
1073 # cm−3) scenarios.N concentrations at MSY showed a
similar variation (Fig. 4), with high concentrations associated
with SREG (4382 # cm−3), NAF (3712 # cm−3) and Atlantic
episodes (ANW: 3568 # cm−3). However, low concentrations
were not linked to a specific scenario. Thus, the highestN

concentrations at both MSC and MSY were recorded in the
warmer seasons (under SREG and NAF episodes) or when
PM concentrations were low (Atlantic episodes). The high
influence of enhanced photochemistry and biogenic com-
pound emissions in the warmer seasons, and the higher fre-
quency of NPF processes that occur during Atlantic advec-
tions, could account for this inter-episode variation.

Ternary plots including PM1, PM1−10, BC andN3 con-
centrations at MSC and MSY (Fig. 8a, b) were elaborated
to characterize the aerosol mixture during different episodes
better. MSC mean was characterized by lower relative BC
and PM1, and higher relative PM1−10 and N, with respect to
MSY mean. This reflected the lower anthropogenic influence
and the higher relative mineral contribution at MSC. The low
relative PM1 and BC and the highN were more evident dur-
ing Atlantic advections as a result of clean atmospheric con-
ditions that favor NPF processes. Although PM1, BC andN

at MSC showed a similar distribution during the remaining
episodes, PM1−10 increased from the EU episodes (with a
composition similar to that of the MSY mean) to the NAF
scenarios.

3.2.2 Seasonal variation of PM, BC and N

Figure 9 shows monthly averages of PM, BC andN concen-
trations measured at MSC for the study period (2010–2012),
the monthly data availability, and the annual means. A signif-
icant seasonal variation was observed in all parameters, with
maximum concentrations in summer and minimum in win-
ter, which is typical of regional background environments in
the WMB (Rodríguez et al., 2003).

The summer maximum is caused by a variety of factors:
(1) the summer recirculation of air masses over the western
Mediterranean (Millan et al., 1997), which hinders air mass
renovation and therefore favors accumulation of pollutants;
(2) the higher frequency of African dust episodes (Escud-
ero et al., 2005) (Fig. 2) over eastern Spain; (3) the lower
precipitation (Table S2 in the Supplement) that prevents at-
mospheric wet-scavenging processes; (4) the higher intensity
of solar radiation, which increases the atmospheric photo-
chemistry and therefore favors the formation of secondary
organic and inorganic aerosols (Querol et al., 1999); (5) the
higher temperature that increases biogenic compound emis-
sions (Seco et al., 2011), which act as particles precursors;
and (6) the increase in the PBL height, which favors the mix-
ing of atmospheric pollutants at a regional scale (Figs. S4 and
S5 in the Supplement).

A secondary maximum of PM and BC occurs in early
spring. This secondary maximum was attributed to reasons
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Fig. 4. Median (black line within the boxes) and percentiles (5-25-75-95, boxes and whiskers) of 845 
daily PM1-10, PM1, BC and N concentrations during the study period as a function of the air mass 846 
origin at Montsec and Montseny.  847 
 848 

Fig. 4.Median (black line within the boxes) and percentiles (5-25-75-95, boxes and whiskers) of daily PM1−10, PM1, BC andN concentra-
tions during the study period as a function of the air mass origin at Montsec and Montseny.

other than those leading to the summer maximum. In spring,
MSC undergoes the lowest frequency of Atlantic advections
(Fig. 2), severe anthropogenic pollution episodes affecting
the whole region (Pey et al., 2010a), and a seasonal peak
in African dust outbreaks (Pey et al., 2013). This secondary
maximum is also shown in the ternary plots as a function of
monthly means (Fig. S8 in the Supplement). A larger contri-
bution of BC and relatively low coarse PM in February and
March may be ascribed to a higher frequency of EU (Fig. 2)
and regional polluting episodes. A similar behavior was ob-
served at other mountain sites (Andrews et al., 2011).

In the colder seasons, the combination of (1) a higher fre-
quency of occurrence and intensity of Atlantic advections
(Fig. 2), (2) uncommon African dust transport (Fig. 2), and
(3) a lower vertical development of the PBL, which leaves

MSC in the FT on most days (Figs. S4 and S5 in the Supple-
ment), accounts for the markedly reduced aerosol concentra-
tions.

PM10 at MSC shows a more enhanced seasonal varia-
tion than PM1 (Fig. 9a), with higher concentrations in the
warmer seasons due to the lower precipitation in summer
(Table S2 in the Supplement) and the higher impact of
African and regional dust resuspension particles in this size
fraction (Fig. 4). The seasonal behavior of BC concentra-
tions (Fig. 9b) was very similar to that of PM, especially
PM1, which indicates that PM1 and BC follow similar atmo-
spheric dynamic processes at MSC. However,N concentra-
tions (Fig. 9c) showed a different behavior, with a maximum
in summer, probably due to the higher summer influence
of regional emissions, higher photochemistry and enhanced
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Fig. 5.Hourly concentrations of(a) PM1−10, (b) PM1, (c) BC, (d) N7 during the study period as a function of the wind speed and direction
at Montsec.

biogenic emissions (Cusack et al., 2013). This behavior is
also seen in Fig. S8 in the Supplement.

Figure 10 shows the monthly statistics of PM1−10, PM1,
BC andN concentrations at MSC and MSY. The monthly
median of PM1−10 andN concentrations is more similar be-
tween MSC and MSY than PM1 and BC. Despite the dif-
ferences in altitude, PM1−10 concentrations are similar at
both sites throughout the year, probably as a consequence
of a common origin of the PM1−10. Earlier studies at MSY
have shown that this coarse PM is mainly of natural origin
(Pey et al., 2009). PM1 and BC present a different variation
for each site, with lower concentrations in winter at MSC
and higher amplitude of the boxes and whiskers at MSY
(Fig. 10) throughout the year. This is probably caused by
the fact that MSY is considerably more influenced by win-

ter anticyclonic pollution episodes (Pey et al., 2010a), and
it is closer to the PM1 and BC emission sources than MSC.
Both stations have reported similarN concentrations despite
the fact that MSC has a lower anthropogenic influence. The
lack of correlation between PM1 and N hourly concentra-
tions observed at both sites (R2

= 0.0067 (n = 10636) and
R2

= 0.0615 (n = 11805) at MSC and MSY, respectively)
points to NPF processes occurring in situ, rather than to the
transport of very fine particles together with PM1 mass.

3.2.3 Weekly patterns of PM, BC andN

The weekly cycle of PM and BC concentrations at MSC
(Figs. 11 and S9 in the Supplement) showed a minimum
on Sunday and Monday, whereasN concentrations were
slightly lower during Saturday and Sunday. Fine EC, crustal
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Fig. 6. Time series of PM1−10, PM1, BC andN concentrations under Saharan dust intrusion and wildfire episodes affecting the Montsec
area.

Fig. 7. Measured absorption versus PM10 elemental carbon (EC)
concentration as a function of PM10 mineral matter concentration
during the study period at Montsec. Data points correspond to daily
values.

elements and coarse PM concentrations also showed a min-
imum on Sunday and Monday at remote sites in the United
States (Murphy et al., 2008). However, BC andN concen-
trations at MSY (Fig. 11 and S9 in the Supplement) were
the lowest on Saturday and Sunday, and PM concentrations
did not show a clear weekly cycle. These different weekly
patterns between MSC and MSY may be ascribed to the dif-
ferent distances from the anthropogenic emissions. This in-
dicates that the reduced human activity at the weekend pro-
duces a delay of one day at MSC because of the distance
from large industrial and urban agglomerations, whereas the
delay is only of some hours at MSY (Moreno et al., 2011).
Moreover, the fact thatN concentrations were slightly lower

at the weekend but not clearly defined as a weekly cycle cor-
roborates the view thatN concentrations at MSC are not only
associated with anthropogenic emissions, but also with a lo-
cal/regional non-anthropogenic origin.

Median concentrations of two groups, Tuesday–Saturday
and Sunday–Monday, obtained from MSC were compared
using the Kruskal–Wallis test (Barmet et al., 2009). A statisti-
cally significant difference (at a significance level of 5 %) be-
tween the two groups was observed only for BC (p = 0.006),
with the lowest concentrations on Sunday–Monday com-
pared with Tuesday–Saturday, whereas the difference was
not statistically significant for PM1−10 (p = 0.07), PM1 (p =

0.16) andN (p = 0.5). Comparison of Monday–Friday and
Saturday–SundayN concentrations at MSC showed no sta-
tistically significant differences (p = 0.17) either. Note that
although the Kruskal–Wallis test may have some limitations
in identifying weekly patterns (Daniel et al., 2012), in this
study it is only used to assess the statistically significant dif-
ferences between two groups.

3.2.4 Daily patterns of PM, BC and N

The diurnal cycle of PM (Fig. 12a) and BC (Fig. 12b) con-
centrations was less pronounced than that ofN (Fig. 12c, d)
concentrations at MSC, which demonstrates that the varia-
tion of these aerosol parameters depends on a variety of fac-
tors. The hourly variation of PM1−10 and PM1 as well as that
of BC was driven by mountain breezes and synoptic circu-
lations, whereas that ofN depended on the temperature and
solar radiation cycle rather than on air mass origin.

In the warmer seasons PM1, PM1−10 and BC (Fig. 12a,
b) concentrations showed no clear diurnal patterns, which is
consistent with the findings obtained for the aerosol parti-
cle composition at the Puy-de-Dôme station (Freney et al.,
2011). Conversely, at MSY concentrations of PM, BC and
N showed clear daily patterns throughout the year (Cusack
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Fig. 8.Ternary plot of(a) PM1, BC∗35 and N3/500, and(b) PM1−10, BC∗35 and N3/500 average concentrations at Montsec and Montseny,
and average concentrations as a function of air mass origin at Montsec during the study period.

Fig. 9.Time series of monthly averaged(a) PM, (b) BC, and(c) N measured at Montsec.
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Fig. 10.Monthly median (black line within the boxes) and percentiles (5-25-75-95, boxes and whiskers) of daily PM1−10, PM1, BC andN

concentrations during the study period at the Montsec and Montseny sites.

Fig. 11.Daily median (black line within the boxes) and percentiles (5-25-75-95, boxes and whiskers) of BC concentration during the study
period at Montsec and Montseny.
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Fig. 12.Daily patterns of hourly(a) PM1, PM1−10, (b) BC, (c) N3, N7 and temperature, and(d) N3, N7 and solar radiation measurements
averaged for each month during the study period at Montsec.

et al., 2013; Pérez et al., 2008) (Fig. S10 in the Supple-
ment). The lack of a defined daily pattern in the warmer
seasons at MSC could be due to the combination of differ-
ent phenomena, i.e., (1) the highest frequency of Saharan
dust intrusions from North Africa (Fig. 2) associated with
high concentrations of PM1−10 and BC during the day; (2)
the widespread occurrence of wildfires around the WMB; (3)
the relatively high frequency of European polluted episodes
in spring (Fig. 2), both scenarios being linked to high con-
centrations of PM1 and BC during the day and at night; and
(4) the summer recirculation over the WMB, which creates a
continuous increase in the background concentrations of PM
and BC. Such recirculation induced by an abrupt orography
causes the formation of reserve strata at a relatively high alti-
tude (Millan et al., 1997), which could be persistent at night,
increasing nocturnal concentrations of PM and avoiding the
definition of clear daily cycles. The occurrence of African
dust outbreaks, which are more intense at higher altitude sites
during specific episodes (Fig. S6 in the Supplement), could
also interfere with the daily pattern of PM since PM concen-
trations could increase during these episodes regardless of

the time of the day (see Fig. 6). Hence, the diurnal variation
of PM and BC at MSC in the warmer seasons is dominated by
the synoptic circulation, which masks the mountain breezes
and the regional transport.

By contrast, in the colder seasons PM and BC concen-
trations showed the strongest diurnal variation, with a min-
imum at night and a maximum around 14:00–16:00 UTC.
This behavior is probably because MSC is located most of
the day within the FT in the colder seasons, whereas PBL
air mass is usually only advected to the site during the cen-
tral hours of the day (Figs. S4 and S5 in the Supplement).
Moreover, thermal inversions are very frequent from 20:00
to 07:00 UTC. These situations prevent the transport of pol-
lutants from the most populated areas towards high alti-
tudes, especially at night. In the morning, mountain breezes
develop, with an intensity sufficient to transport the pollu-
tants from the adjacent valleys and plains to the top of the
mountain arriving later in the afternoon. Similar phenom-
ena have been observed at Jungfraujoch (Baltensperger et al.,
1997), Mt. Cimone (Marinoni et al., 2008), Himalayas (Mari-
noni et al., 2010), and Puy-de-Dôme (Freney et al., 2011).
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Mountain breezes therefore play an important role in deter-
mining the diurnal variation of PM and BC in the colder
seasons at MSC. However, the long-range transport of atmo-
spheric pollutants also accounts for the PM and BC in these
seasons. The main difference is that the synoptic circulation
in the colder seasons causes the transport of clean air masses
from the Atlantic for about 70 % of the days (whereas this
proportion reaches only 55 % in the warmer seasons). These
air masses are associated with increased precipitation and in-
tense winds (Table S3 and Fig. S2 in the Supplement), lead-
ing to low concentrations of PM pollutants (Fig. 4).

N concentrations had a markedly daily pattern throughout
the year (Fig. 12c, d), with the highest concentrations be-
tween 12:00 and 16:00 UTC and the lowest at night and in
the early morning. Although this increase inN concentra-
tions takes place simultaneously with moderate southwester-
lies (usually lower than 5 m s−1) (Fig. 5d), it is not associated
with transport, but with local/regional processes governing
N variation (happening from 12:00 to 16:00 UTC mainly),
since the daily pattern was independent of the synoptic con-
ditions. This daily pattern is similar to that observed at other
mountain sites such as Puy de Dôme (Venzac et al., 2009),
where it was attributed to the height development of the PBL
and to the higher frequency of new particle events at mid-
day. In the present study, the diurnal cycle ofN concentra-
tions showed a very similar pattern to that of temperature
and solar radiation intensity (Fig. 12c, d), since these param-
eters peak almost at the same time. Previous studies in the
WMB found a dependency of monoterpenes biogenic emis-
sions with temperature (Seco et al., 2011). Hence, the good
correlation between temperature andN concentrations could
be due to the condensation of the oxidation products of the
biogenic volatile organic compounds (BVOCs), for example
monoterpenes, onto small particles not detected by the CPC,
leading to grown particles above the lower size detection of
the CPC. Furthermore, the diurnal patterns of temperature,
solar radiation andN concentrations seem to indicate a better
correlation between temperature andN than between solar
radiation andN . This could point to a higher importance of
the BVOCs condensation processes than the NPF processes
from photochemical oxidation (solar radiation) inN varia-
tion, which has been reported in recent studies (e.g., Paaso-
nen et al., 2013). Despite the marked diurnal cycle through-
out the year, the daily amplitude ofN concentrations was
lower in the colder seasons than in the warmer seasons. This
difference is more evident forN3 than forN7 concentrations.
At night (20:00–07:00 UTC),N3 concentrations were more
than 2100 # cm−3 in the warmer seasons, whereas they were
about 1300 # cm−3 in the colder seasons. Moreover, during
the day (08:00–19:00 UTC) theN3 concentrations rose to
7000 # cm−3 in the warmer seasons, whereas they reached
2300 # cm−3 in the colder seasons. The daily ratios between
day and night mean concentrations ranged from 2.4–2 in the
colder seasons to 2.9–2.8 in the warmer seasons. This sea-
sonal variation could be associated with the fact that MSC

is frequently in the FT in the colder seasons, whereas in
the warmer seasons it is more affected by the PBL air mass
(Figs. S4, S5a and S5e in the Supplement), which increases
N concentrations because biogenic emissions and photo-
chemistry are enhanced by high temperature and high solar
radiation intensity in the warmer seasons, favoring biogenic
condensation and NPF processes, although other processes
can not be discarded. The higherN3 concentrations at mid-
day with respect to theN7 concentrations and the agreement
of N3 concentrations with the number size distribution data
from an intensive campaign, which showed the typical ba-
nana profile (ongoing studies), further confirmed the relevant
role of nucleation episodes and particles growth processes at
MSC. The high backgroundN concentrations in the warmer
seasons could be ascribed to the recirculation transport that
accumulates regional pollutants nearby, before transport by
mountain breezes.

4 Conclusions

Aerosol parameters (PM, BC andN ) and their varia-
tions were studied during 2010–2012 at a high-altitude site
(Montsec) in the southern Pyrenees. Comparison of our data
with those from other high-altitude sites in central Europe
shows that Saharan dust transport is much more important at
MSC. This is corroborated by the more elevated PM10 con-
centrations. The higherN concentrations at MSC are due
to the higher importance of the biogenic precursor emis-
sions and to the greater solar radiation that favors NPF pro-
cesses. Conversely, BC concentrations are lower at MSC than
at other sites in Europe, probably because of the lower BC
emissions surrounding the site. The variations of PM and BC
concentrations with respect to those ofN demonstrated that
these aerosol parameters are governed by various factors.

PM and BC show marked differences in mean concentra-
tions for different meteorological episodes, the most polluted
being the NAF air masses and the least polluted being the At-
lantic advections. NAF air masses transport essentially Saha-
ran dust, which increases PM, in addition to smoke particles
from wildfires and/or anthropogenic emissions that enhance
BC concentrations. In some cases it has been shown that
mineral dust components interfere with absorption measure-
ments, leading to increased BC concentrations. SREG and
EU air masses were also identified as “polluted scenarios”.
Atlantic advections and WREG episodes lead to the lowest
concentrations of PM and BC because of the cleansing ef-
fect of the Atlantic air masses and because of the longer time
spent by MSC in the FT during WREG episodes.

Seasonal variation of PM and BC concentrations was
also observed, with maximum concentrations in summer and
minimum concentrations in winter. This was attributed to
changes in the air mass origin from summer to winter, and to
the different PBL height between seasons. However, PM10
concentrations showed more enhanced seasonal variation
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than PM1 and BC because coarse PM is more affected by
NAF episodes and to a lesser degree by regional resuspen-
sion of dust. PM1 and BC concentrations were more associ-
ated with an anthropogenic origin, which had a seasonal vari-
ation that was less marked, albeit a greater weekly influence.
The reduced human activity at the weekend is reflected in the
concentrations of PM1 and BC with a delay of one day (min-
imum on Sunday and Monday), which confirms that MSC
is located at a sufficient distance from anthropogenic emis-
sions. Nevertheless, only BC concentrations showed a statis-
tically significant weekly variation according to the Kruskal–
Wallis test. Daily patterns of these parameters were also stud-
ied for each month. The hourly variations of PM and BC
concentrations were driven by mountain breezes and synop-
tic circulations. However, the long-range transport masks the
breezes and regional transport breaking the daily cycles in the
warmer seasons, whereas the mountain breezes had a greater
impact than the synoptic circulation in the colder seasons,
which is reflected in clearer diurnal patterns.

N concentrations were less affected by the air mass path-
way and depended more on meteorological variables such
as temperature and solar radiation. Even so, under NAF and
SREG episodes,N concentrations were also relatively high,
because NAF episodes were more frequent in the warmer
(18 %) than in the colder (7 %) seasons, and in these warm
seasons the condensation and NPF processes could be en-
hanced because of the higher biogenic emissions and pho-
tochemistry. Furthermore, under the influence of the At-
lantic advections, MSC yielded high concentrations ofN be-
cause of the clean atmospheric conditions, which favor NPF
processes as well. Seasonal variation ofN concentrations
showed a minimum in winter and a maximum in summer,
which was attributed to the seasonal variation of the me-
teorological conditions and to the different PBL height be-
tween seasons. The undefined weekly pattern ofN concen-
trations lent further support to the view thatN concentrations
are more associated with a local/regional non-anthropogenic
origin than with an anthropogenic origin. In addition, theN

diurnal pattern proved to be independent of the air mass ori-
gin and followed the temperature and solar radiation cycle.
Despite the daily cycle throughout the year, the daily am-
plitude and the backgroundN concentrations were higher in
the warmer than in the colder seasons. This seasonal vari-
ation was related to different PBL height between seasons
and to the increased emission intensity within the PBL in the
warmer seasons.

The results obtained at MSC allowed us to characterize
the tropospheric background aerosols in the WMB. They are
representative of a wide area and could be of interest in the
investigation of the radiative balance of aerosols in south-
western Europe. These results (1) confirm a lower regional
anthropogenic influence at MSC than at MSY; (2) highlight
the relevant role of nucleation episodes and particle growth
processes in southwestern Europe as a result of higher so-
lar radiation intensity (and thus photochemistry) and higher

temperature (and thus biogenic precursor emissions); (3) re-
veal that MSC is much less affected by anthropogenic emis-
sions than other high-altitude sites in central Europe; and 4)
underline the contribution of long-range transport, especially
African dust in elevated layers. All these processes could al-
ter optical properties of aerosols and could therefore exert a
significant influence on the radiative forcing. For this reason,
aerosol chemical composition and scattering properties were
also measured at this site. The results obtained will be dis-
cussed in forthcoming publications.

Supplementary material related to this article is
available online athttp://www.atmos-chem-phys.net/14/
4279/2014/acp-14-4279-2014-supplement.pdf.
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