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Abstract. Aerosol light scattering (σsp), backscattering
(σbsp) and absorption (σap) were measured at Montsec
(MSC; 42◦3′ N, 0◦44′ E, 1570 m a.s.l.), a remote high-
altitude site in the western Mediterranean Basin. Mean
(±SD) σsp, σbsp and σap were 18.9± 20.8, 2.6± 2.8 and
1.5± 1.4 Mm−1, respectively at 635 nm during the period
under study (June 2011–June 2013). Mean values of single-
scattering albedo (SSA, 635 nm), the scattering Ångström
exponent (SAE, 450–635 nm), backscatter-to-scatter ratio
(B /S, 635 nm), asymmetry parameter (g, 635 nm), black
carbon mass absorption cross section (MAC, 637 nm)
and PM2.5 mass scattering cross section (MSCS, 635 nm)
were 0.92± 0.03, 1.56± 0.88, 0.16± 0.09, 0.53± 0.16,
10.9± 3.5 m2 g−1 and 2.5± 1.3 m2 g−1, respectively. The
scattering measurements performed at MSC were in the
medium/upper range of values reported by Andrews et
al. (2011) for other mountaintop sites in Europe due to the
frequent regional recirculation scenarios (SREG) and Saha-
ran dust episodes (NAF) occurring mostly in spring/summer
and causing the presence of polluted layers at the MSC
altitude. However, the development of upslope winds and
the possible presence of planetary boundary layer air at
MSC altitude in summer may also have contributed to the
high scattering observed. Under these summer conditions
no clear diurnal cycles were observed for the measured ex-
tensive aerosol optical properties (σsp, σbsp andσap). Con-
versely, low σsp and σap at MSC were measured during
Atlantic advections (AA) and winter regional anticyclonic
episodes (WREG) typically observed during the cold season
in the western Mediterranean. Therefore, a season-dependent
decrease in the magnitude of aerosol extensive properties
was observed when MSC was in the free troposphere, with

the highest free-troposphere vs. all-data difference observed
in winter and the lowest in spring/summer. The location
of MSC station allowed for a reliable characterization of
aerosols as a function of the main synoptic meteorological
patterns. The SAE was the lowest during NAF and showed
an inverse correlation with the outbreak intensity, indicat-
ing a progressive shift toward larger particles. Moreover, the
strength of NAF episodes in the region led to a slope of
the scattering vs. absorption relationship among the lowest
reported for other mountaintop sites worldwide, indicating
that MSC was dominated by dust aerosols at high aerosol
loading. As a consequence, SSA showed a nearly monotonic
increase with increasing particle concentration and scatter-
ing. The SAE was the highest during SREG, indicating the
presence of polluted layers dominated by smaller particles.
Correspondingly, the asymmetry parameter was lower under
SREG compared with NAF. The MAC and MSCS were sig-
nificantly higher during NAF and SREG compared to AA
and WREG, indicating an increase of absorption and scatter-
ing efficiencies associated with the summer polluted scenar-
ios. The optical measurements performed at the MSC remote
site were compared with those simultaneously performed at
a regional background station in the western Mediterranean
Basin located at around 700 m a.s.l. upstream of the MSC sta-
tion.

1 Introduction

Atmospheric aerosols affect the Earth’s radiative balance
directly, by scattering and absorbing solar and terrestrial
radiation, and indirectly, by acting as cloud condensation
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nuclei, thus modifying the physical and optical properties
of clouds. The measurements of aerosol optical properties
such as scattering, backscattering, absorption and extinction
are important for aerosol characterization and model valida-
tion and, consequently, for a better comprehension of the role
of aerosols in the Earth–atmosphere system (IPCC, 2007,
2013). Specific aerosol optical parameters such as single-
scattering albedo (SSA), the scattering Ångström exponent
(SAE), backscatter-to-scatter ratio (B /S) and asymmetry pa-
rameter (g), among others, can be derived from these opti-
cal properties. Moreover, the mass scattering cross section
(MSCS) and the mass absorption cross section (MAC) of
sampled aerosols can be obtained from independent mea-
surements of particulate matter (PM) and elemental carbon
(EC) concentrations, respectively, and the measured aerosol
scattering and absorption coefficients. The cooling or ab-
sorbing potential of atmospheric aerosols mostly depends on
these parameters, which are complex functions of aerosols
size, shape, chemical composition and refractive index. Most
particles scatter the sunlight, causing a net cooling at the top
of the atmosphere, whereas black carbon (BC) particles (or
EC) absorb radiation over the entire visible spectrum, thus
affecting the vertical heating profile and causing a net warm-
ing of the Earth–atmosphere system (IPCC, 2007, 2013). BC
particles play a role second only to carbon dioxide in climate
change and are co-emitted with a variety of other aerosols
and precursor gases which can increase the light absorp-
tion by BC through an increase in its MAC (e.g. Bond et
al., 2013). Given that atmospheric models convert the mod-
elled BC mass concentrations to optical absorption using the
MAC, accurate estimates of MAC values and of the possible
reasons explaining their variability are important.

Aerosol optical measurements are carried out worldwide
by means of both in situ and remote techniques. In order to
address the uncertainties related to the geographical varia-
tion in aerosols optical properties, networks such as ACTRIS
(Aerosols, Clouds, and Trace gases Research InfraStructure
Network, www.actris.net) or NOAA’s baseline observatory
(http://www.esrl.noaa.gov/gmd/) were created. The ACTRIS
network aims at integrating three existing European research
infrastructures: EUSAAR (European Supersites for Atmo-
spheric Aerosol Research, for in situ aerosol measurements
at regional level;www.eusaar.net), EARLINET (European
Aerosol Research Lidar Network, for remote aerosol mea-
surements;www.earlinet.org) and CLOUDNET (to provide
a systematic evaluation of clouds in forecast models,www.
met.rdg.ac.uk/radar/cloudnet/). Thus, the ACTRIS project
provides the unique opportunity to integrate in situ and ver-
tical aerosol measurements for the characterization of both
the planetary boundary layer (PBL) and the free troposphere
(FT). The measurements of aerosols in the FT are especially
important given that FT aerosols are more spatially repre-
sentative of the global atmosphere than the aerosols in the
PBL due to their long residence time (of the order of several
weeks). Aerosols in the FT can be transported over long dis-

tances and have extended climate and air quality impacts (Laj
et al., 2009; Andrews et al., 2011). Due to the location of the
majority of in situ ACTRIS stations, the in situ measurements
are performed mainly within the PBL, whereas the verti-
cal lidar measurements allow for aerosol optical measure-
ments almost in the whole troposphere. However, lidars do
not measure key climate variables such as aerosol absorption,
SSA, MSCS or MAC. Consequently, the measurements per-
formed at mountaintop observatories provide the opportunity
to make long-term, continuous observations of in situ aerosol
properties in the free troposphere (FT). Moreover, given their
frequent position in the FT, mountaintop stations give the
possibility to study aerosols under different atmospheric sce-
narios without strong interference from closer anthropogenic
emissions. However, the number of mountaintop observato-
ries providing long-term in situ aerosol optical measurements
worldwide is rather low. Recently, Andrews et al. (2011)
presented climatology for free-tropospheric aerosol radiative
properties utilizing in situ data from 10 high-altitude stations
in the 20–50◦ N latitude band. Examples of high-altitude
aerosol optical measurements were presented by Bodhaine
(1983, 1995), McKendry et al. (2011), Marcq et al. (2010),
Collaud Coen et al. (2004, 2007, 2011), Cozic et al. (2008),
Andrews et al. (2011), Nyeki et al. (1998).

In this work we present the results from two-year mea-
surements (June 2011–June 2013) of aerosol optical proper-
ties performed at the high-altitude Montsec station (MSC),
which is run following the ACTRIS standards. Data from
MSC were compared with data collected at the ACTRIS
Montseny station (MSY; 41◦19′ N, 02◦21′ E, 720 m a.s.l.): a
regional background station located around 140 km east of
MSC. Seasonal and diurnal variation of extensive (scatter-
ing, absorption, extinction) and intensive (SSA, SAE,B /S,
and g) aerosol properties as well as MSCS and MAC are
presented and discussed. The effects of four main season-
dependent synoptic atmospheric scenarios affecting the west-
ern Mediterranean Basin (WMB) on the measured optical
properties are also discussed. Moreover, the data collected
when the MSC station is in the FT are compared with the
free-tropospheric aerosol optical properties presented in An-
drews et al. (2011) for other mountaintop sites. All acronyms
used in this work are reported in Table 1.

2 Measurement site and methodology

2.1 Montsec measurement station

The MSC site (42◦3′ N, 0◦44′ E, 1570 m a.s.l.) is a high-
altitude emplacement located in the NE of the Iberian Penin-
sula (Fig. 1) and situated in the southern side of the Pre-
Pyrenees at the top of Montsec d’Ares. This region is low-
density populated and isolated from large pollutant emis-
sions, 140 km from the highly urbanized and industrialized
coastline to the southeast, 30 km from the largest city in the
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Table 1.Acronyms used in this work.

Acronyms

Extensive aerosol optical properties

σsp: particle scattering
σbsp: particle backscattering
σap: particle absorption

Intensive aerosol optical properties

SSA: single-scattering albedo
SAE: scattering Ångström exponent
B /S: backscatter-to-scatter ratio
g: asymmetry parameter
MAC: mass absorption cross section
MSCS: mass scattering cross section

Concentration measurements

BC: black carbon
EC: elemental carbon
PM1: particles with aerodynamic

diameter < 1 µm
PM10: particles with aerodynamic

diameter < 10 µm

Measurement sites

MSC: Montsec (NE Spain,
mountaintop measurement site)

MSY: Montseny (NE Spain,
regional background measurement site)

Air masses

AA: Atlantic Ocean advections
NAF: North Africa
WREG: winter-regional scenario
SREG: summer-regional scenario

Others

WMB: western Mediterranean Basin
PBL: planetary boundary layer
FT: free troposphere

region (Balaguer, 15 769 inhabitants) to the south, and 50 km
from the axial Pyrenees to the north. The ACTRIS regional
background station of MSY is located around 140 km from
the MSC site. Figure 1 also shows three meteorological sta-
tions: Montsec Observatory (800 m), Os de Balaguer (576 m)
and Vallfogona de Balaguer (238 m).

Aerosol measurements presented in this work were per-
formed at MSC during the period June 2011–June 2013. Due
to the deployment of the nephelometer in measurement cam-
paigns at other locations, scattering and backscattering data
were not available from February 2012 to June 2012. Results
from the MSC site were compared with those simultaneously
obtained at the MSY station (Fig. 1). A description of the

MSY site and the optical measurement performed at MSY
can be found in Pandolfi et al. (2011).

2.2 Optical measurements

2.2.1 Scattering, hemispheric backscattering and
absorption

Particle scattering (σsp: 10–171◦) and hemispheric backscat-
tering (σbsp: 90–171◦) coefficients at three wavelengths
(450 nm, 525 nm, 635 nm) were measured with an LED-
based integrating nephelometer (model Aurora 3000,
ECOTECH Pty Ltd, Knoxfield, Australia). Theσsp andσbsp
data were corrected for truncation errors, allowing scattering
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Figure 1.Location of the Montsec (MSC, remote mountaintop site) and Montseny (MSY, regional background) measurement sites. Barcelona
is also shown. Yellow dots are meteorological stations (observatory (800 m a.s.l.), Os de Balaguer (576 m) and Vallfogona de Balaguer
(238 m)). Air mass back trajectories from the Atlantic Ocean (AA), regional (REG) and North Africa (NAF).

for 0–360◦ and backscattering for 90–270◦ to be reported,
and for non-ideal (non-Lambertian) illumination function of
the light source as described by Müller et al. (2011a). Müller
et al. (2011a) provided parameterized correction factors for
each wavelength as linear relationship of the Ångström ex-
ponents calculated from uncorrected multi-wavelength scat-
tering measurements. A full calibration of the nephelometer
was performed four times per year by using CO2 as span gas,
while zero measurements and adjusts were performed once
per week by using internally filtered particle free air.

In order to reduce the effects of hygroscopicity enhancing
the scattering properties of particles, a relative humidity (RH)
threshold of 40 % was set in the sampling cell by using a
processor-controlled automatic heater inside the nephelome-
ter. This experimental procedure, which follows the ACTRIS
standards, has been applied elsewhere (see, for example,
Pereira et al., 2011; Anderson and Ogren, 1998; Pandolfi
et al., 2011). The mean RH in the nephelometer sampling
cell during the study period was 28.4± 9.5 %. Moreover, in-
cloud data were removed by selecting only those data with
ambient RH < 90 %. The detection limits of Aurora 3000
over 1 min averaging time are 0.11, 0.14 and 0.12 Mm−1

for total scattering at 450, 525 and 635 nm, respectively, and
0.12, 0.11 and 0.13 Mm−1 for backscattering (Müller et al.,
2011a).

Aerosol absorption coefficients (σap) at 637 nm (Müller et
al., 2011b) were measured with multi-angle absorption pho-
tometers (MAAP, model 5012, Thermo). The detection limit
of the MAAP instrument is lower than 0.6 Mm−1 over 2 min
integration. Absorption measurements are converted by the

MAAP’s software to BC concentration (in µg m−3) assum-
ing a constant MAC of 6.6 m2 g−1 (Petzold et al., 2004).

The nephelometer and MAAP instruments were connected
to two separate sampling lines with cut-off diameters of 2.5
and 10 µm, respectively, and placed at about 1.5 m above the
roof of the cabin hosting the instruments. The inlets flow was
1 m3 h−1 and humidity control was performed by connecting
a drier to the sampling inlet. The Reynolds number for the
described inlets was around 1300. The scattering, backscat-
tering and absorption measurements reported in this work
were adjusted to standard temperature and pressure (STP,
Tstandard= 273.15 K andPstandard= 1013.25).

2.3 PM measurements

Real-time PM10, PM2.5 and PM1 mass concentrations were
continuously measured, on an hourly base, by using a
GRIMM optical counter (model 1107). Subsequently, the
PMx concentrations were corrected with factors obtained by
comparing the real-time and simultaneous in situ gravimetric
measurements (Querol et al., 2008). PMx gravimetric mea-
surements on a 24 h base were performed twice per week
with high-volume (Hi-Vol) samplers (DIGITEL and MCV at
30 m3 h−1) with appropriate PMx cut-off inlets.

2.4 EC measurements

The sampled 24 h filters from Hi-Vol were analysed by
means of a SUNSET OCEC analyser for the determina-
tion of elemental carbon (EC) concentrations. The EU-
SAAR 2 protocol (Cavalli et al., 2010) was used. In this
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work the uncertainties for the measured EC concentra-
tions were calculated by adding half of the minimum mea-
sured EC concentration to the 7 % of the concentrations
(Err[EC]= min[EC]/2+ 0.07· [EC]). With the EUSAAR 2
protocol the EC uncertainties have been estimated to be
around 2–7 % (JRC report, 2009). The formula applied here
gives higher uncertainty to low EC concentrations (e.g. Polis-
sar et al., 1998).

2.5 Data processing

In this work the aerosol scattering, backscattering and ab-
sorption coefficients were integrated over 1 h. Six additional
parameters (B /S, g, SSA, SAE, MSCS and MAC) were de-
rived from the aerosol optical and mass concentration mea-
surements. TheB /S parameter, which is the ratio between
hemispherical backscatter and total scatter, is used here to
estimate theg of airborne particles used in radiative transfer
calculations (Andrews et al., 2006). Values ofg can range
from −1 for 180◦ backwards scattering to+1 for complete
forward scattering (0◦), with a value of 0.7 commonly used in
radiative transfer models (Ogren et al., 2006). Following De-
lene and Ogren (2002) and Andrews et al. (2006),g was cal-
culated for the three nephelometer wavelengths as follows:

g = −7.14(B /S)3
+7.46(B /S)2

−3.96(B /S)+0.9893. (1)

The SSA indicates the relative amounts of radiation scattered
and absorbed by particles. Thus, SSA is a parameter indi-
cating the potential for aerosols for cooling or warming the
atmosphere. It is defined as

SSA=
σsp

σsp+ σap
. (2)

Non-absorbing particles such as sulfate have an SSA of
1 (cooling), while lower SSA values indicate the presence
of more absorbing particles. BC particles have an SSA of
about 0.2 (warming). In this work SSA was estimated to
be 635 nm, as the difference between absorption at 637 nm
(MAAP wavelength) and 635 nm was assumed to be negligi-
ble.

The SAE (450–635 nm) was calculated from the multi-
wavelength nephelometer data as

SAE= −

log
(
σ

λ1
sp

/
σ

λ2
sp

)
log

(
λ1

/
λ2 .

) (3)

The SAE describes theλ dependence of the particle scatter-
ing coefficient. An Ångström exponent of 4 represents the
scattering from molecules (Rayleigh’s regime). A large SAE
(higher than 2) implies scattering dominated by submicron
particles, while SAE values lower than 1 represent an aerosol
distribution dominated by coarser particles (e.g. Schuster et
al., 2006).

In order to eliminate issues with measurement noise dur-
ing clean periods (e.g. when MSC was in the FT), the
B /S, g, SSA and SAE parameters were calculated from
hourly averaged scattering (635 nm), hemispheric backscat-
tering (635 nm) and absorption above 0.4, 0.4 and 0.6 Mm−1,
respectively.

The MAC and MSCS are a measurement of the efficiency
of the measured particles to absorb or scatter, respectively,
light at a given wavelength and are expressed in m2 g−1. The
MAC is the parameter used to convert absorption to concen-
tration of absorbing particles (i.e. BC or EC), and vice versa,
and was estimated from error-weighted linear fitting between
σap from MAAP and EC concentrations from offline filter
analysis. MAAP data were averaged over the filter sampling
time. The MSCS is the parameter relating the measured scat-
tering to the concentration of PM and was estimated at the
three nephelometer wavelengths by averaging the ratios be-
tweenσsp and PM2.5 after subtracting the EC mass from PM.

2.6 Main meteorological patterns

In order to determine and classify the atmospheric
episodes affecting MSC, HYSPLIT (http://ready.arl.noaa.
gov/HYSPLITtraj.php), BSC/DREAM8b (http://www.bsc.
es/projects/earthscience/DREAM), SKIRON (http://forecast.
uoa.gr/dustindx.php) and NAAPS (http://www.nrlmry.navy.
mil/aerosol) models were used. For each day of measure-
ments, 120 h backward trajectories (for 12:00 modelling
vertical velocity and for three different heights, 750, 1500
and 2500 m a.g.l) were computed and classified according
to their predominant transport direction in the (1) Atlantic
Ocean (AA, Atlantic north and Atlantic northwest; 52 %), (2)
North Africa (NAF, 14 %), (3) winter regional (WREG, from
November to April; 6 %), and (4) summer regional (SREG,
from May to October; 9 %). The global atmospheric circula-
tion has some seasonal oscillations, and thus MSC is more
westerly and northerly influenced in winter, while in sum-
mer the prevailing winds come from the south (Ripoll et al.,
2014). Consequently, AA episodes are more frequent in win-
ter, whereas continental NAF air masses are more frequent
in summer (Pandolfi et al., 2014, 2011; Querol et al., 2009;
Pey et al., 2009; Pérez et al., 2008; Rodríguez et al., 2001).
The advection of clean Atlantic air masses clears out the pre-
viously accumulated pollution in the aged air masses, lead-
ing to lower pollutant concentrations. In summer the meteo-
rology of the area is mainly characterized by long dry peri-
ods, sporadic but occasionally heavy rains, and a prevalence
of NAF outbreaks (Rodriguez et al., 2004). The WREG and
SREG scenarios represent mainly air masses from the Iberian
Peninsula (IP) (Rodriguez et al., 2004). In winter (WREG)
recurrent anticyclonic conditions with weak synoptic winds
lead to stagnation of air masses and the accumulation and
aging of pollutants over the region. Under these conditions
the PBL height mostly determines the dilution of pollutants
around the emission sources and the degree of pollution at
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more elevated/regional areas in the WMB (e.g. Jorba et al.,
2013; Pandolfi et al., 2014). In summer, due to the intense
and rapid solar heating of the lower atmospheric layers, con-
vergence of surface winds from the coast to the central IP
plateau injects polluted air into the middle troposphere up to
3.5–5 km (Millán et al., 1997; Pérez et al., 2004). This pattern
allows for the recirculation and accumulation of aerosol and
has the potential to form stratified reservoir layers of aged
pollutants which subside over the coastal area and the sea
(e.g. Millán et al., 1992, Gangoiti et al., 2001; Pérez et al.,
2004).

3 Results and discussion

3.1 General features

Table 2 reports the statistics for the measured parameters,
including means, standard deviations, percentiles (1, 10, 25,
50, 75, 99 percentiles), minima and maxima values and skew-
ness. With the exception of SAE, MSCS and MAC, all pa-
rameters showed skewness higher than 1, for which almost
normal distributions (skewness close to zero) were observed,
and SSA andg both showing a negative skewness. Similar
SSA skewness was presented by Pandolfi et al. (2011) at the
MSY regional background measurement site. Negative skew-
ness forg is a consequence of the high positive skewness
observed forB /S.

Hourly σsp and σbsp at 635 nm at MSC ranged between
0.1 and 161.1 Mm−1 (mean±SD: 18.9± 20.8 Mm−1) and
between 0.0 and 17.1 Mm−1 (2.6± 2.8 Mm−1), respectively.
Mean values ofσsp andσbsp at 450 nm and 525 nm are re-
ported in Table 2. Theσap (at 637 nm) ranged between about
0.0 and 12.6 Mm−1, with a mean value of 1.5± 1.4 Mm−1.
The hourly PM1 levels at MSC ranged between about 0.1 and
49.9 µg m−3, with a mean value of 5.3± 4.5 µg m−3.

As shown later the lowest scattering, backscattering and
absorption at MSC were measured under AA and WREG
episodes typically observed during the cold season in the
WMB. Conversely, highσsp, σbsp and σap were measured
during NAF and SREG episodes, which predominate in
spring/summer.

A comparison between measurements performed at MSC
with those reported for other high-altitude sites is reported
in the following of this section and in the next sections. It
should be taken into account that in some cases the com-
parison may be affected by the different size cut-off of the
particles sampled at the different sites. At the Jungfraujoch
high-alpine site (3580 m a.s.l., whole air sampled), Fierz-
Schmidhauser et al. (2010) reported meanσsp at 550 nm of
about 12 Mm−1, by excluding NAF episodes, and around
20 Mm−1, considering only the NAF episodes. At Izaña (Ca-
nary Islands,∼ 2400 km a.s.l.; PM10 size cut-off) meanσsp
andσap at 550 nm of about 10 Mm−1 and 0.8 Mm−1, respec-
tively, have been measured (Andrews et al., 2011). Monte

Cimone (Italy,∼ 2200 m a.s.l.; whole air sampled) registered
meanσspandσapof around 11 and 3 Mm−1, respectively, and
both parameters increased highly during Saharan dust out-
breaks and wildfire emissions over North Africa (Andrews et
al., 2011; Cristofanelli et al., 2009). The mean scattering and
absorption values measured at MSC were lower than the val-
ues reported by Pandolfi et al. (2011) for the MSY regional
background station (720 m a.s.l., PM10 size cut-off). Mean
σsp (635 nm) andσap (637 nm) at MSY were around 26.6
and 2.8 Mm−1, respectively, due to the higher influence of
anthropogenic emissions in the lower boundary layer (MSY)
compared with higher altitudes (MSC).

The mean B /S (525 nm), SAE (450–635 nm), SSA
(635 nm) andg (525) measured at MSC were 0.135± 0.066,
1.56± 0.88, 0.92± 0.03 and 0.59± 0.13, respectively. At the
alpine Jungfraujoch site, Fierz-Schmidhauser et al. (2010)
reported meanB /S, SAE and SSA for dry aerosols
(RH < 20 %) within the ranges 0.128–0.122, 1.787–1.671 and
0.91–0.93, respectively. The higherB /S measured at MSC
was likely due to the lower size range measured at MSC
(PM2.5) compared with Jungfraujoch (whole air), whereas
the lower SAE at MSC, despite the different size cut-off, may
be an indication of the prevalence of slightly coarser aerosols
at MSC. This difference was likely due to the fact that more
large particles had time to deposit out or be removed via wet
scavenging since the altitude of Jungfraujoch is about twice
that of the MSC altitude.

At the MSY regional background station the meanB /S

(525 nm), SAE (450–635 nm), SSA (635 nm) andg (525 nm)
were different by around−16, +5, −4 and+6 %, respec-
tively, compared to MSC (only contemporary data were
used). These differences were small suggesting, on average,
similarity in microphysical aerosol properties measured at
the MSC and MSY stations. Recently, Ripoll et al. (2014)
have shown that the mean chemical composition of particles
at MSC and MSY is on average similar, mainly due to the fre-
quency of specific meteorological episodes affecting aerosol
properties similarly at both sites. The main difference was
observed forB /S, which was higher at MSC, likely because
of the lower size cut-off at MSC (PM2.5) compared to MSY
(PM10). Moreover, the relatively lower SSA and higher SAE
at MSY, despite the differences in the size cut-off, suggested
the presence of relatively smaller and more absorbing par-
ticles at regional level, likely because the proximity of the
MSY station to anthropogenic sources.

The mean MAC (±SD) at MSC was around 11± 4 m2 g−1

and ranged from 2.4 to 20.8 m2 g−1. Mean MSCS (±SD)
at 635, 525 and 450 nm were 2.5± 1.4, 3.3± 1.9 and
4.2± 2.4 m2 g−1, respectively. As shown later (Sect. 3.5) the
MAC and MSCS at MSC showed a clear seasonal depen-
dence. These two parameters can change as a function of
aerosol composition and age, and therefore it can differ de-
pending on the area under study and the meteorological sce-
narios. MACs between 7 and 20 m2 g−1 have often been re-
ported in the literature (e.g. Quinn and Bates, 2005; Bond and
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Table 2.Statistics of the considered aerosol components and parameters for the period June 2011–June 2013 at Montsec site (all data). The
wavelength (λ) is given in [nm]; scattering (σsp), backscattering (σbsp) and absorption coefficients (σap) are given in [Mm−1]; backscattering-

to-scattering ratio (B /S), asymmetry parameter (g), single-scattering albedo (SSA) and the Ångström exponent (SAE) are dimensionless;
PM1 concentrations are given in [µg m−3]; and MAC and MSCS is expressed in [m2 g−1]. Statistics based on hourly mean values (24 h for
MAC and MSCS). Optical data were referenced to STP (Tstandard= 273.15 K andPstandard= 1013.25 hPa).

Hourly base λ Counts Mean SD Median Min Max Skewness Percentiles
(50th perc.)

1 10 25 75 99

σsp 635 10 014 18.9 20.8 11.2 0.1 161.1 1.83 0.2 1.1 3.5 28.3 89.8
525 10 014 25.4 27.5 15.1 0.1 222.2 1.68 0.1 1.6 4.5 38.6 118.5
450 10 014 32.3 34.7 19.3 0.1 276.2 1.62 0.1 2.0 5.6 49.6 143.6

σbsp 635 10 014 2.6 2.8 1.7 0.0 17.1 1.25 0.1 0.2 0.4 4.3 11.1
525 10 014 3.1 3.2 1.9 0.0 36.4 1.31 0.1 0.2 0.5 5.1 12.8
450 10 014 3.6 3.9 2.2 0.0 96.0 1.21 0.1 0.2 0.5 6.0 14.6

B /S 635 8612 0.16 0.09 0.15 0.02 0.99 4.03 0.04 0.10 0.12 0.18 0.58
525 8864 0.13 0.07 0.13 0.01 0.98 4.78 0.04 0.09 0.11 0.15 0.44
450 8761 0.12 0.06 0.11 0.01 1.00 4.95 0.03 0.07 0.10 0.13 0.36

σap 637 13 712 1.5 1.4 1.0 0.0 12.6 1.45 0.0 0.1 0.3 2.4 6.2

g 635 8587 0.53 0.16 0.54 −0.99 0.93 −2.51 −0.10 0.39 0.49 0.60 0.85
525 8858 0.59 0.13 0.59 −0.92 0.94 −3.25 0.09 0.49 0.55 0.64 0.85
450 8755 0.62 0.11 0.62 −0.79 0.95 −2.15 0.20 0.53 0.58 0.66 0.88

SAE 450–635 9561 1.56 0.88 1.65−1.96 5.99 0.30 −1.14 0.56 1.22 1.90 4.69

SSA 635 6123 0.92 0.03 0.93 0.45 0.99 −2.59 0.81 0.89 0.91 0.94 0.97

MAC 637 384 10.9 3.5 11.1 2.4 20.8 0.21 3.6 6.2 8.2 13.2 19.8

MSCS 635 228 2.5 1.4 2.4 0.1 7.5 0.66 0.2 0.7 1.3 3.4 6.8
525 228 3.3 1.9 3.2 0.1 10.3 0.74 0.2 1.1 1.8 4.6 9.3
450 228 4.2 2.4 4.0 0.2 12.9 0.73 0.3 1.5 2.2 5.9 11.8

PM1 – 10 949 5.3 4.5 4.0 0.1 49.9 2.06 0.5 1.4 1.9 7.2 21.8

Bergstrom, 2006; Fernandez-Camacho et al., 2010; Arnott
et al., 2003, 2005; Reche et al., 2011; Pandolfi et al., 2011;
Querol et al., 2013).

3.2 Diurnal cycles and cluster analysis

As shown in Fig. 2 the mean scattering and absorption at
MSC exhibited diurnal cycles with lower values at night and
higher values in the afternoon. Thus, on average, thermally
driven upslope winds and PBL height variations favoured
the transport of pollutants toward the MSC site during the
warmest hours of the day. Similar diurnal variations at other
mountaintop sites have been observed for extensive aerosol
optical properties (e.g. Andrews et al., 2011) and physi-
cal properties (e.g. Venzac et al., 2009; Marinoni et al.,
2008). The absolute values of extensive optical properties
and PM mass concentrations and their diurnal cycle ampli-
tudes were higher at the MSY site compared to MSC (Fig. 2),
mainly because the proximity of MSY to the highly urban-
ized/industrialized coastline (Fig. 1) and its lower altitude
compared to MSC. As a consequence, the SSA and SAE at
the MSY station also showed marked diurnal cycles com-

pared to MSC due to the effectiveness of thermally driven
upslope winds in transporting fine highly absorbing particles
of anthropogenic origin to MSY (Fig. 2; cf. Pandolfi et al.,
2014).

The σsp and σap measured at MSC showed marked dif-
ferences as a function of the different synoptic scenarios,
with the lowest values measured under AA and WREG and
the highest measured under NAF and SREG (Fig. 2). The
mean scattering at MSC under NAF and SREG scenarios
was close to the values measured at the MSY regional back-
ground station, whereas lower scattering was measured at
MSC under AA and WREG compared to MSY. A similar
pattern was observed for fine PM1 concentrations (Fig. 2).
The similarities inσsp at MSC and MSY under NAF and
SREG demonstrate the potential of these two summer at-
mospheric scenarios in polluting both regional and remote
areas in the WMB. The potential of SREG scenarios to pro-
duce atmospheric reservoir layers of aged pollutants is also
demonstrated by the similarity in the concentrations of fine
PM at both sites despite their different altitude and distance
from important pollution sources. Conversely, meanσsp and
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Figure 2. Diurnal cycles and cluster analysis of scattering (σsp
at 635 nm), absorption (σap at 637 nm), single-scattering albedo
(SSA at 635 nm), scattering Ångström exponent (SAE calculated
between 450 and 635 nm) and PM1 concentrations measured at
Montsec site (MSC, black lines) and at Montseny regional back-
ground site (MSY, grey lines). Atmospheric scenarios are Atlantic
advection (AA), African dust outbreaks (NAF), winter regional
anticyclonic episodes (WREG) and summer regional recirculation
episodes (SREG).

PM1 concentrations at MSC under WREG were relatively
lower compared to MSY despite the general winter anticy-
clonic conditions in the WMB, which favour the accumula-
tion of pollutants around the emission sources. However, as
already stated, the degree of pollution at rural/remote ele-
vated areas under WREG strongly depends on PBL height.
We will show later that MSC was predominantly in the free
troposphere in winter when WREG scenarios were observed.
Conversely, during WREG the height of the polluted PBL
can often reach the altitude of MSY (Pandolfi et al., 2014).

The absorption measured at MSC was lower compared with
MSY for all considered scenarios due to the proximity of the
MSY station to anthropogenic sources of BC compared to
MSC. As a consequence, the SSA was higher at MSC than at
MSY irrespective of the atmospheric scenarios. The highest
SSA at both sites was measured under NAF scenarios due
to the higher relative concentrations of dust particles from
Africa enhancing the scattering. Finally, the SAE showed
similar characteristics at the two sites with lower values ob-
served under NAF (due to the transport of coarser particles)
and higher values under SREG (due to the increased relative
concentration in the atmosphere of fine (PM1) particles of
anthropogenic origin).

3.3 FT conditions at MSC station

3.3.1 Identification of FT air

For the identification of FT air we followed the defini-
tion given by Andrews et al. (2011, AND2011 from now
on) based on the use of data collected between 03:00 and
09:00 LT. As reported in AND2011, this criterion appears
to be reasonable for most mountaintop sites and seasons.
The limitations of this “time of day” approach are related
to the location, height and topography of the site, which de-
termine the strength and frequency of local thermally driven
flow and the presence/intensity of polluted residual layers.
All these factors make it difficult to rigorously define FT
air. In the WMB the frequent SREG and NAF episodes in
spring/summer further complicate the identification of the
FT air. In order to evaluate when the MSC station was in
the FT, we used meteorological data collected at MSC and
at three lower altitude meteorological stations (Fig. 1). Thus,
contemporary meteorological data collected at MSC station
(1570 m a.s.l.), Montsec Observatory (800 m), Os de Bala-
guer (576 m) and Vallfogona de Balaguer (238 m) were used
to study the mean diurnal cycles of potential temperature
(Fig. 3a), relative humidity (Fig. 3b) and water vapour mix-
ing ratio (Fig. 3c) as a function of altitude. The potential
temperature and water vapour mixing ratio were calculated
with the humidity conversion formulas provided by Vaisala
(Vaisala Oyj, 2013). Moreover, the diurnal cycles of the gra-
dients of potential temperature (Fig. 3e) and actual tempera-
ture (Fig. 3f) were also reported in order to study the strength
of the nocturnal and diurnal thermal inversions between the
four sites (i.e. between mountain and valley). This analysis
may be affected by differences due to different instruments,
calibration procedures or local features associated with a spe-
cific location (the MSC station and Vallfogona de Balaguer
were around 35 km apart). Consequently, we also simulated
the mean seasonal PBL diurnal cycles at MSC (Fig. 3d) by
means of the HYSPLIT model (http://www.ready.noaa.gov/
READYamet.php). Grey and yellow rectangles in Fig. 3 re-
spectively highlight hours when the MSC station was within
the PBL and the hours of the time of the day approach (from
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03:00 to 09:00 LT) for the identification of FT air proposed
by Andrews et al. (2011). In this analysis we assumed that, in
a well-mixed mixing layer, the water vapour mixing ratio and
potential temperature should be nearly constant with altitude
within the PBL. In the free troposphere the water vapour con-
tent and potential temperature will decrease and increase, re-
spectively, with altitude. Moreover, if the mixing layer has a
uniform distribution of water vapour throughout, then the rel-
ative humidity has to increase with altitude. Figure 3 shows
that when the relative humidity at MSC was higher compared
to the other three stations, the potential temperature and wa-
ter vapour content were fairly similar. We used these con-
ditions to define the PBL air (grey rectangles). Conversely,
at night/in the early morning (yellow rectangles) the relative
humidity at MSC was the lowest and the differences in po-
tential temperature and water vapour content among the four
stations were the highest. Moreover, the gradients of poten-
tial temperature and actual temperature show that strong in-
versions were on average observed at night between Montsec
Observatory and Os de Balaguer with MSC station above the
inversion. Conversely, the gradients were lower and rather
similar when MSC was within the PBL (grey rectangles).
Figure 3 also shows that our estimation of PBL conditions
obtained using meteorological data agrees satisfactorily with
the simulation performed with HYSPLIT.

Thus, the MSC station was on average above the inver-
sion at night–early morning and within the PBL during the
warmest hours of the day in summer, spring and autumn.
Thus, the presence of polluted PBL residual layers at MSC
altitude at night cannot be excluded. Conversely, in winter
the MSC was on average in the FT during the whole day.

Figure 4 shows that the highest diurnal cycle amplitude of
scattering at MSC was observed in winter, whereas in spring
and summer no clear diurnal cycles were observed. The re-
markable diurnal cycle of aerosol scattering in winter was
due to the position of MSC station in the free troposphere,
whereas thermally driven flows can transport pollutants to-
ward MSC around midday. The observed reduced diurnal
cycle for scattering at MSC during spring and summer was
mainly due to the frequent occurrence of NAF and SREG
episodes and to the possible presence of polluted residual
layers at night at the MSC altitude. The NAF and SREG sce-
narios were also linked with high concentrations of PM and
BC during the whole day by Ripoll et al. (2014). Thus, as al-
ready observed by Venzac et al. (2009) for the Puy de Dôme
station, the seasonal change in FT data at MSC was in part
due to the seasonal variability in air mass origin and transport
routes.

3.3.2 FT vs. all data: comparison with mountaintop
sites presented in AND2011

Figure 5 shows the median values for all periods (June 2011–
June 2013) and by season at MSC for the six aerosol optical
parameters presented in AND2011. MSC data were scaled

to a wavelength of 550 nm (used in AND2011) by using 1.6
as SAE (median values for MSC, this work) and 1.4 as the
absorption Ångström exponent (AAE). The AAE was calcu-
lated from 1-month absorption measurements performed at
MSC with a seven-wavelength Aethalometer (model AE33,
Magee Scientific). For MSC the values were calculated for
the whole period considered here (ALL, June 2011–June
2013), as well as for autumn (SON), winter (DJF), spring
(MAM) and summer (JJA). Red and yellow colours in Fig. 5
represent all data (averaged over 24h) and FT data (averaged
between 03:00 and 09:00 LT), respectively. The percentage
values in each figure represent the relative difference be-
tween the medians calculated for all data and FT data, with
positive values indicating lower FT-data medians compared
to all data. The non-parametric Mann–Whitney U test was
applied to study whether the differences between all-data and
FT-data medians were statistically significant. In Fig. 5, bold
green numbers indicate statistically significant differences to
a significance level of 5 % (p value <0.05), blue bold num-
bers highlight marginally significant differences (p < 0.1),
whereas black numbers report differences which were not
statistically significant (p > 0.1). The six red and yellow rect-
angles within the blue areas on the right of each figure rep-
resent the range of variability of the medians presented by
AND2011 calculated for mountaintop sites in the Western
Hemisphere (W), Europe (EU) and the Eastern Hemisphere
(E).

As reported in Fig. 5 the scattering (median 14.1 Mm−1;
Fig. 5a ALL, all data) and the absorption (1.2 Mm−1; Fig. 5b
ALL, all data) measured at MSC for the whole data set
(ALL) locate the MSC site in the medium/upper range of
EU ranges. This is especially marked for scattering data. As
reported in Fig. 5 higher scattering and absorption at MSC
were measured in summer (JJA, all data; 34.6 Mm−1 and
2.4 Mm−1, respectively) compared to winter (DJF, all data;
3.7 Mm−1 and 0.3 Mm−1, respectively). As already noted,
the NAF and SREG episodes affecting the WMB have the
potential to increase the aerosol mass and scattering mea-
sured in this area in summer (Fig. 2 and JJA scattering in
Fig. 4). At the same time, the lower altitude of MSC station
compared with the stations reported in AND2011 (lowest al-
titude around 2.2 km) may have also contributed to the rel-
atively higher scattering observed at MSC station. Recently,
Ripoll et al. (2014) have shown that the MSC site registers
higher PM10 concentrations than those measured at other
high-altitude central European sites and similar or lower BC
concentrations. As a consequence, the median value of SSA
at MSC (0.93; Fig. 5d ALL, all data) was relatively higher
compared with the EU, W and E ranges of variability. Con-
versely, SAE (1.65; Fig. 5e ALL, all data) andB /S (0.126;
Fig. 5f ALL, all data) were in the middle of the correspond-
ing EU ranges. The SSA at MSC did not change considerably
as a function of seasons and varied between 0.92 (SON) and
0.94 (DJF). Conversely, SAE was higher in summer (1.74;
Fig. 5e JJA, all data) compared to winter (1.39; Fig. 5e DJF,
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Figure 3. Seasonal diurnal cycles of relative humidity, potential temperature and water vapour mixing ratio measured at Montsec
(1570 m a.s.l.), Montsec Observatory (800 m), Os de Balaguer (576 m) and Vallfogona de Balaguer (238 m). Also shown are the diurnal
cycles of the planetary boundary layer height (PBL) from HYSPLIT and of the potential temperature and actual temperature gradients.
Yellow rectangles highlight the time of the day approach for the identification of FT air proposed in Andrews et al. (2011) and used in this
work (from 03:00 to 09:00 LT). Times are reported in GMT. Grey rectangles highlight hours when the MSC station was within the planetary
boundary layer. Meteorological data at the four stations were available from 1 January 2011 to 31 December 2012.

all data). The relatively higher SAE observed in summer sug-
gested the prevalence, on average, of finer particles at MSC
compared to winter likely due to the frequent SREG scenar-
ios observed during the warm season (cf. Fig. 2). Accord-
ingly, the lowestB /S was measured in winter (0.119; Fig. 5f

DJF, all data) and the highest in summer (0.130; Fig. 5f JJA,
all data).

All the extensive aerosol properties (scattering, absorp-
tion and extinction) showed relatively lower FT-data medi-
ans compared with all data (16–19 %; ALL in Fig. 5a, b,
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Figure 4.Diurnal cycles of normalized aerosol scattering at 550 nm
measured at MSC as a function of the seasons: winter (DJF), au-
tumn (SON), spring (MAM) and summer (JJA).

c). This was a common characteristic for most of the sta-
tions presented in AND2011. However, the relative decreases
in FT-data extensive properties were clearly seasonal at the
MSC site with the highest FT- vs. all-data difference ob-
served in winter (DJF in Fig. 5a, b, c; 21–23 %) and the
lowest in spring/summer (MAM and JJA in Fig. 5a, b, c; 0–
8 %). The differences between the FT-data and all-data me-
dians were statistically significant for ALL, SON and DJF
and marginally significant for JJA. As a consequence of the
time of day segregation used for the identification of FT air
(03:00–09:00 vs. 24 h) the remote sites showing stronger di-
urnal cycles tend to have larger decreases in FT aerosol load-
ing compared to all-data (24h) aerosol loading (Andrews et
al., 2011). In our case, the high FT- vs. all-data difference
observed in winter is consistent with the strong DJF diurnal
cycle of normalized scattering presented in Fig. 4.

The lower FT- vs. all-data difference in spring/summer
was due to the occurrence of NAF and SREG episodes
and to the fact that FT conditions were less frequent in
spring/summer due to higher boundary layer. Finally, the dif-
ferences between the FT-data and all-data medians calculated
for the intensive aerosol properties were statistically signifi-
cant only for SAE in winter (DJF) with slightly higher SAE
observed for FT air (1.47; Fig.5e DJF, FT-data).

3.4 Relationships betweenσsp and other
extensive/intensive aerosol properties

Figure 6 shows the relationships betweenσsp and some of the
measured extensive (backscattering, absorption, PM1 con-
centrations) and intensive (g, SAE, SSA) aerosol properties.
Relationships are presented for the whole database (ALL,
highlighted by the blue rectangle) and as a function of the
main considered meteorological patterns (AA, NAF, SREG,
WREG). Similar relationships were investigated, for exam-
ple, by Delene and Ogren (2002), Pandolfi et al. (2011) and
Andrews et al. (2011). However, to our knowledge, this is the
first time that these relationships are presented as a function

of air mass type. These kind of relationships helps to con-
strain model parameterizations and to reduce uncertainties
in the algorithms used for deriving intensive aerosol proper-
ties from remotely sensed data (Delene and Ogren, 2002). In
Fig. 6 the frequency distribution of scattering coefficient at
635 nm was calculated for values between 0 and 90 Mm−1

with a bin of 5 Mm−1 for ALL and NAF scenario. For AA,
SREG and WREG scenarios the occurrence for highσsp was
lower, thus limiting the frequency distributions to 75, 75 and
55 Mm−1, respectively.

As shown in Fig. 6 the frequency distribution of aerosol
scattering was more right-skewed during AA (sk= 1.93)
and WREG (sk= 1.45) compared with NAF (sk= 0.92) and
SREG (sk= 0.83) when pollution levels at MSC were higher
(Fig. 2).

As reported in Fig. 6 the backscattering and PM1 con-
centrations increased with increasingσsp. If the PM1 con-
centrations increase the intensity of light scattered, and also
backscattered, increases almost monotonically. Also, the ab-
sorption, which is roughly proportional to the concentra-
tion of absorbing aerosols in PM samples, increased with
increasing scattering and PM1 concentration. Similar find-
ings were reported by Pandolfi et al. (2011) for the MSY
site and by AND2011 (Fig. 6a in AND2011) for the 10 sta-
tions considered in their paper. AND2011 observed that the
measurement sites which were dominated by dust aerosol
at high aerosol loading tend to have a lower slope of the
scattering–absorption relationship than the other sites. This
is also the case at MSC, which shows a scattering–absorption
slope in the lower range of those reported by AND2011
(cf. with Fig. 6a in AND2011). Figure 6 shows that the
increase in the extensive aerosol properties with increasing
aerosol scattering was fairly similar during the different con-
sidered meteorological scenarios, thus leading to very sim-
ilar SSA as also reported in Fig. 2. Conversely, the most
remarkable difference among the scenarios was observed
for SAE, which decreased with increasing scattering during
NAF reaching values around 0.8 atσsp = 90 Mm−1. Thus,
the SAE was clearly a function of NAF intensity. Con-
versely, during SREG SAE was higher and nearly constant
(around 1.8 for 0 <σsp< 90 Mm−1), indicating the preva-
lence of smaller particles with a relatively lowerg (0.53 dur-
ing SREG compared with 0.57 during NAF). No remarkable
differences were observed for the intensive aerosol properties
between the less polluted WREG and AA scenarios.

On average (ALL in Fig. 6) the parametersg and SAE
measured at MSC showed inverse relationships withσsp:
when σsp increased above around 45–50 Mm−1, SAE de-
creased, indicating the shift toward larger particles with rela-
tively higherg and SSA. The observed decrease of SAE was
due to the prevalence of dust (i.e. large, primarily scattering)
particles at high aerosol load at MSC.

To further investigate the effect of NAF episodes on SAE,
in Fig. 7 we report the distribution ofσsp as a function of
SAE by means of atmospheric scenarios (Fig. 7a) and levels
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culated for the whole period considered here (ALL), and for autumn (SON), winter (DJF), spring (MAM) and summer (JJA). The percentage
values represent the relative difference between the medians calculated for all data and FT data. Green bold numbers indicate statistically
significant differences (p value < 0.05); blue bold numbers highlight marginally significant differences (p < 0.1); black numbers indicate
differences which were not statistically significant (p > 0.1). The red and yellow rectangles within the blue areas on the right of each figure
represent the range of variability of the medians presented by Andrews et al. (2011) calculated for sites in the Western Hemisphere (W),
Europe (EU) and the Eastern Hemisphere (E).

of PM1 / PM10 ratio (Fig. 7b). As shown in Fig. 7a, high
scattering and relatively low SAE (< 1) were associated with
NAF episodes (yellow). Correspondingly, the PM1 / PM10 ra-
tio was among the lowest (0.2–0.3, Fig. 7b), indicating the
prevalence of coarser particles. The AA scenarios (blue in
Fig. 7a) were mainly associated with relatively lower scat-
tering (11.7± 13.9 Mm−1 at 635 nm), a broad range of SAE
values (from−2 to 4) and PM1 / PM10 ratios around 0.3–
0.5. Cermac et al. (2010) suggested that negative SAE could
be an indication of reduced anthropogenic emissions with
prevalence of coarse-mode particles. For example negative
SAE and high aerosol optical depth (AOD) were related to
transport of coarse-mode dust in northern India by Singh et
al. (2004). However, extremely negative values of SAE are
unfeasible for atmospheric aerosols. Similarly, the SAE can-
not be higher than about 4, which represents the limit given
by the Rayleigh regimen for the molecular scattering. In the
present case 123 hourly values of SAE out of 9561 were
smaller than−1 (1.2 %) and 150 values were higher than 4

(1.6 %). Consequently, the measured negative SAE at MSC
were likely due to both the presence of relatively larger par-
ticles during low aerosol concentration (Fig. 7b) and the in-
strumental noise under low scattering conditions. Similar be-
haviour of SAE was also observed in a remote subarctic site
by Aaltonen et al. (2006) and at the MSY station by Pan-
dolfi et al. (2011). Finally, the SREG episodes mainly (red,
Fig. 7a), and to a lesser extent WREG (orange), were associ-
ated with relatively larger SAE compared with NAF and high
PM1 / PM10 ratios, indicative of the prevalence of mainly fine
particles of anthropogenic origin.

For σsp between around 20 and 40 Mm−1 (ALL in Fig. 6)
both g and SAE showed relatively constant values around
0.55 (g) and 1.65 (SAE), which were close to the averages
reported in Table 2 for these two parameters. Whenσsp was
below around 15–20 Mm−1, SAE decreased, indicating again
the shift toward relatively larger particles associated with rel-
atively clean atmosphere (PM1 < 5 µg m−3). This decrease
was more pronounced for AA and WREG compared with
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Figure 6.Correlation between the frequency distribution of aerosol scattering coefficients (σsp) at 635 nm and backscattering coefficient (σbsp

at 635 nm), absorption coefficient (σap at 637 nm), PM1 concentrations (PM1), asymmetry parameter (g at 635 nm), scattering Ångström
exponent (SAE, 450–635 nm) and single-scattering albedo (SSA at 635 nm). Correlations are presented for all data (ALL) and for the
different atmospheric scenarios (Atlantic advection, AA; Saharan dust outbreaks, NAF; summer regional recirculation scenario, SREG; and
winter anticyclonic scenario, WREG). Frequency count (%) and the absolute number of hourly values (counts) in each been are reported.

NAF and SREG (Fig. 6). However, under very low PM1 con-
centrations at MSC (PM1 < 1.5 µg m−3) SSA andg reached
very low values around 0.84 and 0.43 (ALL in Fig. 6), re-
spectively, whereas the SAE increased. These low PM con-
ditions at MSC were associated with the prevalence of small
particles with relatively higher absorption properties irre-
spective of the scenario considered. Low values of SSA at
very low aerosol loading have been observed in AND2011
and associated with an aerosol mixture in which large scatter-
ing aerosol particles have been preferentially removed (e.g.
by cloud scavenging and/or deposition), leaving behind a rel-
atively smaller and darker aerosol (e.g. AND2011; Berkowitz
et al., 2011; Marcq et al., 2010; Targino et al., 2005; Sellegri
et al., 2003).

3.5 MAC and MSCS climatology

Mean MAC, determined at Montsec as the error-
weighted slope of the absorption–EC scatterplot, was
11.1± 0.3 m2 g−1 (R2

= 0.82). Given thatσap and EC

concentrations measurements have been available since the
end of 2009, the mean MAC presented here was calculated
over the period November 2009–June 2013 (384 sample
pairs on 24 h basis). Mean MSCS at 635 nm (228 sample
pairs) was 2.5± 1.3 m2 g−1. MSCS at 525 nm and 450 nm
are reported in Table 2. On average, lower MAC values
were observed during AA (9.7± 0.7 m2 g−1, R2

= 0.77)
and WREG (9.4± 1.0 m2 g−1, R2

= 0.88) scenarios com-
pared to NAF (11.9± 0.7 m2 g−1, R2

= 0.61) and SREG
(12.6± 1.0 m2 g−1, R2

= 0.74) scenarios. Similarly, a low
MSCS was on average observed during AA and WREG
(2.0± 1.1 m2 g−1 and 1.5± 0.6 m2 g−1, respectively, at
635 nm), whereas MSCS was higher during NAF and SREG
(3.7± 1.4 m2 g−1 and 3.5± 0.7 m2 g−1, respectively). The
non-parametric Kruskal–Wallis test was used for testing
the equality of medians among the four selected categories
(scenarios). The difference between the NAF and SREG
medians was not statistically significant (p > 0.5) for both
MAC and MSCS. The same was observed for the AA
and WREG medians (p > 0.3). Conversely, statistically
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significant differences (p < 0.001) were observed between
the medians calculated for WREG and AA and those
calculated for NAF and SREG. The higher MAC and MSCS
under NAF and SREG compared to AA and WREG were
likely due to differences in particles’ origin and particle
properties during these scenarios. The SREG scenario is a
summer scenario (cf. Fig. 8) which favours the recirculation
and aging of pollutants in the WMB. Several publications
have shown higher sulfate (e.g. Pey et al., 2009; Querol et
al., 1999) and organic matter concentrations (e.g. Querol
et al., 2013; Pandolfi et al., 2014) in summer compared
to winter in the WMB at regional and remote levels. The
summer sulfate and organic matter maxima were due to
higher temperatures and increased photochemistry in the
atmosphere enhancing the SO2 oxidation and the formation
of secondary organic aerosols from biogenic emissions from
vegetation (Seco et al., 2011).

Moreover, Ripoll et al. (2014) have shown higher concen-
trations of BC particles in the warmer months at MSC at-
tributed to the impact of the SREG episodes and to the higher
occurrence of wildfires in North Africa and/or in the WMB
(Cristofanelli et al., 2009). Once formed, these particles can
recirculate and age under the SREG scenario in the WMB.
On the other hand, the NAF scenarios, which are more fre-
quent in summer in the WMB (Pey et al., 2013), increase the
concentration of mineral dust in the atmosphere. Moreover,
Rodríguez et al. (2011) and Ripoll et al. (2014) have shown
that pollutants such as sulfate and BC may be transported
together with dust across the WMB during NAF episodes.

The mixing of BC particles with other chemical compo-
nents, such as sulfate and organics, has the potential to in-
crease the absorption properties of BC particles (e.g. Bond
et al., 2013) and could explain the higher MAC observed
at MSC during NAF and SREG. At the same time, the
MSCS was also higher during NAF and SREG, indicating
higher scattering efficiency of PM. Similar dependence of
the MAC with atmospheric scenarios was reported by Pan-
dolfi et al. (2011) for the MSY station. An exception was ob-
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served for the MAC calculated at Montseny during WREG,
which was the highest compared to AA, SREG and NAF. The
likely reason for the different MAC at MSC and MSY under
WREG was the lower altitude of the MSY station, which was
often within the polluted PBL under WREG winter scenarios
(i.e. Pandolfi et al., 2014), whereas the MSC was above.

As a consequence of the observed variations of MAC and
MSCS as a function of the four considered season-dependent
scenarios, the MAC and MSCS at MSC showed a clear an-
nual cycle, with the lowest values observed in winter and the
highest in summer (Fig. 8). Similar seasonal dependence of
the MAC with higher values in summer was observed at the
Jungfraujoch high-alpine site (Cozic et al., 2008).
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4 Conclusions

The measurements of aerosol optical properties presented in
this work and performed at the remote Montsec site (MSC;
42◦3′ N, 0◦44′ E, 1570 m a.s.l.) add useful information on the
limited amount of in situ aerosol optical data obtained at
high-altitude/mountaintop sites worldwide. The aerosol scat-
tering measurements performed at MSC located this site in
the medium/upper range of values reported for other moun-
taintop sites in Europe (EU). The frequent African dust
(NAF) outbreaks and regional recirculation (SREG) scenar-
ios, typical of the WMB in spring/summer, were mainly
responsible for these relatively high values. Moreover, the
lower altitude of MSC station compared with other moun-
taintop sites and the strong summer insolation in the Mediter-
ranean regions, favouring the development of thermally
driven upslope winds, may have also contributed to the rel-
atively higher scattering observed at MSC. The mean scat-
tering at MSC during the NAF and SREG scenarios was
close to the values measured at a regional background sta-
tion (Montseny, 720 m a.s.l.), thus demonstrating the poten-
tial of these two summer atmospheric scenarios in pollut-
ing the whole lower troposphere in the western Mediter-
ranean. As a consequence, in spring and summer no clear
diurnal cycles were observed for the extensive aerosol op-
tical properties due to the presence of polluted layer at the
MSC altitude. Thus, the diurnal variation of scattering at
MSC during spring and summer was subject to synoptic cir-
culation, which partially masked the mountain breezes and
the dynamics transport at a more local scale. Conversely,
during Atlantic advection (AA) and winter regional anticy-
clonic (WREG) episodes, mainly registered during the cold
season, the extensive aerosol properties at MSC were con-
siderably lower compared to Montseny and the highest diur-
nal cycle amplitudes were observed. The AA scenario in the
WMB is typically characterized by high wind speed with air
masses coming from the Atlantic Ocean, thus favouring the
dispersion of the accumulated pollution with consequent re-
duction of the concentrations of pollutants, which is more
effective at remote levels. The WREG scenario is mainly
characterized by weak synoptic winds leading to stagnation
of air masses and to the accumulation and aging of pollu-
tants over the region, whereas the PBL height mostly deter-
mines the dilution of pollutants around the emission sources
and the degree of pollution at more elevated/regional areas in
the WMB. Absorption at MSC was not as high as scattering
compared with most of measurements in EU, thus leading
to relatively higher single-scattering albedo (SSA) compared
with EU data. Conversely, the scattering Ångström exponent
(SAE) and backscatter-to-scatter ratios (B /S) were in the
middle of the corresponding EU ranges.

All the extensive aerosol properties measured at MSC
showed relatively lower medians when MSC was in the free
troposphere (FT data) compared with the whole database (all
data). These decreases were clearly seasonal at the MSC site,

with the highest and statistically significant FT- vs. all-data
difference observed in winter and the lowest (and not sta-
tistically significant) in spring/summer. The frequent NAF
and SREG scenarios in summer, and the less frequent FT
conditions due to higher boundary layer, explained the lower
FT- vs. all-data differences observed in summer compared to
winter.

The aerosol optical measurements performed demon-
strated that the MSC measurement site provides reliable in-
formation for a suitable characterization of the main synop-
tic meteorological patterns affecting the region. Clear dif-
ferences were observed between NAF and SREG scenar-
ios in terms of intensive aerosol optical properties. SAE
during NAF was the lowest, indicating the presence of
larger particles, and was clearly anticorrelated with the in-
tensity of Saharan dust outbreaks, whereas nearly constant
and higher SAE was measured under SREG, indicating an
aerosol mode dominated by finer particles. Correspondingly,
the asymmetry parameter was higher during NAF compared
to SREG. The analysis of the relationships between scat-
tering and other extensive/intensive aerosol properties mea-
sured at MSC showed a scattering–absorption slope in the
lower range of slopes calculated worldwide, indicating that
the MSC site is dominated by dust aerosols at high aerosol
loading. As a consequence, SSA increased nearly monotoni-
cally with increasing scattering.

The MAC estimated at MSC showed a clear annual cycle,
with higher values in summer when the occurrence of NAF
and SREG scenarios favoured the presence of polluted at-
mospheric layers containing aged BC particles likely mixed
with other chemical components such as organics and sul-
fate. These summer conditions were also linked with higher
scattering efficiency of PM.
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