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and to the lowering of the mixing layer height below the MSY high. These nocturnal low
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levels allowed us to estimate the continental background PM levels. At midday, the
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atmospheric pollutants accumulated in the pre-coastal depression are transported upwards

PM2.5

by the breeze, increasing PM levels.

PM1

Maximum PM10 levels were recorded in summer, and February–March and November, and

Saharan dust

minimum values in the rest of the year coinciding with the highest frequency of Atlantic

Anticyclonic pollution episodes

advection. PM peak episodes attributed to Saharan dust outbreaks were recorded in summer

Annual trends

and February–March. In addition, anticyclonic situations (February–March and November)

Western Mediterranean Basin

may impact in elevated rural areas by increasing hourly levels of PM1 up to 75 µg/m3. This
scenario induces the stagnation of pollutants in the pre-coastal depression. Solar radiation
activates mountain winds, transporting polluted air masses from the valleys to elevated
areas resulting in an increase of fine PM levels in areas outside the boundary layer.
A significant decrease in PM annual means (40% and 34% for the entire monitoring period,
7 µgPM10/m3 and 5 µgPM2.5/m3) was recorded at MSY between 2002 and 2007. There appears
to be no single cause behind these trends. This could partially be ascribed to the varying
frequency and intensity of Saharan dust episodes, but also to large-scale meteorological
processes or cycles, and/or to local or meso-scale processes such as nearby anthropogenic
emission sources.
© 2008 Elsevier B.V. All rights reserved.

1.

Introduction

Tropospheric aerosols are a cause for major concern because
of their impact on health (Pope and Dockery, 2006), the Earth's
climate (IPCC, 2007), visibility, continental and maritime ecosystems, and building materials.

Research over the last decades has highlighted the need for
a more comprehensive approach to atmospheric aerosol
composition and processes. An improved understanding of
regional and intercontinental transport of aerosols is advisable to implement efficient monitoring and emission abatement strategies. Aerosol observational data are currently
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available from different European monitoring networks,
mainly measured at urban monitoring stations. Moreover,
the different networks do not adequately cover all types of
representative environments to characterize the European
continent, which results in a very heterogeneous spatial coverage of the different EU countries.
Air quality in polluted areas is characterized by high levels
of background aerosol and intense episodes of pollution. Most
of these episodes are associated with synoptic meteorological
scenarios that induce the accumulation and the formation of
aerosol pollutants at regional or even continental scales. Thus,
measurements performed at local scales are most of the times
not well suited to adequately interpret the origin of the
pollution episodes. Aerosol measurements performed at
regional background (RB) sites, at a sufficient distance from
large sources of pollutants, are clearly the best way to
accurately document both aerosol long-term trends and
synoptic features in air quality.
The Western Mediterranean Basin (WMB) presents peculiar
and complex atmospheric dynamics when compared with the
Atlantic regions of the Iberian Peninsula (IP). The atmospheric
dynamics influencing air quality in this region are considerably affected by mesoscale and local meteorological processes,
and also regional factors as described by Millán et al. (1997),
Soriano et al. (2001), Gangoiti et al. (2001), Rodríguez et al. (2002
and 2003), Jorba et al. (2004) and Pérez et al. (2004), among
others. Based on these studies the peculiar atmospheric
dynamics are conditioned by a number of factors: 1) the
considerable influence of the Azores high-pressure system in
the meteorology of the IP; 2) the coastal ranges surrounding
the Mediterranean coast (Fig. 1); 3) the influence of the Iberian
and Saharan thermal lows causing low pressure gradients in

the Mediterranean, and 4) the intense breeze action along the
Mediterranean coast favoured by the prevailing low advective
conditions; and the scarce summer precipitation.
It should be pointed out that the atmospheric anthropogenic emissions produced in this region are large. They mainly
arise from densely populated areas (such as Barcelona,
Marseille, Valencia and Tarragona) from large industrial
estates around these cities and from the dense road traffic
(urban areas and intense truck flow on highways).
All the above factors give rise to a scenario with a complex
aerosol phenomenology, with large anthropogenic and natural
emissions, a high rate of secondary aerosol formation and
transformation and intensive interaction of aerosols and gaseous
pollutants. The interpretation of PM levels and composition
resulting from such a complex scenario can only be accomplished by focusing on RB sites, comprising ideal locations to fulfil
the growing demand for an integrated atmospheric monitoring
system for air quality and climate studies. The importance of this
type of environments for the study of regional-scale aerosols and
long-term PM trends was highlighted by the recent creation of the
EU-wide EUSAAR network (European Supersites for Atmospheric
Aerosol Research, http://www.eusaar.net/), which seeks to
integrate the measurements of atmospheric aerosol properties
at 21 high quality European ground-based stations. One of these
is the Montseny site (MSY), in North-Eastern Spain, which was
selected to be part of the network owing to its unique setting
representing Southern European environments (data available
since March 2002). Other RB locations along the Eastern coast of
Spain included in this study are Monagrega (ENDESA, Teruel,
PM10 data available since July 1995), Coratxar (Generalitat
Valenciana, TSP since January 1995), Cabo de Creus and Zarra
(both EMEP, PM10 and PM2.5 since March 2001).

Fig. 1 – Detailed location of the Montseny site and of the other monitoring stations selected.
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This paper summarizes the results of the interpretation of
the variability of RB PM levels in the WMB. Special attention is
given to the study of inter-annual trends of PM10, PM2.5 and
PM1 levels, the identification and interpretation of seasonal
patterns, the influence of atmospheric transport scenarios on
the PM levels, and the detailed characterisation of specific PM
episodes, such as African dust outbreaks and regional pollution episodes. Although data from most of the above
monitoring sites are evaluated, the interpretations are mainly
based on data available from the MSY EUSAAR site.

2.1.3.

Methodology

2.1.

Monitoring sites and measurements

This study is based on PM measurements performed at RB
stations in Eastern Spain. This region is characterised by an
abrupt topography (Fig. 1): from North to South the Catalan
coastal range (NE–SW) and the Iberian range (NW–SE). The
former is crossed by deep valleys that reach the flat coastal area.
Situated between these two ranges is the Ebro basin (Fig. 1),
which is characterised by a semi-arid soil. The ranges are mainly
covered by a typical Mediterranean forest. The main urban and
industrial settlements in Eastern Spain are located along the
coastal plain (Fig. 1). The following monitoring stations were
selected for the present study (Table 1 and Fig. 1):

2.1.1.

Monagrega

This station is located on the South-Western border of the
Ebro basin and forms part of the air quality monitoring
network belonging to Empresa Nacional de Electricidad S.A.
(ENDESA-Teruel). Levels of PM10 are continuously measured
using a real time TEOM (Rupprecht and Patashnick). Data are
available since July 1995.

2.1.2.

Coratxar

This site is situated on the Eastern side of the Iberian range
and forms part of the air quality monitoring network belonging to the Generalitat Valenciana. Levels of TSP are continuously measured using a real time BETA monitor. Data are
available since January 1995.

Cabo de Creus and Zarra

These stations are located on the North-Eastern coast close to
the French border, and in a mountain area near the Eastern coast,
respectively and belong to the Spanish Ministry of Environment
in the context of Co-operative Programme for Monitoring and
Evaluation of the Long-Range Transmission of Air pollutants in
Europe (EMEP). Levels of PM10 and PM2.5 are continuously
measured using high volume samplers (30 m3/h) with
MCVPM1025 cut off inlets. Data are available since March 2001.

2.1.4.

2.
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Montseny (MSY)

This station is in the Montseny Natural Park 40 km to the NNE
of the city of Barcelona, and 25 km from the Mediterranean
coast. The station is located in the top of a valley perpendicular to the coast in the Catalan Pre-Coastal Ranges. Levels of
PM10, PM2.5 and PM1 are continuously measured using real
time laser spectrometers (GRIMM 1107) and corrected with the
factors obtained by comparison with ‘in situ’ simultaneous
PM10 and PM2.5 gravimetric measurements. 24h PM10 and PM2.5
samples were collected on quartz filters using high volume
samplers (30 m3/h) and DIGITEL cut-off inlets. Real time PM1
data were corrected with the optical/gravimetric PM2.5 factors.
Hourly levels of wind direction and velocity, temperature,
relatively humidity, pressure, precipitation and solar radiation
are available from nearby meteorological stations belonging to
METEOCAT (Fig. 1). Even though the station is relatively far
from urban and industrial agglomerations, this site could be
affected by anthropogenic emissions under specific meteorological scenarios given that the adjacent regions are densely
populated and industrialized. Data are available since March
2002.
PM levels are daily measured at Cabo de Creus and Zarra (as
well as at the other 8 EMEP monitoring sites reported in Table 2)
with gravimetry. At Montseny this is performed with and optical
counter, but the data are weekly corrected by comparison with
in situ and simultaneous PM gravimetric data. Finally, at
Monagrega and Coratxar measurements are performed with
TEOM and Beta attenuation instruments, but in situ comparison
with gravimetric data performed during one an a half year
showed very low differences. Consequently, differences on PM
levels due to the instrumentation are probably much reduced.

2.2.

Additional analyses

In order to characterise the daily atmospheric scenarios with
incidence on PM levels, complementary tools were used:
Table 1 – Location of the monitoring sites. m.a.s.l.: meters
above sea level; EMEP: Co-operative programme for
monitoring and evaluation of the long range transmission
of air pollutants in Europe; EUSAAR: European Supersites
for Atmospheric Aerosol Research; RB: regional background
Sites

Latitude Longitude m.a.s.l

Cabo de Creus
Coratxar
Monagrega
Montseny

42°19′
40°41′
40°57′
41°46′

N
N
N
N

03°19′ E
00°05′ E
00°16′ E
02°21′ E

Zarra
SM de Palautordera
Tagamanent

39°05′ N 01°06′ W
41°41′ N 02°26′ E
41°44′ N 02°16′ E

23
1200
600
720
885
215
990

Type
AQ-EMEP
AQ-RB
AQ-RB
AQ-RBEUSAAR
AQ-EMEP
Meteorology
Meteorology

• NCEP meteorological maps (Kalnay et al., 1996) and daily backtrajectories calculated by HYSPLIT4 model (Draxler and Rolph,
2003) enabled us to interpret the different source regions of air
masses in the study area (see detailed methodology in
Escudero et al., 2005). Daily 5 days back-trajectories were
calculated at 12h GMT for receptor points of 750, 1500 and
2500 masl, also by modelling vertical velocity.
• The occurrence of African dust outbreaks was detected with
the aforementioned tools coupled with the information
obtained from different aerosol maps: Marine Meteorology
Division of the Naval research Laboratory, USA (NRL) (http://
www.nrlmry.navy.mil/aerosol); SKIRON surface dust concentration maps and simulations (http://forecast.uoa.gr, Kallos

530

SC IE N CE OF T H E TOT AL E N V I RO N ME N T 4 0 7 ( 2 00 8 ) 5 2 7–5 40

Table 2 – PM2.5, PM10 and TSP mean annual levels at EMEP stations, Monagrega and Montseny, for 1996–2006, number of
measurements available for each year (N) and exceedances of the daily limit value of 50 µgPM10/m3 and arbitrary daily values of
35 µgPM2.5/m3 and 70 µgTSP/m3
Station

1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 Mean
N N70 µgTSP/m3

TSP
Viznar
Niembro
Campisábalos
Cabo de Creus
Barcarrota
Zarra
Peñausende
Els Torms
Riscollano
O Saviñao

28

17⁎⁎

30

20⁎⁎

36
18
33

42
29
15
41
30
24

44
28
20
37
29
26
17

24⁎⁎

20⁎⁎

20⁎⁎

41
26
22
40
28
22
19
32
23
22

1.8
1.4
1.5
1.8
1.5
1.4
1.4
1.5
1.6
1.4

15⁎

17⁎

20⁎
11⁎

23⁎
21⁎
9⁎
21⁎
18⁎
19⁎

24⁎
20⁎
13⁎
19⁎
18⁎
14⁎
12⁎

10⁎⁎

12⁎⁎

14⁎⁎

12⁎⁎

12⁎⁎

17

18

18

17

17

24
20
14
20
19
16
15
19
15
16
19

1.9
1.9
1.5
1.6
1.6
2.0
1.6
1.6
1.6
1.7

21
19
11
19
16
15
12
15
12
14
13
21

12
11
9
12
11
9
10
12
9
12

1.3

18–49/year
2–7/year
2–14/year
6–35/year
5–13/year
1–7/year
1–4/year
0–4/year
4–7/year
1–5/year
N N 50 µgPM10/m3

21
20
12
25
17
16
13
20
14
15
16
21

24
16
13
21
19
17
13
22
16
14
15
19

22
17
12
21
19
15
13
17
15
14
19
14

20
18
12
19
16
14
11
17
13
13
19
14

21
20
19
18
14
11
17
12
16
14

21
19
12
21
18
16
13
19
13
15
17
17

12–28/year
1–10/year
0–10/year
0–15/year
0–10/year
1–7/year
1–6/year
1–16/year
2–11/year
1–5/year
1–11/year
0–8/year
N N35 µgPM2.5/m3

PM2.5

Ratio PM10/2.5
Viznar
Niembro
Campisábalos
Cabo de Creus
Barcarrota
Zarra
Peñausende
Els Torms
Riscollano
O Saviñao
Monagrega
Montseny

37
28
18
38
27
23
18
27
21
21

PM10

Ratio
TSP/PM10
Viznar
Niembro
Campisábalos
Cabo de Creus
Barcarrota
Zarra
Peñausende
Els Torms
Riscollano
O Saviñao
Monagrega
Montseny

39
28
17
35
25
21
18
23
23
20

10
10
7
13
12
8
8
10
7
9

9
11
7
17
8
8
8
13
7
9

11
10
8
13
11
8
8
13
8
9

11
9
8
12
10
8
8
10
8
10

10
9
8
10
9
8
7
10
9
9

16

15

15

11

11

11
12

8

11
10
8
13
11
8
8
12
8
9

0–3/year
1–4/year
0/year
2–15/year
0–7/year
0/year
1–3/year
1–8/year
0–2/year
1–2/year

11

13

0–3/year

10
8
9
6
12

⁎ Extrapolation of PM10 with a PST/PM10 ratio corresponding to the one measured at each site during 2001–2007.
⁎⁎ S. Pablo de los Montes.

et al., 1997); BSC-ICoD/DREAM dust maps (http://www.bsc.es/
projects/earthscience/DREAM/, Pérez et al., 2006); and from
the satellite imagery provided by NASA SeaWiFS project
(http://seawifs.gsfc.nasa.gov/SEAWIFS.html, McClain et al.,
1998).
• Mixing Layer height was daily estimated at MSY by using the
tools provided by NOAA-ARL available at: http://www.arl.
noaa.gov/ready/amet.html.
Temporal trends were analysed at the 5 monitoring sites
and for all the size fractions available (TSP, PM10, PM2.5, PM1) by
means of the nonparametric Mann–Kendall test for the trend

and the nonparametric Sen's method for the magnitude of the
trend. To this end, the MAKESENS template application (Salmi
et al., 2002) was employed. The Mann–Kendall test is applicable to the detection of a monotonic trend of a time series with
no seasonal or other cycles, and therefore our test was applied
to mean annual concentrations of the different PM size
fractions. Moreover, to better understand the seasonality of
the data, the test was also applied to datasets consisting
separately of mean PM concentrations for each month (e.g., a
dataset containing PM concentrations for January 1995,
January 1996, January 1997, etc.). Comparison of the same
month over the different years confirmed the monotonic
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Fig. 2 – Mean monthly temperature (°C) and precipitation (mm) registered at Tagamanent-PN-Montseny (METEOCAT) from 2002
to 2007.

nature of the data and therefore the applicability of the Mann–
Kendall test.

3.

Atmospheric dynamics at MSY

The MSY area presents a typical Mediterranean climate with
warm summers, temperate winters and irregular precipitation
rates (Fig. 2). The average monthly temperatures registered
during the study period (2002–2007) ranged from 1–7 °C in winter
(December, January and February) and 17–23 °C in summer
(June, July and August). Annual mean precipitations varied from
676 mm in 2004 to 882 mm in 2002, and also mean monthly
precipitation levels varied from 0 mm in January 2005 to 210 mm
in October 2005. The highest mean temperatures and lowest
precipitation rates were recorded in summer 2003, drier and
warmer than usual (1, 43 and 60 mm of rainfall and 21, 21 and
23 °C were registered in June, July and August, respectively).
Conversely, 2002 summer was characterized by the opposite
conditions (56, 49 and 123 mm of rainfall and 18, 18 and 17 °C
were recorded in June, July and August, respectively).
In winter, the Azores anticyclone presents its lowest
intensity and is usually placed to the West (Millán et al.,

1997; Martín-Vide & Olcina, 2001), favoring the entry of
Atlantic air masses to the WMB. Owing to the renewal of air
masses, the levels of atmospheric pollutants may be lower
(Rodríguez et al., 2002, Escudero et al., 2007a).
In summer, the Azores high undergoes its highest intensity
and is placed to the East and North (Millán et al., 1997), whereas
thermal lows are developed over Iberia and the Sahara. This
scenario favours a very weak pressure gradient in the WMB and
consequently the local circulations dominate the atmospheric
dynamics (Millán et al., 1997). The interaction of the sea and
mountain breezes, the abrupt topography, the dominant NorthWestern flows at high atmospheric levels, the uplift of air
masses in the central IP and the compensatory subsidence over
the sea induce recirculation of air masses and the consequent
ageing and accumulation of pollutants. Furthermore, additional
factors enhanced the higher PM pollution levels across the WMB
such as the high frequency of African dust outbreaks (Rodríguez
et al., 2001, 2002; Escudero et al., 2005), the low rainfall, the high
photochemistry and the increased convective dynamics that
favors resuspension.
During the colder months, the MSY station (720 masl) is
generally located outside of the mixing layer and is therefore
affected by the regional anthropogenic pollution with a low

Fig. 3 – Mean daily evolution of the mixing layer height (modelled) at Montseny and wind speed at ground level measured at
Tagamanent (METEOCAT).
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frequency. Nevertheless, during several anticyclonic scenarios,
highly polluted air masses from the coast and valleys are
transported towards MSY by the mountain/sea breeze. During
the warmer months, owing to the maximum height of the
mixing layer (Fig. 3), the MSY is frequently located within the
mixing layer being affected by the regional pollution that reaches
the station very often. In any case the highest development of the
mixing layer occurs during the central hours of the day (Fig. 3).
Two main wind directions were recorded; the southerly
(28%) and the westerly (17%). Both are conditioned by the
topography of the valley where the monitoring site is located.
The southerly direction is registered when the mountain and
sea breezes are developed, entering the valley from the South.
The westerly direction corresponds to the intense advections
from the North and North-West, channelled into the valley
with a Western direction, and to the drainage flows during the
night (frequent in summer). Fig. 4 shows the typical daily
cycles of wind direction and speed for each month. In winter
the main wind component is westerly, with relatively low
wind speeds. From April to October two wind directions are
predominant. During daytime, the southerly component is
dominant corresponding to the breeze development and the
highest wind speed. Conversely, the westerly direction prevails during the night due to the drainage flows.

4.

Results

4.1.
Mean PM levels and comparison with the regional
background in Europe
Mean annual PM10 RB levels on the Mediterranean side of Iberia
reached 16, 17, 17 and 21 µg/m3 at Zarra (period 2001–2007),

Monagrega (period 1996–2007), MSY (period 2002–2007) and Cabo
de Creus period (period 2001–2007). The levels recorded at Cabo
de Creus were relatively higher due to regional contribution of
pollutants from the urban and industrial hotspots surrounding
Barcelona, Girona and towns in South-Eastern France. The other
three sites showed very similar PM10 levels (16–17 µg/m3);
however inter-annual variations, probably caused by interannual meteorological differences, are very important (14–17,
13–19, 14–21 µg/m3 at Zarra, Monagrega and MSY, respectively).
When comparing the above PM10 levels with those measured
at the Spanish EMEP stations (Table 2 and Fig. 4) the aforementioned may be considered as intermediate. Thus, the stations
located in the Atlantic and Central regions of Spain presented
relatively low PM10 levels (12–15 µg/m3 as mean levels for O
Saviñao, Riscollano, Campisábalos and Peñausende stations),
whereas those measured in the Southern regions were higher
(18 and 21 µg/m3 for Barcarrota and Viznar). Levels registered on
the Eastern side of Iberia were intermediate (16–17 µg/m3,
excluding Cabo de Creus). This distribution is possibly caused by
the increasingly higher frequency and intensity of African dust
outbreaks and the decreasing rainfall from the Atlantic regions
to the Eastern and to Southern regions of Iberia.
PM10 levels in the study area may also be regarded as
intermediate when compared with those in other rural areas
in Europe. Thus, taking the 2006 data from Airbase PM10 levels
range from 15 to 27 µg/m3 in most rural areas in most
countries of Central, Western and Eastern Europe (Fig. 5)
whereas they range from 7 to 13 µg/m3 at rural sites in
Scandinavian countries (excluding DK, Fig. 5). The data from
the study area are also intermediate when compared with
those from rural sites in the central (Italy and Cyprus) and
eastern (Macedonia) Mediterranean countries, with PM10
ranging from 34 (Cyprus) to 14 (Macedonia) µg/m3 (Fig. 5).

Fig. 4 – Annual evolution of hourly mean wind direction (degrees) and wind speed (m/s). 2002 and 2003 data from Santa Maria de
Palautordera (METEOCAT).
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Fig. 5 – Annual PM10 ranges and mean values measured at the study sites compared with the data available in Airbase 2006
(http://air-climate.eionet.europa.eu/databases/airbase/airview/index_html) for rural sites of several countries of Europe.

As regards PM2.5 (Table 2), the mean annual levels ranged
from 8 to 10 µg/m3 in the Atlantic and central Spain, from 10 to
11 µg/m3 in southern Spain, and from 8 to 13 µg/m3 in eastern
Spain. It is clear that PM10 and PM2.5 do not show the same
spatial variations over Spain. Thus, the highest PM2.5 levels are
recorded at MSY, Cabo Creus and Els Torms (Eastern Iberia),
where the highest regional anthropogenic emissions are
present, followed by Viznar and Barcarrota (Southern Iberia),
where probably African dust has a higher incidence in PM2.5
levels. Most of the remaining monitoring sites recorded levels
close to 8 µg/m3.
The ratio PM2.5/PM10 reaches the lowest values in the
Canary Islands (Querol et al., 2008) and Southern IP, with 0.4
and 0.5, respectively. In most of the other areas of the IP, the
PM2.5/PM10 ratio ranges from 0.6 to 0.7, with the exception of
the industrialized regions (such the Barcelona region), where
the RB ratio reaches 0.8 (MSY). Again the coarser grain size
distribution trend shown in Table 2 for the Southern sites is
probably the result of the higher mineral load in PM10 owing to
the drier climate (especially in summer) and the proximity to
the African desert regions. Although sea spray may reach
relatively high levels in the coastal areas, at MSY sea spray
levels are expected to be relatively low due to the distance to
the coast, thus the coarse features are attributed to higher
mineral dust levels in this specific location.
PM1 levels have been continuously measured at MSY since
2002. Mean annual levels were 11 µg/m3, ranging from 9 to
13 µg/m3. The PM1/PM2.5 ratio reached 0.8 constantly as an
annual mean value for each of the 6 years of measurement.
Similar PM2.5 and PM1 levels and PM1/2.5 ratios were reported
for the rural site of Bemantes in Northwest Spain for the year
2001 by Salvador et al. (2007). PM1 levels measured at Monte
Cimone in Italy were 7 µg/m3, which were 30% lower than

those recorded at MSY (Marenco et al., 2006). This is probably
because Monte Cimone can be considered as a remote site
(2165 masl), but MSY represents the RB.

4.2.

Inter annual trends

Temporal trend analyses were applied to the annual and
monthly datasets available between 1995 and 2007 from the
five monitoring sites (Cabo de Creus, Zarra, Coratxar, Monagrega and MSY), with different data coverage (6 to 13 years)
depending on the site (Table 2).
The Mann–Kendall tests showed no significant temporal
trends for annual or monthly PM concentrations for Cabo de
Creus (PM10 and PM2.5), Zarra (PST, PM10, PM2.5) and Monagrega
(PM10). Detectable, although not highly significant trends (level
of significance α = 0.1) were observed for Cabo de Creus (TSP) for
the month of June and Coratxar (TSP) for March.
Conversely, more significant and robust results were
obtained for the MSY site, despite the relatively shorter dataset
(2002–2007). Steadily decreasing trends were detected for annual
mean concentrations but also for different months. These were
consistent for the different PM size fractions (PM10, PM2.5, PM1).
Mean annual PM10 and PM2.5 concentrations showed an average
decrease of 40% and 34%, respectively, for the entire monitoring
period (at 0.05 significance level). In absolute terms this decrease
is equivalent to 7 µgPM10/m3 and 5 µgPM2.5/m3 between 2002 and
2007, and these trends may be considered as significant (Fig. 6).
In the fine fraction (PM1) a somewhat smaller decrease was
detected (28%) even though it was not significant (α N 0.1). Based
on the observation of Aerosol Optical Depth index obtained by
MODIS, Papadimas et al. (2008) detected similar decreasing
trends for the North-West of the IP. The different trends
observed in this study of the coarser (PM10, PM2.5) and fine
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Fig. 6 – Temporal trends for PM10 and PM2.5 detected at Montseny by means of the Mann–Kendall test and Sen's method using
MAKESENS (Salmi et al., 2002).

(PM1) fractions suggest a variety of causes related to large-scale
meteorological processes or cycles, and/or to local or meso-scale
processes such as nearby anthropogenic emission sources.
The analysis of the monthly datasets provided evidence of
decreasing temporal trends for specific months of the year. PM
levels of all grain size fractions at MSY showed the strongest
and most consistent decrease during March for the entire
study period, with a reduction of 66% in PM10, 65% in PM2.5 and
60% in PM1 (α = 0.05). June and July also showed similar trends
in PM10 and PM2.5 although not in PM1 (an average decrease of
48–51%, α = 0.05). No significant trends were observed for the
winter months (November through January) for any of the size
fractions studied. The fact that significant decreasing trends
were detected during different seasons of the year (March,
June–July), and that no trends were observed in others
(winter), indicates that there is no single cause behind these
trends, but rather a combination of factors. The different
degree of influence of African dust outbreaks, the influence of
atmospheric processes such as sea-breeze circulations (typical
of summer) or pollutant concentration on the decreasing
boundary layer height (winter) would generate different
trends in different seasons. In addition, the influence of
local-scale anthropogenic emission sources could be deduced
for the winter period, given that the no clear trends were
detected for any of the size fractions.

4.3.

during African episodes the correlation may significantly
change from the mean values (Fig. 7). The later occur with a
relatively low frequency (12 to 24% of the days depending of
the year) compared to other days (76 to 88%) when PM from
regional and local sources prevail.
The above described daily trend may be attributed to the
following processes: early in the day atmospheric pollutants
are accumulated in the pre-coastal depression (highly populated and industrialized, crossed by important main roads);
subsequently the diurnal breeze development (activated by
insolation) increases the PM levels at MSY by transporting the
aged air masses upwards from the valley. The influence of
cleaner nocturnal drainage flows and the decrease of the
mixing layer height result in the lower nocturnal PM levels.
These lower levels are measured in the nocturnal to early

Daily variability of PM levels

The daily evolution of PM levels at MSY depends strongly on
the breeze circulation (mountain and sea breezes) that
dominates the atmospheric dynamics at this site (Fig. 7).
During the night (00–07 h GMT), relatively low PM levels were
recorded, coinciding with the western flow, with mean levels
for the period of 12, 9 and 6 µg/m3 for PM10, PM2.5 and PM1, in
winter and 15, 12 and 9 µg/m3 in summer. From early morning
(7–8 h GMT in summer, 9–10 h GMT in winter) to afternoon, PM
levels increase progressively, coinciding with the Southern
flow, reaching the highest values at around 13–14 h GMT in
summer and 15–16 h GMT in winter (Fig. 7). Mean maximum
hourly levels of 20, 16 and 13 µg/m3 in winter and of 23, 16 and
13 µg/m3 in summer were registered for PM10, PM2.5 and PM1,
respectively. Fig. 7 shows that the hourly levels of the different
grain size fraction ranges correlate relatively well, although

Fig. 7 – Mean summer and winter daily evolution of mean
hourly PM levels measured at Montseny.
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Fig. 8 – Annual relative frequencies of each air mass origin selected for the study region for the period 2002–2007. Air mass origin
considered: Atlantic advection (ATL); African dust outbreaks (NAF); Mediterranean (MED); European (EU); Regional recirculation
(REG); and Anticyclonic (ANT).

morning period due to the combination of the 720 masl of the
MSY station and the very low mixing boundary layer height of
this period; these causing, for this period of the day
considered, the decoupling of MSY site from the mixing
boundary layer. Consequently, the low levels measured may
be representative of the continental background. In many
aerosol studies performed in mountain areas PM levels are
measured only during the nocturnal period to diminish the
regional/local influence from mountain breezes and by the
growth of the mixing boundary layer. For most days of the year
this situation is prevailing, however for a few days reserve
strata with aged pollution aerosols or African dust outbreaks
may increase also the nocturnal aerosol levels, but these are
also influencing the continental background of the area. We
consider in this paper the regional–continental background as
the mean background levels of aerosols of a region with a
diameter of around 500 km (or European PM baseline levels in
this region), whereas the regional–local scale would have a
50 km size.
Thus, the above continental background is characterised by
levels of PM10, PM2.5 and PM1 reaching annual mean values of
13, 10 and 8 µg/m3 (with slightly higher and lower summer and
winter levels). The results are compatible with the measurements performed at remote sites in Central and Northern Spain (EMEP stations), with mean levels of 12–13 and 8–
10 µg/m3 for PM10 and PM2.5. If these values are subtracted
from the annual mean levels, the annual mean regional
contributions may be quantified in around 4, 3 and 2 µg/m3 for
PM10, PM2.5 and PM1. For the fine fractions these contributions
in winter are twice as large as those in summer probably
because of the occurrence of the anticyclonic pollution
episodes (see description below).

The inter-annual evolution of the continental background
levels show a clear decrease from 18, 13 and 9 µg/m3 (2002) to
12, 9 and 7 µg/m3 (2007) for PM10, PM2.5 and PM1, respectively,
whereas the regional contributions do not show this decreasing trend. The Mann–Kendall test was applied to the continental background mean levels calculated for MSY, showing
important results at 0.05 significance level for the PM10
fraction (average decrease of 36% for the entire monitoring
period). In absolute terms this decrease is equivalent to
6 µgPM10/m3 between 2002 and 2007. PM2.5 and PM1 showed
also decreasing, but not significant, trends of 51 and 28%,
respectively (equivalent to 4 µgPM2.5/m3 and 2 µgPM1/m3). This
trend is significant for PM10 (60%) and PM2.5 (38%) if only the
summer months are considered. In the fine fraction (PM1) a
similar decrease was detected (38%) even though it was not
significant (α N 0.1).
Day to day variation of PM levels at MSY is driven by the
concatenation of different meteorological scenarios that may
increase or reduce the levels and size of atmospheric
particulate matter in North-Eastern Iberia. In line with prior
studies these scenarios are as follows: Atlantic advective
conditions, African dust episodes, regional recirculation
episodes, European and Mediterranean transport episodes,
and local pollution episodes (Millán et al., 1997; Rodríguez
et al., 2002, 2003; Escudero et al., 2005, 2007a). Escudero et al.
(2007a) defined the summer anticyclonic episodes, equivalent
to the regional recirculation episodes, with impact on the PM10
levels at RB sites, and the winter anticyclonic episodes,
equivalent to the local pollution episodes. The latter have a
major influence in urban and industrial areas but a reduced
influence at rural sites owing to the high stability of these
scenarios, giving rise to the frequent formation of near ground

Table 3 – Mean levels of PM fractions at Montseny (period 2002 to 2007) for each air mass origin considered: Atlantic
advection (NA, North; NWA, Northwest; WA, West; SWA, Southwest); African dust outbreaks (NAF); Mediterranean (MED);
European (EU); Regional recirculation (REG); and Anticyclonic (ANT)

Montseny

µg/m3

NA

NWA

WA

SWA

NAF

MED

EU

REG

ANT

PM10
PM2.5
PM1

14
12
10

15
12
10

12
9
8

11
9
7

24
16
12

13
11
9

16
13
11

20
15
12

19
16
14
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inversion layers (Rodríguez et al., 2003; Escudero et al., 2007a).
Nevertheless, in this study the winter anticyclonic pollution
episodes were taken into account given the relative proximity
of large urban and industrial agglomerations. Frequencies of
the episodes that affect the study area were calculated for the
2002–2007 period (Fig. 8).
In order to evaluate the influence of the different meteorological scenarios affecting PM RB levels in the WMB, the time
series of PM10, PM2.5 and PM1 were classified in the above
atmospheric scenarios according to the origin of the air
masses. Mean PM levels obtained for each episode considered
are reported in Table 3. Atlantic and Mediterranean episodes
are related to low PM levels because of the renovation of air
masses and the occurrence of precipitations. In contrast,
African dust outbreaks, European episodes and regional recirculations may increase PM concentrations at RB sites. As
will be shown below, the winter anticyclonic episodes may
markedly increase the PM levels even in regional areas.
The Atlantic advection prevailed along the year at MSY,
with a range of frequency between 36% (2006) and 53% (2002)
days/year (mainly from NW Atlantic regions, 17%), with
episodes lasting from 2 to 10 consecutive days. Annual mean
levels (2002–2007) registered under Atlantic advection at MSY
reached 14, 11 and 9 µg/m3 of PM10, PM2.5 and PM1, respectively. PM under this scenario has a typical fine grain size
(with both PM2.5/PM10 and PM1/PM2.5 ratios reaching values
close to 0.8).
The transport of Mediterranean air masses towards MSY was
the least frequent scenario with a frequency of 2% (2002) to 7%
(2006) of the days/year and a mean duration of 2–3 days/episode.
This scenario is normally associated with strong winds and
rainfalls, causing the decrease in PM levels. Consequently,
annual mean levels were 14, 12 and 10 µg/m3 of PM10, PM2.5 and
PM1, respectively, with prevalent fine grain size particles (PM2.5/
PM10 and PM1/PM2.5 ratios close to 0.8).
African dust air masses may transport mineral dust from arid
areas located over North Africa, resulting in a marked increase in
PM levels at the IP (Querol et al., 1998a,b). Dust outbreaks
frequently occur in February–March and June–October (Rodríguez et al., 2001; Escudero et al., 2005), although sporadic
episodes were detected along the entire year. The inter-annual
frequency of this kind of episode varied considerably at MSY,
ranging from 12% (2005) to 24% (2003) days/year (Fig. 8), with a
mean duration from 2 to 5 days/episode. Annual mean levels

registered under this scenario were 24, 16 and 12 µg/m3 of PM10,
PM2.5 and PM1, respectively. Owing to the typical coarse size of
the mineral dust particles, coarse grain size distribution was
obtained (PM2.5/PM10 ratios close to 0.6 and PM1/PM2.5 close to
0.8). The highest PM10 levels were registered under this scenario
(Table 3), and high PM2.5 and PM1 levels were also recorded. The
African dust contribution to the annual mean PM levels was
quantified by applying the method proposed by Escudero et al.
(2007b). To this end, the daily PM10 RB levels were obtained by
applying a monthly moving 30th percentile to the PM10 time
series at MSY for days without African dust transport. Thereafter, the daily PM RB levels obtained were subtracted from the
daily PM levels recorded at MSY only on days when African dust
outbreaks occurred, the difference being the daily net African
dust load. Thus, the annual mean contributions of the African
dust outbreaks calculated for 2002–2007 in PM10, PM2.5 and PM1
were 1.7, 0.7 and 0.4 µg/m3, respectively. The highest contributions were determined in 2003, with 4.9, 2.4 and 1.7 µg/m3 and the
lowest from 2005 to 2007, with 0.9, 0.3 and 0.2 µg/m3 in PM10, PM2.5
and PM1, respectively. These results reflect the variability of the
frequency and intensity of African dust episodes. Thus the
highest frequency was obtained in 2003 (24% of the days) and the
lowest in 2005 (12% of the days). The mean dust contribution per
day/African episode was calculated for each year, with a
maximum contribution of 15 µgPM10/m3 for 2003 and 2004, and
a minimum of 10 µgPM10/m3 for 2006 and 2007.
The regional re-circulation episodes are developed from
May to October, with the highest frequency in mid summer
(Millán et al., 1997; Rodríguez et al., 2002). These episodes
occur over the WMB during low pressure gradient situations
and are characterised by the re-circulation and ageing of the
air masses over the WMB (Rodríguez et al., 2002). These
episodes account for between 14% (2004 and 2007) and 20%
(2006) days/year, lasting from 2–3 days to more than a week.
Annual mean levels registered under this scenario were
relatively high, with mean values of 20, 15 and 12 µg/m3 of
PM10, PM2.5 and PM1, respectively (Table 3). Fine particles were
predominant, with PM2.5/PM10 and PM1/PM2.5 mean ratios of
0.8, given that the formation of secondary aerosols is
enhanced under this meteorological scenario.
European air masses may occasionally increase PM levels
at MSY due to the long range transport of pollutants from
Central Europe. The frequency of these episodes ranged
between 5% (2006) and 9% (2005) days/year, with a duration

Fig. 9 – PM10, PM2.5 and PM1 levels registered at Montseny during an anticyclonic episode in February 2004. Sea level pressure
map from 4/02/2004.
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of a 2–4 days. Mean PM levels were very close to the annual
mean levels with mean values of 16, 13 and 11 µg/m3 of PM10,
PM2.5 and PM1, respectively (Table 3). The fine grain size
distribution (PM2.5/PM10 ratio 0.8 and PM1/PM2.5 0.9) is a
consequence of the relatively high proportion of secondary
inorganic aerosol content in these air masses.
Weak gradient anticyclonic conditions in wintertime were
recurrent over the WMB with a frequency from 7% (2004) to
16% (2007) days/year, and a mean duration of 4–8 days. The
absence of intense advections favours the stagnation of
pollutants around populated and industrialized areas (mostly
concentrated in the coastal and pre-coastal depressions in the
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study area) inducing a sharp increase in PM concentrations
over these areas. Owing to the thermal inversions associated
with these anticyclonic scenarios higher temperatures are
more frequent in the mountain areas (i.e. at MSY) than in the
depressions. After some days under an anticyclonic situation
local slope breezes can be activated by solar radiation pushing
polluted air masses from the valley (Vallès industrial area and
Barcelona metropolitan area) towards rural areas, thereby
markedly increasing the PM levels. At MSY mean PM10, PM2.5
and PM1 levels under anticyclonic scenarios reached 19, 16 and
14 µg/m3, respectively. These anticyclonic episodes are
characterized by a fine PM grain size (PM2.5/PM10 ratio 0.9

Fig. 10 – Top: Daily PM10, PM2.5 and PM1 recorded at Montseny for 2002–2007, showing the EU daily PM10 limit value (horizontal
line) and the occurrence of African dust outbreaks (NAF, rhombus). Middle: Mean monthly PM10, PM2.5 and PM1 recorded at
MSY. Bottom: Daily (thin line) and 30 days moving average (thick line) PM2.5/10 ratios measured at MSY showing the occurrence
of African dust outbreaks (NAF, rhombus).
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and PM1/PM2.5 0.9) because of the predominance of secondary
inorganic compounds and anthropogenic carbonaceous species. Fig. 9 shows the variability of PM levels at MSY under an
anticyclonic scenario in February 2004. Very low background
levels (close to 5 µgPM10/m3, hourly basis) are recorded during
the late evening and night. At midday, levels of fine PM
particles show a sharp increase (up to 100 µgPM10/m3 and
70 µgPM1/m3, hourly basis) owing to the transport of PM
pollutants from the pre-coastal depression. During some days,
PM levels may be high even during the night, probably due to
the influence of stable polluted layers upwards injected during
the day (see data from the end of the episode in Fig. 9). These
episodes account for the highest PM1 concentrations recorded
at MSY, both in hourly and daily basis, and consequently have
a great impact on PM in the elevated rural areas of the WMB.

4.4.

Seasonal evolution of PM levels

PM levels at MSY follow a clear seasonal trend. The highest
levels are registered during the summer months (especially June
and July). This summer increase is associated with the highest
frequency of African dust outbreaks, the recirculation of air

masses that prevent air renovation, the low precipitations
registered, the highest resuspension owing to the dryness of
soils during this period and the formation of secondary aerosol
from gaseous precursors caused by the maximum solar
radiation (Querol et al., 2001a,b; Viana et al., 2002; Escudero
et al., 2005). The summer increase is more pronounced in the
coarse fraction (PM2.5–10) than in the finer fractions (PM1–2.5 and
PM1) because of the coarser size of the mineral dust and the
occurrence of coarse summer-nitrate particles (Fig. 10). Even if
levels of nitrate are usually higher in winter, levels of coarse Ca
and Na nitrate are usually higher in summer as a consequence
of the interaction of gaseous nitric acid with sea salt and mineral
dust, as described by Querol et al. (2001a,b) for urban areas of the
study area. In the remaining months of the year the levels are
relatively low owing to the high frequency of Atlantic advection
and precipitation rates. However, a less pronounced seasonal
maximum is usually recorded in the winter months (from
November to March) when PM levels rise because of intense
pollution episodes of anthropogenic (winter anticyclonic scenarios) and natural (African dust) origins. The seasonal variation
of PM levels at MSY is also influenced by the evolution of the
thickness of the boundary layer. Thus, when the monitoring site

Fig. 11 – Daily PM10 recorded at Montseny for 2004, showing the EU daily PM10 limit value (bold line) and the occurrence of
African dust outbreaks (NAF), Atlantic advection (ATL), Mediterranean (MED), European (EU), Regional recirculation (REG) and
Anticyclonic (ANT) episodes. Moving average PM10 (grey line) reflects the background PM10 levels. See sectors for the origin of
air masses in the bottom figure.
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is outside the boundary layer (especially in winter), it is less
affected by regional anthropogenic emissions. In contrast, the
high vertical development of the boundary layer in summer
allows PM pollutants to reach the monitoring site.
The occurrence of the above seasonal trend (characterized
by summer and February–March PM maxima) may vary from
one year to another (Fig. 10), depending on the intensity of the
pollution and African dust episodes in winter, and on the
dryness and frequency of dust episodes in summer. Thus, the
high PM levels recorded in the summer 2003 were due to the
heat wave and to the very frequent and intense African dust
episodes (Figs. 8 and 10). The relatively low PM levels recorded
in the summers 2002 and 2005 were related to the high
precipitation (2002) and to the low frequency and intensity of
dust outbreaks (2005) (Figs. 8 and 10). However, 2004 and 2005
underwent intense February–March dust outbreaks, considerably raising the PM levels in winter (Fig. 10).
This seasonal evolution of atmospheric scenarios also plays
a major role in the PM2.5/10 and PM1/2.5 ratios. Thus, the typical
winter PM2.5/10 reach values of 0.9–0.8 (Fig. 10) owing to the fine
PM size of the low PM episodes under Atlantic advection
scenarios and to the high (and fine) PM pollution episodes in
winter. Sporadically, these ratios decrease to 0.3 in accordance
with the occurrence of intense winter dust outbreaks (Fig. 10). In
summer, PM2.5/10 fall to mean values of 0.7 (due to higher levels
of background dust and coarse nitrate), with values reaching 0.3
in intense summer dust outbreaks. Summer PM2.5/10 may
decrease to mean values of 0.5 for specific years such as the
2003 summer heat wave or may reach 0.7 in years with very light
summer conditions (2005) (Fig. 10).

5.

Conclusions

PM10 RB levels along the Spanish Mediterranean coast may be
regarded as intermediate when compared with those obtained
at other background sites in the IP, Northern and Eastern Europe
and the East Mediterranean basin. However, PM2.5 levels are
higher at the Mediterranean sites, reflecting a greater influence
of anthropogenic emissions. Regarding the mean PM levels
registered in the 2002–2007 period (17, 13 and 11 µg/m3 of PM10,
PM2.5 and PM1, respectively), the MSY site could be considered as
representative of the RB PM pollution in the WMB.
Atmospheric dynamics at MSY (elevated rural areas in the
WMB) are dominated by mountain and sea breezes which
regulate the daily evolution of PM levels. During the night the
nocturnal drainage flows and the decrease in the mixing layer
height result in lower PM levels at the RB sites. PM levels
measured during the night allowed us to estimate the continental background levels in 12–13, 8–10 and 6–8 µg/m3 of PM10,
PM2.5 and PM1, respectively.
Day to day variation of PM levels in the WMB is governed by
the concatenation of different meteorological scenarios, affecting the PM concentrations and size distribution of PM. The
seasonal distribution of these episodes together with the
climatic patterns of the WMB gives rise to a marked seasonal
pattern for PM background (see 2004 as an example, Fig. 11).
Maximum PM10 background levels are recorded in summer,
associated with the elevated frequency of African dust outbreaks, the recirculation of air masses over the WMB, the lowest
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precipitations, the intense resuspension due to the dryness of
soils, the enhanced formation of coarse secondary aerosols and
the highest development of the boundary layer. Secondary
maximums are observed in February–March and November
attributed to Saharan dust episodes and winter anticyclonic
scenarios. Minimum values are recorded during the rest of the
year owing to the higher frequency of Atlantic advection and
precipitation rates. This background trend is overlapped by PM
peak episodes, mainly attributed to Saharan dust outbreaks and
anticyclonic episodes.
This study shows that the winter anticyclonic scenarios,
with a known impact on PM levels in urban and industrial
areas, could have a notable influence on the PM levels
recorded at elevated RB areas in the WMB. These pollution
episodes mainly occur from November to March when low
temperatures are registered at night and relatively high
temperatures are reached at noon, favouring the activation
of mountain winds that transport polluted air masses from
nearby urban and industrialized areas. Under these scenarios,
the hourly levels of PM1 at MSY may reach 75 µg/m3.
A significant decrease in PM10 and PM2.5 was recorded at MSY
(in contrast to PM1) from 2002 to 2007. Decreasing temporal
trends were registered for March and June and July, but not for
the winter period. Mean annual PM10 and PM2.5 concentrations
showed an average 40% and 34% decrease for the entire
monitoring period. In absolute terms this decrease is equivalent
to 7 µgPM10/m3 and 5 µgPM2.5/m3. Similar decreasing trends were
detected by Papadimas et al. (2008) for the North-West of the
Iberian Peninsula based on MODIS data. The different trends
observed in our study for the coarse (PM10, PM2.5) and fine (PM1)
fractions suggest a variety of causes related to large-scale
meteorological processes or cycles, and/or to local or meso-scale
processes such as nearby anthropogenic emission sources.
The inter-annual evolution of the continental background
levels (night levels at MSY) show a clear decrease from 18, 13
and 9 µg/m3 (2002) to 12, 9 and 7 µg/m3 (2007) for PM10, PM2.5
and PM1, respectively, whereas the regional contributions do
not show this decreasing trend. This trend could be partially
attributed to the variability of the frequency and intensity of
the Saharan dust episodes during this relatively short period
(2002–2007). Thus, the highest mean annual African dust
contribution was registered in 2003, and the lowest from 2005
to 2007. Nevertheless, this trend to lower contributions of
Saharan dust does not wholly account for the decreasing trend
observed for PM10 and PM2.5. Chemical characterisation of
PM10 and PM2.5 carried out at the MSY site since 2002 could
provide some insight into the causes of this trend.
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