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2Centre for Environmental and Marine Studies, University of Aveiro, Aveiro, Portugal

Lisbon is the largest urban area in the Western European coast. Due to this geographical posi-
tion the Atlantic Ocean serves as an important source of particles and plays an important
role in many atmospheric processes. The main objectives of this study were to (1) perform
a chemical characterization of particulate matter (PM,5) sampled in Lisbon, (2) identify the
main sources of particles, (3) determine PM contribution to this urban area, and (4) assess the
impact of maritime air mass trajectories on concentration and composition of respirable PM
sampled in Lisbon. During 2007, PM; ;5 was collected on a daily basis in the center of Lisbon
with a Partisol sampler. The exposed Teflon filters were measured by gravimetry and cut into
two parts: one for analysis by instrumental neutron activation analysis (INAA) and the other
by ion chromatography (IC). Principal component analysis (PCA) and multilinear regression
analysis (MLRA) were used to identify possible sources of PM, 5 and determine mass contri-
bution. Five main groups of sources were identified: secondary aerosols, traffic, calcium, soil,
and sea. Four-day backtracking trajectories ending in Lisbon at the starting sampling time
were calculated using the HYSPLIT model. Results showed that maritime transport scenarios
were frequent. These episodes were characterized by a significant decrease of anthropogenic
aerosol concentrations and exerted a significant role on air quality in this urban area.

The Clean Air for Europe program esti-
mated that approximately 350,000 premature
deaths occur annually due to exposure to ambi-
ent air fine particulate matter (PM,5) (Amann
et al., 2005). Adverse effects attributed to air
pollution by PM;s are especially important
where dense urban populations are exposed
to anthropogenic emissions. These observa-
tions convinced policymakers to legislate more
and more stringent emission and air pollution
limit levels. Therefore, in urban areas the iden-
tification of pollutant sources and a reliable
estimation of their contribution to PM; 5 lev-
els are essential to develop efficient markers
of transport to initiate actions for mitigation to
achieve legislated levels and reduce adverse
health effects.

In urban areas traffic emissions are the pre-
dominant source of PM not only due to vehicle
exhaust but also due to resuspension of particles
from the road surface (Almeida et al., 2006a).
In addition to the local and regional PM sources,
the levels and physical and chemical properties
ofambientair PM (Chioetal., 2012) depend also
on climatology mainly temperature, humidity,
photochemistry, resuspension of soil particles,
rain scavenging potential, recirculation of air
masses, and stability, as well as on geography,
including proximity to the coast, topography, soil
cover, and proximity to arid zones of a given
region (Pérez etal., 2008). Therefore, wide vari-
ations in PM levels and characteristics may be
expected when considering different European
locations (Putaud et al., 2010).
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Due to the geographical position of Lisbon
on the extreme southwest of Europe and to
the dominant western wind regime, this nation
is influenced by the presence of the semiper-
manent Azores high-pressure and the Icelandic
low-pressure systems over the North Atlantic
Ocean; thus, maritime effects are important for
this urban aerosol. The main objectives of this
study were to (1) perform a chemical character-
ization of PM,_ 5 sampled in Lisbon; (2) identify
sources of PM; (3) quantify their contributions
to PM, 5; and (4) assess the impact of the geo-
graphical localization of Lisbon with respect
to concentration and composition of respirable
particles.

EXPERIMENTAL

Site Description

PM,s was sampled in Lisbon during
the year 2007. Lisbon is the capital and
largest city of Portugal, with a population of
564,657 within its administrative boundaries
on a land area of 84.8 km?2. The urban area
of Lisbon extends beyond the administrative
city limits with a population of 2.4 million on
an area of 958 km?. Lisbon is the western-
most large city located in Europe, as well as
its westernmost capital city and the only one
along the Atlantic coast. The sampling station
was located in the urban center of Lisbon (Av.
Rovisco Pais, 38°44'N; —9°8’'W), 4 km from
the Tagus Estuary valley and 20 km from the
Atlantic Ocean (Figure 1), and surrounded by
high-density traffic roads.

APM Sampling and Analysis

PM,_5 was collected for 24-h periods (start-
ing at 0:00 and ending at 23:59) during 365 d.
Sampling was conducted with a Partisol sam-
pler operating at a flow rate of 16 L/min.
Aerosol samples were collected on Teflon fil-
ters with 47 mm diameter. The filter loads were
measured by gravimetry. Filter weight before
and after sampling was obtained as the mean
of three measurements. The exposed filters
were cut into two parts: One was analyzed
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by ko-based instrumental neutron activation
analysis (ko-INAA) (Bowen and Gibbons, 1963;
De Corte, 1987) for elemental characteriza-
tion and the other was analyzed by ion chro-
matography (IC) (Chow and Watson, 1999) for
water-soluble ion determination.

For elemental analysis, filters halves were
rolled up, placed into a polyethylene container
and irradiated for 5 h at a thermal neutron
flux of 1.03 x 10" cm=2 s7" in a Portuguese
Research Reactor. For each irradiated sam-
ple two gamma spectra were measured with
hyperpure germanium detectors: one spectrum
2-3 days after the irradiation and the other one
after 4 wk. The ko-INAA method was used and
0.1% Au-Al discs were co-irradiated as com-
parators. The concentrations of the elements
Na, K, Sc, Fe, Co, Zn, As, Se, Br, Sb, and
La were determined in PM; 5 filters. Tests of
reproducibility within filters and between fil-
ters were conducted using parallel sampling
with two similar sampling units and measuring
the particle species by ko-INAA. Results were
reproducible to within 5-15%, providing reli-
able support for the validity of the analytical
techniques (Almeida et al., 2003a, 2003b). The
accuracy of analytical methods was evaluated
with NIST filter standards, revealing results with
an agreement of £10% (Almeida et al., 2006b).

For water-soluble ions determination, filter
halves were extracted with distilled deionized
water by ultrasonic and mechanical shaking
and filtered through a prewashed Whatman
42 filter. The aqueous extract was analyzed by
IC to determine concentrations of Cl=, NO3~,
SO4%, Ca*t, Mg?*, Na*, and K*. Further, for
quality assurance during the sampling cam-
paign, 15 blank filters were treated the same
way as regular samples. All measured species
were homogeneously distributed; therefore,
concentrations were corrected by subtracting
the filter blank contents.

Air Quality Monitoring Network

This study also used PM; 5 measurements
performed in two Lisbon monitoring stations:
Entrecampos classified as an urban traffic
station and Olivais considered as an urban
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background station. These stations belong to
the Portuguese Environment Agency (APA) Air
Quality Monitoring Network. Beta-attenuation
monitors were used for PM; 5 automatic mea-
surements.

Air Mass Trajectories, PCA and MLRA
Procedures

For each starting sample date, 4-d back-
tracking trajectories ending in Lisbon were
calculated using the HYSPLIT model (Draxler,
2009) at 50, 500, and 1000 m height and
the vertical velocity option. According to the
backtracking trajectories, air masses arriving in
Lisbon during the sampling campaign were
classified into three main groups: (1) Sea:
Maritime air masses, if backtracking trajectories
indicated an ocean origin without continen-
tal contamination during the previous 4 d;
(2) S Cont.: South Continental air masses, if
backtracking trajectories indicated an African
or Southern Europe origin; and (3) NC Cont.:
North/Center Continental air masses, if back-
tracking trajectories indicated an origin in the
North or Central Europe. Samples associated
with ocean origin trajectories, with a final recir-
culation through the Iberian Peninsula,or trajec-
tories that indicated an European origin with
a final recirculation through the ocean were
considered as “other” in Figure 1.

Sources categories for PM, 5 constituents
were identified by means of principal compo-
nent factor analysis (PCA) using STATISTICA
software according to the methodology
described by Almeida et al. (2005). This
was performed by utilizing the orthogonal
transformation method with Varimax rotation
and retention of principal components whose
eigenvalues were greater than unity. Factor
loadings indicated the correlation of each
pollutant species with each component and
are related to the source emission composition.
Only the species quantified in more than 80%
of the samples were retained for PCA analysis.
The contribution of each source group to
the aerosol burden was then quantitatively
assessed by means of a multilinear regression
analysis (MLRA). MLRA was applied to the

S. M. ALMEIDA ET AL.

experimental data, using as dependent vari-
ables PM, s total mass concentrations and as
independent variables the species that had the
highest factor loading in each factor. The result
of this analysis was the daily contribution of the
different sources to PM, 5 levels, which then
enabled interpretation of seasonal patterns
of source contributions. The nonparametric
Mann-Whitney U-test was used to compare
the contribution of sources for each air mass
trajectory type. Statistical significance was
set as p < 0.05. Statistical calculations were
performed using STATISTICA software.

RESULTS AND DISCUSSION

PM, 5 Concentrations

Figure 1 shows the frequency of the air
masses trajectories that affected Lisbon during
the year 2007. It is clear that Lisbon aerosol
was markedly affected by maritime aerosol,
either by pure sea trajectories (37%) or by
ocean-origin trajectories with a final recir-
culation through the Iberian Peninsula. The
trajectories indicated a European origin with
a final recirculation through the ocean (39%).
In order to assess the influence of different
air mass trajectories for the aerosol, Table 1
presents mean concentrations and respective
standard deviation for PM, 5 constituents not
only for all samples but also for those differenti-
ated by air mass trajectories type. In 2007, the
mean concentration measured in the center of
Lisbon was 18 ng/m?3. Compared with other
European urban areas, mass concentrations
were in general lower than levels measured
in Southern and Central Europe and in the
same range of values of Northwestern Europe
(Putaud et al.,, 2010). Table 1 shows that
samples associated with air mass trajectories
coming from the sea presented significantly
lower PM,5 concentrations compared with
samples associated with South Continental and
North/Center Continental air masses.

The European Directive 2008/50/EC of
217 May 2008 on ambient air quality and
cleaner air for Europe established two stages
for PM; s annual limit value concentrations.
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FIGURE 1. Sampling localization and air mass trajectories sectors categorization and frequency (Sea, maritime air masses; S. Cont, South
Continental air masses; N/C Cont, North Center Continental air masses).

Stage 1 indicates that the annual limit value
for this pollutant is 25 pg/m* and that the
date by which the limit value is to be attained
is 1 January 2015. In Stage 2, the annual
limit value is set at 20 pg/m? and is to be
attained by 1 January 2020. The directive itself
states that these indicative limit values must be
reviewed by the commission in 2013 in light of
further information on health and environmen-
tal effects, technical feasibility and experience
of the target value (25 ug/m* on January 1,
2010) (EU, 2008). Both target values were not

exceeded in the sampling campaign performed
in 2007.

The U.S. Environmental Protection Agency
(EPA) set the permitted annual maximum con-
centration at 15 pg/m? (U.S. EPA, 2006). The
World Health Organization (WHO) established
an annual average concentration of 10 pg/m?
as the long-term guideline values for PMj s
(WHO, 2006). This value represents the low-
est value at which total, cardiopulmonary, and
lung cancer mortality were found to increase
with more than 95% confidence in response
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TABLE 1. Mean concentrations of elements and water soluble ions measured in PM> 5 (values in ng/m3) for all samples and discriminated
by air mass trajectories (Sea, maritime; S. Cont., South Continental; NC Cont., North/Center Continental)

All (n = 348) Sea (n = 128) CS (n = 22) CNC (n = 61)
PMa s 18,000 % 12,000 13,000 % 7700 22,000+ 13,000 23,000+ 15,000
S04 2800 + 2200 1800 = 1400 2900 + 2200 3300 £ 2000
NO;~ 1600 & 2800 910+ 1100 2000 £ 2700 2600 + 4400
NH4* 130041100 760 + 800 1300 4990 170041100
Na+t 390320 540+ 380 310+£270 240+190
cl- 290+ 340 400400 300270 220+270
K 220190 140+ 140 340+ 260 300£170
K+ 160+ 140 100+ 95 220+180 150+ 160
Ca2* 160+ 73 140+ 65 200100 190 + 80
Fe 160+ 180 140 + 250 240+ 250 160+ 85
Mgt 46439 64444 40433 27 421
Zn 32428 21422 38+31 45430
Br 49+938 57415 3.14+2.8 46+3.5
Sb 1.842.0 14421 23420 27426
Se 0.7340.63 0.6340.80 0.6940.43 0.76 £0.43
As 0.61+0.86 0.4240.83 12416 0.7240.59
Co 0.1640.23 0.1540.19 0.16£0.12 0.16£0.11
La 0.13£0.20 0.1140.28 0.1940.22 0.134+0.084
Sc 0.032 4 0.099 0.064+£0.18 0.043 £0.081 0.014+£0.014
to long-term exposure to PM; 5 (Samet and 30
Krewski, 2007; Cohen et al 2005; Krewski et al, EU - 1% stage
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2004; Pope et al., 2002). In 2007, both PM; 5
U.S. EPA limit value and WHO guideline were
exceeded.

Figure 2 shows the PM; 5 annual average
concentrations measured by the Portuguese
Environment Agency (APA) Air  Quality
Monitoring Network since 2003 to 2008.
Besides the significant decrease of PMj s
concentrations since 2003, in order to achieve
the ambitious goal proposed by WHO and
to reduce the levels of PM,5, the country
needs to adopt an increasingly more stringent
set of standards and track progress through
monitoring of emission reductions.

The major species that had concentrations
generally higher than 1 pug/m? measured in
PM, 5 were SO;~2, NO3~, and NH4*. These
species are principally associated with anthro-
pogenic sources and secondary production
mechanisms. Samples associated with air mass
trajectories originating from the sea presented
significantly lower SO42°, NO3~, and NH4"
concentrations compared with samples associ-
ated with South Continental and North/Center
Continental air masses. A similar trend was
observed for other minor anthropogenic PM; 5
constituents, including Zn, Sb, Se, and As.

EU - 2 stage

NS}
(=]
1

EPA

WHO

[PMys] (ng/m?)
s o

W
1

2003 2004 2005 2006 2007 2008

FIGURE 2. PM; s concentrations measured in the centre of
Lisbon from 2003 to 2008 by APA. Annual limit values established
by EU, EPA and WHO. Values in pug/m?>.

Source Apportionment

PCA applied to PM, 5 particulate species
identified 5 main chemical profiles sources,
which accounted for 81% of the total variance.
The results from the PCA performed on the
data set are summarized in Table 2. Only ele-
ments with factor loadings >0.2 are shown.
Interpretation of source profiles is mostly based
on elements with factor loadings >0.6 consid-
ered as tracers of the different sources. The
first principal component (PC) represented soil
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contribution, given that it presents high fac-
tor loadings for Fe, La, Sc, and nonsoluble K
(calculated as K-K™), which are typical soil ele-
ments (Almeida et al., 2008). Soil enrichment
factors considering Sc as a crustal reference
element and Mason and Moore soil compo-
sition (FEsc= (IXI/[Sclpm/(IX1/1SCDcrust; Mason
and Moore, 1982) were determined for Fe
(average = 17), La (average = 19), and K (aver-
age = 54) (Figure 3). These results confirmed
that Fe and La had a crustal origin with a negli-
gible anthropogenic source to the atmosphere.
K presented higher enrichment factors showing
that other sources contributed to its emission.
PCA results showed an association of K with
different sources depending on its solubility:
(@) Mineral aerosol was principally associated
with nonsoluble K, whereas (b) Kt presented
a strong correlation with PC2.

K*, NO3~, Zn, Br, Sb, and As correlated
with PC2, which represented traffic emissions.
Previous studies demonstrated an association
between NO3;~ and K with road vehicles
exhaust and Zn and Sb with tires and brake
wear (Almeida et al., 2009). Enrichment factors
for Zn, Br, Sb, and As suggested a significant
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fraction of these elements originated from non-
crustal sources.

In an attempt to quantify additional aerosol
input by road traffic, roadside impact (RI) fac-
tors were calculated (Oliveira et al., 2010). This
study defined RI as the fractional difference
between the concentrations at the roadside (R)
and urban background (UB) sites (RI = (R —
UB)/R). For that, PM, 5 data from the APA road-
side station (Entrecampos) and from the back-
ground station (Olivais) for 2007 were used.
An average Rl of 9.6% was found for PMj s
where RI factors were higher on weekdays
(10%) than weekends (3.7%).

In the Lisbon urban area, road traffic is
markedly reduced on weekends due to the
absence of commuter traffic and heavy-weight
vehicles transporting goods and materials.
Therefore, a weekday impact (WI) factor was
also determined as a contribution to quantify
additional particles input by traffic (Figure 4).
WI was defined as the fractional difference
between PM; s and its constituent concentra-
tions measured on weekday (W) and weekend
(WE) (WI = (W — WE)/W). The highest WI val-
ues were calculated for the elements associated

TABLE 2. Varimax normalized rotated factor loading and communalities obtained in PCA applied to PM; 5

PC1 PC2 PC3 PC4 PC5
Soil Vehicles Sea Secondary A Ca source Comun.
As 0.58 0.61 0.78
Br 0.70 0.27 0.63
Co 0.76 0.40 0.21 0.81
Fe 0.96 0.95
La 0.97 0.94
Sb 0.32 0.61 0.45
Sc 0.94 0.95
Se 0.72 0.37
Zn 0.24 0.73 —-0.24 0.66
Cl- 0.28 0.31 0.76 —-0.23 —0.22 0.77
NO3~ 0.86 0.87
SO4* 0.94 0.90
Na* 0.95 0.95
NH4 T 0.25 0.52 0.71 —0.21 0.93
K+ 0.91 0.80
Mg?* 0.93 0.95
Ca** 0.95 0.67
K, nonsoluble 0.83 0.77
Eigenvalues 4.71 3.99 2.55 2.12 1.20 14.50
Percent total variance explained 26.2 22.0 14.2 11.7 6.7 80.80

Only factor loadings with absolute values greater than 0.2 are presented and factor loadings with absolute values greater than 0.60 are

presented in bold.
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FIGURE 3. Enrichment factor using Sc as a reference element
and Mason and Moore (1982) soil composition.
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FIGURE 4. Weekday Impact factor (WI=(W-WE)/W).

with soil including Co, Fe, La, Sc, and Ca’*
(WI > 15%). This variability between weekdays
shows that most of the soil-derived dust is pro-
duced by anthropogenic activities, presumably
resulting from road dust resuspension by road
traffic (Almeida et al., 2006a). Zn that is pre-
dominantly generated from tires and motor oils
and NO;~ that originates from vehicle exhaust
had WI factors of 14 and 10%, respectively.

PC3 presented a strong correlation with
Na*, Mg?*, and CI~ and representing marine
aerosol emissions (Almeida et al., 2006¢).
Figure 5 shows the relationship between Mg+
and Na't. The line represents bulk seawater
weight concentration ratio (Mg?*/ Na* = 0.12)
(Bowen, 1979). It is evident that Mg?™ is asso-
ciated with Na*. The slope of the regression
line (0.12) compares quite well with Mg?* /Na*
ratio for bulk seawater, revealing a common
origin in the sea.

S. M. ALMEIDA ET AL.

3000
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FIGURE 5. Relationship between Mg?*, ClI~ and Na*.
Mg?*/Na* (_) and CI=/Na* (—) ratios for sea water (Bowen,
1979).

The association between Cl~ and Na* sug-
gests an unstable relationship between these
elements. Nearly all points were located below
the bulk seawater ratio line. This deficit was
suggested to be the result of reaction of NaCl
with acidic species (HNO3, SO;, and H,SO,),
leading to a displacement of CI~ as HCI (Pio
and Lopes, 1998). The enrichment of Cl~ for
some samples is probably due to the emission
of CI~ by industrial sources and motor vehi-
cles, with formation of NH4Cl from gaseous
precursors (Almeida et al., 2006b).

SO4% and NH;*, which are generated
from gas to particle conversion processes
from SO, oxidation and NH;3; neutralization
(Almeida et al., 2006¢), were the main com-
pounds defined as the fourth PC. Figure 6
shows that SO42~ and NH4;* concentrations
presented a correlation, which indicates that
SO4%~ was mainly present as (NH4)2SO4
and/or NH4HSOy. PC5 correlated with Ca?*.
This element is associated with the cement
industry emissions and in Lisbon may also result
from calcareous rocks used for sidewalk coat-
ing. The average enrichment factor for this ion
was 31, showing a small enrichment in relation
to soil composition.

Source Contribution

Source contributions to PM; 5 were inves-
tigated by means of MLRA. The sum of the
estimated source contributions corresponds to
the modeled PM, 5 concentrations. Figure 7
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FIGURE 7. Relationship between PM; 5 concentration calcu-
lated by PCA/MLRA and determined by gravimetry.

provides evidence of good correlation between
modeled and gravimetric PM; 5 results with
an r value equal to .92. However, the slope
shows that approximately 20% of mass was not
explained by the model.

The daily absolute and relative sources
contributions for modeled PM, 5 are presented
Figure 8a and Figure 9a, respectively. These
figures show that the largest contribution
to PM,s total mass were from the sec-
ondary aerosol (32%) and vehicle exhaust
(30%). Mineral aerosol from soil con-
tributes 9%, marine aerosol 5%, and Ca
source 24%.

Figure 9 shows that source contribution
illustrated seasonality characterized by higher
contributions of secondary aerosol (48%) dur-
ing summer/spring, due to the photochemical
reactions, and that higher vehicles emissions
(42%) contributions during winter/autumn
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FIGURE 8. Source contribution for the modelled total PM; s
mass concentration (a) and discriminated by air mass type (Sea
— maritime air masses; S. Cont — South Continental air masses;
N/C Cont — North Centre Continental air masses) (b). Values in
ug/m3 (color figure available online).

were associated with the preferential forma-
tion of ammonium nitrate at lower winter
temperatures. The average source contribu-
tions were calculated for the main types of
air masses trajectories. The results presented
in Figure 8b and Table 3 indicate that air
mass trajectories exerted a major influence on
PM,5 concentrations. For maritime samples
the mean contributions of secondary aerosols,
vehicles, soil, and Ca sources were signifi-
cantly lower compared with samples associ-
ated with South Continental and North/Center
Continental air masses trajectories. The contri-
bution of the sea for PM; 5 was not significantly
higher during the maritime air mass trajecto-
ries. This fact is probably due to the higher
contribution of this source to the coarse PM
fraction.
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FIGURE 9. Relative source contribution for the modelled total
PM; 5 mass concentration (a); Average relative source contribu-
tion to PM; 5 mass concentration during Winter/Autumn (b) and
Summer/Spring (c) (color figure available online).

TABLE 3. p Value using Mann-Whitney U-test to assess the dif-
ferences associated with each air mass trajectories in PM; 5
total concentration and in the source contribution (significant
differences marked in bold for p < 0.05)

Sea vs. Sea vs. S Cont. vs

S Cont. NC Cont. NC Cont.
PMs 5 0.000 0.000 0.514
PC1 - Soil 0.001 0.000 0.274
PC2 - Vehicles 0.000 0.003 0.499
PC3 - Sea 0.137 0.000 0.151
PC4 — Secondary A. 0.000 0.000 0.290
PC5 - Ca source 0.001 0.000 0.971

CONCLUSIONS

In this study a chemical characterization
of PMy 5 sampled in Lisbon during the year
2007 was made and the main conclusions may
be summarized as follows:

1. Five main groups of sources were identified:
secondary aerosols, traffic, calcium, soil, and
sea.

2. The largest contribution to PM; 5 total mass
was secondary aerosol and vehicle exhaust.

S. M. ALMEIDA ET AL.

3. The contribution of identified anthropogenic
sources to PM; 5 was significantly lower for
maritime samples.

4. The geographic position of Lisbon, on
the Western European Coast, exerts a
major influence on PM, 5 concentrations.
Maritime air mass trajectories are usually
associated with transport of cleaner air
masses from the Atlantic Ocean and with
better dispersion conditions of pollutants
coming from the industrial area. These con-
ditions promote a lower contribution from
anthropogenic sources.
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