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Abstract

Carbonaceous material is an important component of atmospheric aerosol particles, which
plays a significant role in air quality and climate, and also has potentially negative impacts on
human health. There is a lack of data reported in the literature regarding the carbonaceous
fraction of aerosol in the North-West European ‘air pollution hotspot’ and this work reports a
comprehensive one-year intensive measurement campaign, where organic carbon (OC) and
elemental carbon (EC) fractions of PMio (particulate matter of diameter <10 pm) were
measured. Owing to the importance of carbonaceous aerosols in understanding particulate
pollution sources, ~2,000 PMio samples were simultaneously collected across North-West
Europe at four urban background sites located in Amsterdam (AD), Antwerp (AP), Leicester
(LE) and Lille (LL), and one industrial site at Wijk aan Zee (WZ). PMio samples were
chemically analysed by OC-EC analyser for carbonaceous species (OC, and EC) and trends
were identified. OC accounted for 12.8%, 13.9%, 15.3%, 15.1% and 9.8%, and EC accounted
for 2.4%, 4.9%, 4.4%, 4.0%, and 2.4% of total PMio mass for AD, AP, LE, LL and WZ,
respectively. Secondary organic carbon (SOC) contributions were higher in warmer months
compared to colder months, and SOC concentration levels were similar at all five locations,
with SOC contributing more than primary organic aerosol (POC) in each city. The lower
effective carbon ratio (ECR) values (<0.3) at all five sites in October, November, and February
can be attributed to higher combined POC and EC concentrations and lesser contributions from
SOC, meaning that SOC with a greater relative formation has a greater tendency to disperse
solar radiation. Higher ECR values in April, May, and July, on the other hand, indicate that
more absorbing types of carbonaceous aerosols are also present. More than 90% of the air-
mass trajectories were from the north and northeast. This paper details atmospheric processes
and sources influencing the seasonal variability of the carbonaceous components of PMio.
Keywords: PMio, chemical composition, seasonal variation, Elemental carbon, organic
carbon, North-West Europe

Highlights:

e (Carbonaceous aerosols concentrations have been measured in five cities across North-
West Europe.

e (lear seasonal variation of OC/EC was observed with higher levels in winter/spring.

e Secondary organic aerosols (SOA) were the highest in spring at the five sites.

e SOA production is more affected by photochemistry than weather conditions.
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1. Introduction

In the urban setting, atmospheric aerosols (often commonly referred to as particulate matter
(PM)) derive from both natural and anthropogenic sources and primarily consist of a mixture
of carbonaceous material, sulphates, nitrates, sea salts and mineral dust (WHO, 2016).
Atmospheric PM has long been identified as a major air pollutant in urban areas (Hama et al.,
2018; WHO, 2016; Harrison, 2020; Kelly and Fussell, 2015), both in terms of its impacts on
the environment and on human health; indeed, PM is considered a significant risk factor in
various negative human health endpoints on the global scale (WHO, 2016). PM can also
directly influence climate by causing perturbation of the radiative balance of Earth's
atmosphere through scattering and absorption of solar radiation (Ramana et al., 2010) and
indirectly by acting as cloud condensation nuclei and changing cloud characteristics (Zhang,
2009). PM can also have negative impacts on visibility and ecosystems (Fan et al., 2012).
Chemical composition is a significant factor in determining the ability of PM to impart these
various impacts and as such chemical characterisation and source identification is paramount
to advance our fundamental understanding and for the development of effective mitigation
strategies and emissions reduction policies (Monks et al., 2009; Pdschl, 2005).

Atmospheric carbonaceous aerosols have drawn increasing attention in scientific research
owing not only to their significant role in radiative forcing, visibility reduction and health and
climate effects, but also because of the intricacies involved in deconvoluting their complex
physicochemical properties (Bond et al., 2013; Janssen et al., 2011). Carbonaceous aerosols
can make up a major fraction of atmospheric particulate matter mass concentrations, i.e. studies
have shown that ~20-70% of total suspended particulate matter can be composed of
carbonaceous matter in urban areas (Ramachandran et al., 2009). The carbonaceous fraction of
ambient particles usually consists of organic carbon (OC) and elemental carbon (EC). OC can
either be emitted directly from combustion processes and other sources (primary organic
carbon; POC) or it can be formed in the atmosphere by oxidation reactions (secondary organic
carbon; SOC) (Hallquist, et al., 2009). In urban areas, vehicle emissions are a significant source
of POC, whereas SOC (is formed from the oxidation of both anthropogenic and biogenic
volatile organic compounds (De Gouw and Jiménez, 2009) followed by
nucleation/condensation processes including physical/chemical adsorption onto the surface of
pre-existing particles (Fuzzi et al. 2006) EC is a primary pollutant emitted directly from fossil

fuel combustion and biomass burning (IPCC, 2015). OC, which includes polycyclic aromatic



90

91

92

93

94

95

96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123

hydrocarbons (PAHs) and polychlorinated biphenyls, has been shown to be carcinogenic
(Mauderly and Chow, 2008), while EC, which includes heavy metals and PAHs, can impart a
range of other adverse effects on human health and environment (Biswas et al., 2009).

The temporal and spatial variability of OC and EC performed in recent study showed that the
characteristics of carbonaceous aerosols are spatially similar and season dependent, in
particular with the production of secondary organic aerosol (SOA) enhanced during autumn
and winter (Cesari et al., 2018). In addition, the seasonal analysis of carbonaceous aerosols
revealed the extent of some trends OC concentrations higher in summer and EC higher in
winter (Cesari et al., 2018). The meteorological parameters (wind speed, and wind direction,
boundary layer dynamic, ambient temperature, and relative humidity) have significant
influences on the concentration of carbonaceous aerosol in the atmosphere (Sonwani et al.,
2021; Saxena & Sonwani, 2019). Several studies have also mentioned the importance of
meteorological conditions in OC and EC variations in the atmosphere (Kumar & Yadav, 2016;
Sonwani et al., 2021). In addition, a study in India found that the carbonaceous components
were substantially linked with rain intensity during pre-monsoon and monsoon seasons
(Sonwani and Saxena, 2021; Sonwani et al., 2021). Another study revealed that the
meteorological parameters such as temperature, wind direction, and atmospheric stability
significantly affect the levels of OC as compared to that of EC during summer and winter
seasons (Sonwani et al., 2021).

The north-western part of Europe is considered, a ‘hot-spot’ region for air pollution, with high
outdoor concentrations of PM, ozone, sulfur dioxide and nitrogen oxides (Cordell et al., 2016;
Hamaetal.,2017a; EEA, 2019; Wyche et al., 2020). Current monitoring efforts generally focus
on PM mass concentration in-line with current air quality legislation (2008/20/EC), but these
data normally do not allow the assessment of various sources across the region. To enable the
development of health-relevant air quality policies in North-West Europe (NW Europe) a better
understanding of sources and composition of PM is required. Despite the very significant role
of PM in climatic, environmental and health effects, our knowledge of aerosol chemical
composition, particularly the carbonaceous fraction, is limited, particularly for PM in the
North-West European hot-spot region. Indeed, currently, the sources, formation mechanisms
and transformation processes of carbonations components of PM still remain to be
comprehensively addressed well. As such, the main aim of this study is to better understand
the spatio-temporal evolution of carbonaceous aerosols, and the formation of SOA in the urban
background of North-West Europe. The study was carried out between April 2013 and May
2015 as part of the Joint Air Quality Initiative (JOAQUIN) project (Hofman et al., 2016; Hama
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et al.,, 2017a, and 2017b), and involved the collection of PMio samples at five different
locations, including Amsterdam and Wijk aan Zee (the Netherlands); Antwerp (Belgium);
Leicester (United Kingdom); and Lille (France). The samples were collected and analysed
using a common approach in an effort to harmonise methodologies and improve

incomparability.

2. Experimental

2.1 Monitoring sites

PM samples were collected at five sites in NW Europe: Amsterdam (AD); Wijk aan Zee (WZ);
Antwerp (AP); Leicester (LE); and Lille (LL) (see Figure 1). The detailed site descriptions are
summarised in Table 1. WZ is an industrial monitoring site of Province North Holland, located
approximately 30 km west from Amsterdam. WZ site is located at the north side of a parking
lot and it is used by visitors of a camping site (Banjaert). Residences of Wijk aan Zee
inhabitants are present at a distance of approximately 40 m. The nearest road (Burgemeester
Rothestraat) is at a distance of 70- 80 m to the south and west. The nearest main road
(Verlengde Voorstraat) is at 175 m. The industrial zone of [Jmond is located east (750 m) and
south (1-2 km) of the site. The main activities in the industrial zone are the production of steel
(Tata Steel, south of the site) and energy company which provides electricity and natural gas
(previous name of the company was “NUON”, current name is “Vattenfall Nederland B.V.”
(Joaquin, 2015). The four others are considered to be urban background sites for PMio
monitoring. Details about the characteristics and locations of the sampling sites can be found
in Cordell et al. (2016). For a detailed overview of the sampling sites and the JOAQUIN
project, refer to the final project report (Joaquin, 2015). High resolution meteorological data
(Ambient air temperature (T), Relative Humidity (RH) and Air Pressure (P), Radiation (RAD)
and precipitation (PREC)) for each site separately were acquired from nearest stations (Table
S1). Figure S1 shows the monthly values of ambient temperature and relative humidity for each

site to allow us to see the monthly variations in each monitoring station.
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Figure 1. Location of monitoring sites: Amsterdam and Wijk aan Zee (the Netherlands);

Antwerp (Belgium); Leicester (United Kingdom); and Lille (France).

Table 1. Details of location of monitoring sites. The symbol ‘-’ shows the unavailability of the

data.
City (code) Site designation | Distance to Traffic intensity® Coordinates
main street vehicles day™! | Latitude/Longit
(m) ude
Urban Background
Amsterdam 64 15,000° 52°21'35"
(AD) N/4°51'59" E
Urban Background 30 29,500°¢ 51°12'35"
Antwerp (AP) N/4°25'55" E
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Urban Background 140 22,5004 52°37'12"
Leicester (LE) N/1°07'38" W
Urban Background 35 - 50° 37" 41" N/3°
Lille (LL) 05'25"E
70 - 52°49"40" N/4°
Wijk aan Zee Industrial 60' 23" E
(WZ)

aMean annual traffic intensity at the nearest main street; PYear 2015: (CoA, 2020); Year 2013:
(VMM, 2020); 9Year 2013: (DfT, 2020).

2.2. Aerosol collection and Chemical analysis

PMio samples were collected from April 2013 to May 2014, except for Lille where the
measurements started two months later (June 2013 to May 2014). The collected number of
filter samples for each monitoring site is summarised in Table S2. The samples were collected
daily (24 h exposure) onto 47 mm quartz filters (Pall Tissuquartz™ filters, 2500 QAT-UP)
using a sequential sampler (Derenda PNSI16 (https://www.comde-derenda.com/wp-
content/uploads/2016/10/db-221-en-PNS16T.pdf) in Amsterdam and Wijk aan Zee and Leckel
SEQ47/50 (https://www.leckel.de/devices/seq4750-rv/) in Antwerp , Leicester and Lille, with

a PMo inlet running at 2.3 m* h™*. Flows were checked every 14 days when changing the filter

compartments. PMio samples that were collected every 6th day of the period were analysed for
elemental and organic carbon. Filters were weighed before and after sampling in order to
determine total PMio mass collected. For pre- and post-sampling, filters were conditioned at
20+ 1°C and 50 + 5% relative humidity for 48 h, weighed, left for a further 24 h and re-
weighed. Both the real samples and the blank filters were weighed and the PMio mass for the
actual samples were corrected for the net masses obtained from the blank filters. After
sampling, the filters were sealed in aluminium foil bags and stored in a freezer (-18 °C) prior
to analysis. Six punches of 1cm? were taken for chemical analysis using. Identical
1.0cm x 1.0 cm punchers (SunSet Laboratory Inc., USA). One punch was employed to
determine the elemental and organic carbon (EC/OC). OC and EC concentrations were
determined using the OC-EC analyser (Model 5L, Sunset Laboratory Inc., USA), employing
the NIOSH-870 (National Institute of Occupational Safety and Health) protocol based on
thermal-optical transmittance (Joaquin, 2015, Panteliadis et al., 2015). The method detection
limits (MDLs) values for OC and EC were 0.01 pg/m3, more details can be found in (Joaquien,
2015) and in Section S1 (Table S3). Further information regarding other chemical analyses and
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quality control and assurance processes for the JOAQUIN project can be found in (Cordell et
al., 2016; Joaquin, 2015; Cordell et al., 2014).

2.3 Estimation of secondary organic carbon

Organic carbon consists of primary organic carbon (POC) and secondary organic carbon
(SOC). When OC/EC ratios are higher than 2.0, they indicate possible SOA (Castro et al.,
1999). Since it is not possible to measure SOC directly in ambient urban air owing to the
complex physical and chemical processes involved, an indirect approach was derived to
estimate SOC concentrations, i.e. the EC-tracer method. This approach uses EC as a tracer for
primary OC based on the minimum OC/EC ratio and assumes that EC is unaffected by
photochemical oxidation reactions (Castro et al., 1999). Consequently, SOC and POC can be

calculated using the following equations (1-3):

OCiou = POC + SOC (1)
POC = EC * (OC/EC)min 2)
SOC = OCotl— POC 3)

Where OCiotal is the total amount of OC and (OC/EC)min is the minimum value of the ratio for
each site during the study period (Safai et al., 2014). In this study, Organic matter (OM) was
calculated as 1.4 x OC (Chow et al., 2015) to express the hydrogen, oxygen, and other elements

present in organic aerosol in the ambient air.

3. Results and Discussion

3.1 Overview of PMjo and carbonaceous species

In general, concentrations of PMio, OC and EC that are above the value of the arithmetic mean
are related to meteorological variables, especially relative humidity, temperature, wind speed,
wind direction and precipitation. The variation of PM1o mass concentrations, OC and EC with
meteorological parameters at the five studied sites is shown in Figures 2. The trends presented
show a high level of similarity between the different study areas, which indicates a regional
characteristic to the concentrations of PMio, OC and EC across NW Europe. The averages of
the concentrations of PMio, OC and EC for the days of sampling at the four urban background
sites (AD, AP, LL and LL), and one Industrial site (WZ), are given in Table 2. Three sites
presented relatively high concentrations of PMo of around 30 ug/m?, these were Antwerp (AP),
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Lille (LL) and Wijk aan Zee (WZ), with average concentrations of 30.8+18.1 pug/m?, 29.8+20.3
ug/m® and 29.6+16.9 ug/m’, respectively. This initial result is in-line with a substantial body
of research that has previously identified that the inner-city urban background and urban areas
with industry are important sources of coarse particulate matter; here the AP and LL sampling
sites were located in the centre of their respective cities, and the WZ sampling site was located
in an industrial area. The Amsterdam (AD) and Leicester (LE) sampling sites were located on
the outskirts of their respective city centres, with near-by arterial roads carrying typical
commuter vehicular traffic. These two sites registered the lowest mean PM o concentrations of
the study, with averages of 25.0+15.9 ug/m’® for AD and 20.2+14.3 ug/m’® for LE. Being
surrounded by roads, traffic is likely to be the main source of PM mass in AD and LE (Hama
te al., 2017). The summary statistics for the OC and EC data over the measurement period are
presented in Table 2, and Figure 2. For the measurement period, the OC and EC averages were
3.2£1.9 pg/m® and 0.6+0.3 pg/m’, respectively at the urban site in Amsterdam. These
concentrations were similar to those measured at the LE site, which were 3.1£1.9 ug/m® for
OC and 0.9+0.8 pg/m*® for EC. The OC and EC averages for the AP and LL sites were also
similar, with OC values of 4.3+2.4 pg/m® and 4.5+2.5 ug/m?, respectively, and EC values of
1.5£0.9 pg/m? and 1.2+0.6 pg/m?®, respectively. The WZ site in the industrial zone near
Amsterdam city was found to have the lowest average OC and EC concentrations of 2.9+1.9
pg/m* and 0.7+0.7 pg/m?, respectively. The mean OC concentrations at the four urban
background sites (AD, AP, LE, LL) measured in this study ranged between 3.2 and 4.5 pg/m?,
which compares well to values reported by other investigators working in different European
urban background areas (Birmingham UK, Aragéo SP, Lisbon PG) and urban/traffic zones
(Ghent Belgium, Aragén Spain), as shown in Table 3. However, for the industrial site of WZ,
the mean OC concentrations measured were much lower than those observed by other workers
at different industrial sites in Europe and Asia, such as Pune India, Baotou China, and Delnice
Croatia (Table 3). This is likely a combination of the relative amount and type of industry in
the Wijk aan Zee area compared to larger industrial sites reported on in the literature, as well
as the location of the industrial sources in this instance and the receptor site with respect to the
prevailing wind-field. More specifically, the primary industrial sources in the area are located
to the east (~750 m; energy provision) and to the south (1-2 km; steel production) of the
receptor site where measurements were taken (Joaquin, 2015), whereas investigation of the
meteorology data (not shown) suggests that the winds primarily originate from the west (i.e.

from the coast and English Channel), with a lesser component from the south.



269  Similarly, for EC, measurements made here for the urban background areas of AD, AP, LE and
270  LL were in the range reported in the literature for similar sites (Table 3). As with OC, the WZ
271  site registered lower OC values than other industrial sites reported in the literature (Table 3).
272 Table 2: Overview of summary statistics (mean = SD) of daily PMio mass concentration
273 (ug/m®), EC, OC, OM, (total carbon) TC, POC, and SOC during the study period for the five
274 sites.
PMio ocC EC TC OC/EC POC SOC OM
AD 25.0£159 3.2+1.9 0.6+£0.3 3.8+2.1 5.7£2.8 0.7£0.3 2.5£1.8 4.5£2.7
AP 30.8+18.1 4.3+24 1.5+09 5.8+3.1 3.6+2.1 1.5£09 22+1.2 5242.0
LE 20.2+142 3.1£1.9 0.9+0.8 4.0£2.5 4.3+£2.1 1.0+0.9 2.1£1.5 44428
LL 29.8420.3 4.5+£2.5 1.2+0.6 5.6£2.9 4.1+29 1.7£09 2.7£2.0 6.3£3.5
W7 29.6+£16.8 2.9+19 0.7£0.7 3.7£2.3 6.0#4.3 09+0.8 2.0£1.8 4.1£2.7
275
276  Table 3: Average concentrations of PMio, OC and EC and OC/EC ratios in different cities
277  across the world. Note that ‘UB*, “TF¢, ‘IN‘ represent urban background, traffic and industrial
278  sites, respectively. ‘NK’ shows unavailability of the protocol.
Location (type of site) N Concentrations (pg/m3) OC/EC Protocol References
PM, EC oc
Amsterdam (UB) 463 25.0 0.6 32 5.7 NIOSH This study
Antwerp (UB) 468 30.8 1.5 43 3.6 NIOSH This study
Lille (UB) 328 29.8 1.2 45 4.1 NIOSH This study



Leicester (UB)

Skawina, Poland (UB)
Bogotd, Colombia (UB)
Zagreb, Croatia (UB)
Aragén, Spain (UB)
Huelva, Spain (UB)
London, UK (UB)
Birmingham, UK (UB)
Prague, Czech Republic (UB)
Lisbon, Portugal (UB)
Mexico City, Mexico (UB)

Zhengzhou, China (UB)

Delhi, India (UB)

Sao Paulo, Brazil (TF)
Lisbon, Portugal (TF)
Thessaloniki, Greece (TF)
Aragoén, Spain (TF)

Wijk aan Zee (IN)

Voivodeship of Lower Silesia,
Poland (IN)

Pune, India (IN)

Delhi, India (IN)

Baotou, China (IN)
Thessaloniki, Greece (IN)
Bogota, Colombia (IN)

Delnice, Croatia (IN)
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Figure 2. Temporal variation of PMio, OC, EC and meteorological paramters (ws, wd, T,

RH, solar radiation (RAD) and precipation) during the study period in Amsterdam,

Antwerp, Leicester, Lille and Wijk aan Zee sites.

3.2 Seasonal variation of OC and EC

The monthly concentrations of EC and constituents of OC for each site during the sampling

period are shown in Figures 3 and are summarized in Table S4. The results show clearly that

the OC and EC concentration are higher in the cold months and lower in the warm periods. All

of the sites registered the highest concentrations of OC and EC during a wave of pollution

detected in the months of March and April 2014, except the LE site (we found a similar profile

for PMio, Figure S2). EC is a component that is related to the combustion of fossil fuels and of

(diesel) traffic in particular (primary aerosol sources), while OC exists in both POA and SOA

produced in complex photochemical reactions (Chen et al., 2016; Ho et al. 2002). In

Amsterdam, OC showed the highest in April with a monthly mean value of 4.9 + 4.3 pug/m?,
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while the highest EC concentration was observed during the colder months, with monthly mean
values ranging from 0.7 to 0.8 pg/m?, related to the high percentage of relative humidity. The
AP and LL sites presented very similar monthly variations, with the highest concentrations of
OC in Antwerp observed in March and April (at 6.8£3.2 and 7.4 + 2.0 ug/m?, respectively),
and the highest OC concentrations measured in Lille in March (7.3+2.8 ug/m®). At the AP site,
the EC maxima was found in March and April (2.0+£1.2 and 2.1+0.2 ng/m?, respectively). For
AP and LL, the lowest of EC values were observed in July. For the LE site, the highest OC
averages were found in May and July (5.26+0.86 and 4.84+1.38 pg/m?), while the highest EC
levels were found in November (2.46+2.17 pug/m?),this could be related to the high combustion
of fossil fuels and upcoming traffics (diesel). At the WZ site, OC also shows a maximum
concentration in April (6.99 +4.98 ug/m?), while the maximum of EC were found in December,
which might be related to the high biomass combustion sources in the area. It can be noted that
all sites showed higher OC concentrations during spring (March-May). This can be associated
with a combination of meteorological conditions and various emission sources that led to
highly elevated OC concentrations in this region in spring, mainly due to high temperatures
which cause increased photochemical reactions. This result indicates the influence of additional
sources of carbonaceous aerosols, e.g. SOC formation (Section 3.5) can also influence OC
concentrations. The highest OC concentrations may also be related to other sources of PMio,
such as mineral dust transport and inorganic aerosol, which were predominant in spring (Hama
et al., 2018). Moreover, the high contributions during spring could also be attributed to
agricultural activities (Joaquin, 2015). The bonfire activities during Easter are also responsible
for some of the high contributions during this period. The contribution of bonfires is primarily

driven by the presence of OC (markers for biomass burning).

For EC, the highest concentrations were found during colder months (November and
December), except Antwerp. This can be mainly associated with increased coal consumption
related activities and unfavourable dispersion conditions in winter season. Moreover, previous
studies highlighted that EC concentrations vary seasonally, with higher concentrations being
recorded during the colder months, indicating that emissions from fossil fuel combustion for
residential heating are a significant source of EC in particulate matter in winter (Btaszczak and
Mathews, 2020; Cesari et al., 2018; Gorka et al., 2020; Sonwani and Saxena, 2021; Sonwani
et al., 2021). For example, elemental carbon showed higher winter concentrations at an urban
background site in Italy, in agreement with the major local primary emission sources from

combustion processes (i.e. domestic heating and biomass burning) (Cesari et al., 2018). Higher
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EC concentrations in particulate matter usually indicate a major contribution from the
combustion of liquid fossil fuels, especially from road traffic (Cesari et al., 2018; Goérka et al.,
2020). In addition, differences in meteorological conditions in the measuring location may also
be possibly attributed to the discrepancy in OC and EC concentrations in PMio. In general, an
increase in carbonaceous species of local/regional origin can be seen, particularly under low
wind speed and poor pollutant dispersion (Gorka et al., 2020). We can thus conclude that
carbonaceous aerosols show that the location of the monitoring station relative to the emission
sources is one of the most crucial factors controlling OC and EC concentrations in PMio. The
OC/EC ratio can be used to investigate the impact of aerosols on climate forcing (Novakov et
al., 2005; Mbengue, et al., 2018). This species has been extensively identified in both
biomass/biofuel and fossil fuel combustion sources, and many studies recommend OC/EC
correlation to improve the sources and aerosol light absorption analysis (Lu et al., 2015). The
EC/OC at the AP, LE and LL sites showed relatively low correlation (R?>=0.42, 0,44 and 0,41
respectively, Figure 4). This is clearly indicated that the EC and OC concentration are
influenced by different emission sources at those three sites. In addition, the OC/EC ratio at the
AD and the industrial (WZ) sites showed relatively very lower correlation (R?>=0.11 and 0,18
respectively). This can also indicated that the OC and EC affected by very different emission
sources at both sites, which might be related to the industrial source. Probably the poor
correlation is because OC contains SOC. In addition, the correlation between OC and EC varied
by season (Hama et al., 2018) and was highest in the cold (heating) season, reflecting the
contribution of biogenic, non-EC sources, while the lowest in the vegetative season due to
primary biological aerosol particles (Yttri, et al., 2021). In addition, in order to explain the OC
and EC weak corelations, we plot the correlation between SOC vs OC and OC vs EC are shown
in Figures S3 and S4. The highest correlation found between SOC vs OC in all cities, indicating
that the poor correlation between OC and EC owing to OC contains SOC. Similar correlation
was found between POC and EC, indicating the EC is influenced by the primary aerosol

particles in studied sites.
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382  Figure 3. Monthly variation of OC and EC during the study period in Amsterdam, Antwerp,
383  Leicester, Lille and Wijk aan Zee sites.
384
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Figure 4. Correlation between EC and OC for the five sites during the study period.
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3.3 Contribution of carbonaceous aerosol to PMj

The average contributions of TC (OC and EC) to the total measured PMio mass were 15.2%
18.8%, 19.8%, 18.8% and 12.5%, for AD, AP, LE, LL and WZ, respectively. These values are
consistent with results obtained from other European sites (Cavalli, et al., 2016; Lonati et al.,
2007, Sanchez de la Campa et al., 2009), where it was found that TC accounted for between
10% and 50% of total PMio. The result obtained here was slightly lower than that of urban
areas in Zhengzhou (22%, Wang et al., 2017) and Ghent (22%, Viana et al., 2006). In terms of
the carbonaceous fractions, OC accounted for 12.8%, 13.9%, 15.3%, 15.1% and 9.8%, and EC
accounted for 2.4%, 4.9%, 4.4%, 4.0%, and 2.4% of total PM1o mass for AD, AP, LE, LL and
WZ, respectively (Table 3). Interestingly, the highest percentage of OC was found in LE (EC
at the AP), while the lowest was in WZ (EC at the AD). This may have been an impact of the
location of the sampling sites (Table 1), where AP and LE had higher traffic intensity, and
hence higher traffic related emissions, than the other sites which leads to increased OC and EC
levels. At the AD site, the highest contribution of TC to PMio was found in October (24.1%),
whilst the lowest contribution was found in March (11.6%, Table S4). At the AP and LE sites,
the highest contributions of TC to PMio were observed in October (25.2%) and August
(31.8%), whilst the lowest contributions were found in May (10.8%) and April (10.5%, Table
S4) respectively. In the LL and WZ sites, the highest contributions of TC to PM1o were found
in December (27.5%) and August (20.6%), whilst the lowest contributions were found in May
(13.7%) and November (9.4%, Table S4) respectively. Interestingly, TC shows the highest
percentage in August at the WZ site. This may be associated with primary biological organic
aerosol and SOA which showed high contributions to PMio in north-west Europe (Glasius et
al., 2018). In addition, previous studies all report the same key findings; OC from residential
wood burning emissions (domestic) dominate during the cold (heating) period and SOA
originating from biogenic sources is the most important fraction of the carbonaceous aerosol
in summer across north-Europe (Glasius et al., 2018; Noziere et al., 2015). From this it can be
seen that the average mass concentrations of EC, OC and TC at all sites were relatively higher
during colder months than during warmer parts of the year (Table S4). This may be a result of
biomass activities during colder periods, which is consistent with previous (Cordell et al.,
2016), which found the levels of the biomass burning marker, levoglucosan, to be higher during
the colder months. It was also found that the average value of OM accounted for 20.2%, 21.7%,
26.2%, 23.2%, 15.1% of PMio mass concentration for the AD, AP, LE, LL and WZ,
respectively (Table S4). This is consistent with earlier studies reporting OM in London (~21%,
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Harrison et al., 2004); Hong Kong (~20%, Ho et al., 2003) and Thessaloniki (22%, Terzi et al.,
2010). However, the results were slightly lower than those reported in Bogota (42%, Ramirez
et al., 2018); Barcelona (33%, Viana et al., 2007); Dar es Salaam (37%, Mkoma et al., 2009);
Elche (40%, Galindo et al., 2020); Zurich (52%, Lanz et al., 2010); and Prague (45%, Kubelova
et al., 2015). The contribution of OM increased during summer at four sites, which accounted
for 24.9%, 25.4%, 31.5%, and 19.9% in AD, AP, LE and WZ sites, respectively. Higher OM
in summer is most likely a result of photochemical oxidation of both anthropogenic and
biogenic precursors leading to SOA formation (Hallquist, et al., 2009). Conversely, the highest
OM levels in LL were observed in winter, at 28%, and the lowest in spring, at 17.2% (Table
S4). Higher OM during winter at the LL site may have resulted from periods of limited
dispersion conditions and the decrease in ambient temperatures that leads to higher
condensation of semi-volatile organic compounds (Galindo et al., 2019). It is well known that
meteorological conditions have an impact on the formation of OC from gas-to-particle
conversion processes and the concentration of POA and fresh SOC (which changes the OM/OC
ratio), as does regional and long-range transport of organic aerosols at different times of the

year (Aiken et al., 2008),

3.4 The OC/EC ratio

OC/EC ratios are a valuable tool to indicate the sources and processes of carbonaceous particle
matter formation. At the AD and WZ sites, the OC/EC ratio ranged from 3.6 (November) to
9.2 (July) and from 1.8 (February) to 16.2 (May) (Table 2 and 3), with annual average values
of 5.7£2.8 and 6.0+4.3, respectively. For LL and AP, the two sites measuring the highest
values of OC, the ratio OC/EC ranged from 2.4 (October) to 6.1 (July) and from 1.9 (February)
to 7.0 (July), with annual average values of 4.1+2.9 and 3.6+2.1, respectively. For LE the
OC/EC ratio ranged from 2.0 (November) to 9.1 (May), with an annual average value of
4.3+2.1. These findings are in line with other, similar studies carried out in in Ghent, Belgium
(3.5, Viana et al. 2006), but slightly lower that findings reported in Zagreb, Croatia (8.5-9.2,
Godec et al. 2016) and Aragon Spain (14.2, Escudero et al. 2015). In general, high OC/EC
ratios are consistently associated with low EC concentrations and low ratios with high EC
values (Novakov et al., 2005). Atmospheric conditions, temperature inversions, emission
sources, and SOC contributions are the principal determining factors to the variations of the
value of OC/EC. However, the results for Amsterdam and Lille in this study indicate a slightly

different pattern, in which OC/EC ratios appear mainly related to wvariations of OC
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concentrations. All sites examined here were found to have mean OC/EC values >2, which
indicates the existence of SOC (Cong et al. 2015; Liu et al. 2016). Looking at the monthly
averages, it appears that the carbonaceous fraction measured at all sites was dominated by
secondary sources, with the exceptions of Wijk aan zee and Antwerp, which appear to have
been influenced by primary sources in February, where the ratio OC/EC ratio ranged between
1.5 and 2. With the exception of July and August, the high OC/EC ratios registered in this study
strongly suggest that during the sampling year there were significant levels of SOC. It is also
possible that there were contributions to SOC from aged aerosols following long-distance

transport (Mancilla et al., 2015).
3.5 Variability of SOC concentrations

The estimation of SOC is vital as it plays a significant role in the formation of haze (and hence
visibility degradation), climate and health. Absolute values of POC and SOC are important
when attempting to understand atmospheric aging processes of organic aerosols in urban areas,
and ultimately in the design of effective emission control policies. In order to estimate
contributions of POA and SOA to the total PM1o mass concentration, the EC-tracer method has
been widely used in many studies (Galindo et al., 2019; Kim et al., 2020; Liao et al., 2020;
Shivani et al., 2020; Xie et al., 2020), and is employed here (as described in Section 2.3). To
gain insights into factors controlling the formation of SOA, monthly concentrations of POC
and SOC were determined for the five sites and are shown in Figures 5. Average SOC (POC)
concentrations measured here were 2.5£1.8 (0.7+0.3), 2.2+1.2 (1.5+0.9), 2.1£1.5 (1.0£0.9),
2.7+2.0 (1.7+0.9), and 2.0+1.8 (0.9+0.8) pg/m3, for AD, AP, LE, LL and WZ sites, respectively

(Table 2). In addition, at the AD, AP and WZ sites, SOC showed the highest in April, followed
by March-May and July-August January for the WZ site), while the SOC showed the lowest
during November- December, February (Figure 6, Table S4). At LE site, SOC showed the
highest in July, followed by May and March, while the SOC showed the lowest in November
(Figure 8, Table S4). At LL site, SOC showed the highest in March, followed by July and
August, while the SOC showed the lowest in February (Figure 5, Table S4). The significant
contribution of SOC in the spring/summer corresponds to high potential photochemistry and
low contributions of POC from local primary emission sources, most likely from traffic and
coal combustion (Mbengu et al., 2018; ). Previous study revealed that SOC displays a similar
pattern to3 ozone at noon, following the maximum photochemical activity and solar radiation

intensity (Mbengu et al., 2018). The above results show that SOC particles observed in this
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study were a significant component of the OC mass in all five sites. In particular, the higher
percentage of SOC in spring/summer, observed at the five sites, can be attributed to several
factors. In spring/summer, a higher contribution of OC may be anticipated considering the
increased emission of VOCs from the vegetation and the enhanced photochemical activity
supporting SOA formation which leads to increased SOC (Bencardino, et al., 2019). In general,
for the five measurement sites investigated here, SOC concentrations showed a roughly
seasonal cycle characterised by maxima occurring during spring and summer and minima
occurring during late autumn and winter (Figure 5, Table S4). This result is consistent with
SOC formation coinciding with periods of the year that had relatively higher temperatures and
more solar radiation, and hence photochemical activity (Bencardino, et al., 2019; Dinoi et al.,
2017), including ozone chemistry (Kim et al., 2012). The results obtained here are in-line with
those reported in other studies (Pio et al., 2011; Safai et al., 2014), but in disagree with others
in China (Ji et al., 2016; Wang et al., 2017), India (Shivani et al., 2019) and some European
cities (Godec et al., 2016; Galindo et al., 2019), where high SOC concentrations were noted in
winter In this study, photochemical activity and atmospheric temperature appear to play
important roles in SOC formation at the five study sites. Interestingly, SOC levels were
relatively higher in January (winter season at all sites) at the AD, AP, LE and WZ sites (Figure
5, Table S5). It is likely that this was primarily a result of lower temperatures accelerating the
condensation of volatile organic compounds onto particulate matter (Galindo et al., 2019). The
prevailing meteorology during these episodes is favourable for the formation and build-up of
secondary organic pollutants. The prolonged residence time of stable atmospheric conditions
strengthens atmospheric oxidation and low temperature (and high relative humidity) which
would enhance the condensation of volatile secondary organic compounds on pre-existing
aerosols. Seasonal contribution of POC and SOC to OC is presented in Figures 6. It was
observed that SOC contributed more than POC to total OC during spring and summer months
at the five sites. More specifically, SOC contributed ~ 77%, 50%, 67%, 60% and 69% to OC
and 10%, 7%, 10%, 9% and7% to PMio at the AD, AP, LE, LL and WZ sites, respectively,
during the study period. The SOC contributions to OC found in this study, were higher than
those reported by Ramirez et al. (2018) in Bogota, and by Shivani et al. (2020) in Delhi, who
found lower percentages of ~44% and ~46% for the SOC contribution to OC. In summary, at
the five study sites investigated in this study, SOC contributions appeared to be greater during
relatively warmer months compared to colder months, each of the five sites showed similar

patterns of SOC concentrations and SOC contributed more than POC in each case.
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537  Figure 5. Monthly variation of SOC and POC during the study period in Amsterdam, Antwerp,
538  Leicester, Lille and Wijk aan Zee sites.
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3.6 Effective carbon ratio

Atmospheric particles have a significant role in determining the Earth's energy balance,
directly by scattering and/or absorbing solar radiation and indirectly by serving as cloud
condensation and ice nuclei for cloud droplet activation, which alters the radiative and
microphysical properties, and lifetime of clouds (Stocker et al., 2013; IPCC, 2014; Wang et al.,
2013; Wu et al., 2020). Scattering and absorption characteristics are two vital parameters in
determining the effect of atmospheric particles on the Earth's radiative balance. The radiative
forcing of atmospheric particles can exert both positive and negative forcing. For instance;
POC plays a significant role in direct radiative forcing as a potential light-absorbing species
(IPCC, 2014), and hence it contributes to global warming (Bond et al., 2013). However, SOC
generally originates from the oxidation of various types of volatile organic compounds (VOCs)
and scatters solar radiation (Pandis et al., 1992). Recently, Safai et al. (2014) proposed the
concept of ECR to obtain a better association between atmospheric carbonaceous aerosols and
climate change. This approach has been widely used in previous studies (Safai et al., 2014;
Singh et al., 2015; Pipal and Satsangi, 2015; Ramirez et al., 2018; Pani et al., 2019). Figure 7

shows the monthly ECR values, which were calculated using equation 4 (Safai et al., 2014).
ECR =SOC / (POCH+EC) (4)

According to Safai et al. (2014), a higher ECR value indicates low POC and EC, which could
suggest higher levels of direct radiative forcing. This also could lead to a reduction in
atmospheric warming effect of combustion aerosols and increase the scattering properties of
radiation. In this study, ECR values ranged between 0.7+£0.4 (November) and 2.7£1.5 (July);
0.3+£0.2 (February) and 2.7 + 1.7 (July); 0.4+0.3 (November) and 3.3 + 1.3 (July); 0.5+0.3
(October) and 2.2 + 0.1 (July); and 0.3+0.2 (February) and 6.2 = 3.5 (May) (Figure 8) for the
AD, AP, LE, LL, and WZ sites, respectively. Interestingly, the highest ECR values were
observed in April and May at the WZ site. This indicates the predominance of scattering
carbonaceous aerosols and a reduction in atmospheric warming. This can also be related to
higher SOC in spring (Section 3.5), indicating the larger formation of SOC in the spring season.
And also the occurrence of in-cloud SOA formation and the role of heterogeneous chemistry
might also be attributed at the WZ site. This result is consistent with the findings of Section
3.5 which showed that the highest SOC in April and May at the WZ site. In general, ECR
values >2.0 were obtained in April, May and July (Figure 7), during which time higher
concentrations of SOC than POC were observed (Figure 5). Lower ECR values (<0.3) in
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October, November and February at all the sites were mostly due to the higher concentrations
of total POC and EC and lesser contribution from SOC, indicating greater proportional
formation of SOC has greater propensity to scatter solar radiation. However, higher values of
ECR in April, May and July have implications for more absorbing types of carbonaceous
aerosols. These findings are consistent with previous studies (Pipal and Satsangi, 2015; Pani
et al., 2019), which also found high levels of ECR in July. In addition, the ECR annual mean
values were 1.4, 1.0, 1.5, 1.2 and 2.5 for the sites in AD, AP, LE, LL, and WZ, respectively.
The annual mean determined here was relatively higher (1.0-2.5) than earlier studies reporting

(0.5-0.55) in urban areas (Safai et al., 2014; Ramirez et al., 2018; Pani et al., 2019).
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Figure 7. Monthly variation of effective carbon ratio at the five measurement sites during study
period.

3.7 Air masses backward trajectories

In order to investigate the potential origin of particles investigated in this work, air mass back
trajectories were determined using the NOAA HYSPLIT model. When deconvoluting particle
composition it is important to consider chemical transformation and aging, e.g. the SOC
fraction collected and reported here could have had its origins only locally, but it could also
have been incorporated into the particle during air mass transport, after which it would have
been subject to potential chemical transformation as the air mass moved from one regional to
another (Schwarz et al., 2008; Sdnchez De La Campa et al., 2009; Peng et al., 2016). Cluster
analysis can be used to describe the characteristics of trajectories having different origins and

pathways and helps to explain the variability of trajectories associated with different processes
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(Pérez et al., 2015). In this study the clusters of backward trajectories were calculated during
warm and cold periods (March-May and December-February 2014) at 300m height (Stein et
al., 2015) for each of the five studied sites (Figures 8 and S5-9). The clustering results are
sensitive to the meteorological data output from the Global Data Assimilation System (GDAS)
running with the HYSPLIT model. According to the results of the back-trajectory simulations,
90% of the air masses were from continental origin for both LL and AP sites between March,
April and May 2014 (Figures 8 and S5-9), originating from the southern and northern UK, and
transported over long distances. During the cold period, more than 95% of the air masses
coming from west, and south west, the majority of the air masses were from continental origin
for all the studied sites which explain the decrease of the temperature during those months
(Figures S5-9). This means that the contributions of Carbonaceous aerosols coming from the
continental origin and the other cities could be detected during this period in the studied
sites. The high OC concentrations detected during this period were most probably related to
strong local emissions of OC and SOC precursor gases capable of spreading over large areas,
and being transported over long distances (Pandolfi, et al., 2020; Vicente et al., 2018). We
observe the same behaviour for the other three sites (LE-AD-WZ), the highest concentration
of OC and SOC detected in the most polluted period (between Mach and April 2014), was most
probably related to air masses arriving at the sampling sites from local or well as regional areas.
The fast-flowing air mass accounts for more than 90% of the trajectories and was

predominantly coming from the north and northeast.
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The backward trajectory frequency for the five studied sites at 300m AGL, for March

2014, calculated by the HY SPLIT Model.

Figure 8
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4. Conclusions

To understand the characteristics of PMio-associated OC and EC, and to investigate the Spatial
and seasonal variations of the carbonaceous aerosols at four urban background sites located in
Amsterdam (AD), Antwerp (AP), Leicester (LE) and Lille (LL), and one industrial site at Wijk
aan Zee (WZ) across North-West Europe, ~2,000 PMio samples were simultaneously collected.
The highest OC concentrations were found in March-May in most cities, which indicates a
combination of meteorological conditions and various emission sources that led to highly
elevated OC concentrations in this region. However, the highest EC concentrations were found
during colder months (November and December), except Antwerp. This can be mainly
associated with increased coal consumption during the heating season and unfavourable
dispersion conditions. Probably the poor correlation between OC and EC might be because OC
contains SOC. The average contributions of total carbon (OC and EC) to the total measured
PMio mass were 15.2% 18.8%, 19.8%, 18.8% and 12.5%, for AD, AP, LE, LL and WZ,
respectively. It can be seen that the average mass concentrations of total carbon and TC at all
sites were relatively higher during colder months than during warmer months which indicates
increasing biomass activities in winter season. Notably, TC shows the highest percentage in
August at the WZ site, indicating primary biological organic aerosol and SOA which showed
high contributions to PMio across north-west Europe. SOC contributed ~ 77%, 50%, 67%, 60%
and 69% to organic carbon and 10%, 7%, 10%, 9% and7% to PMo at the AD, AP, LE, LL and
WZ sites, respectively. The significant contribution of SOC in the spring/summer links to high
potential photochemistry and low contributions of POC from local primary emission sources.
ECR values >2.0 were obtained in spring and summer, during which time higher concentrations
of SOC than POC were observed. However, lower ECR values (<0.3) in winter season at all
the sites were mostly due to the higher concentrations of total POC and EC and lesser
contribution from SOC, indicating greater proportional formation of SOC has greater
propensity to scatter solar radiation. Higher values of ECR in spring/summer have implications
for more absorbing types of carbonaceous aerosols. Monthly air mass backward trajectory
cluster was calculated during warm and cold periods at 300m height for the five sites. The
back-trajectory simulations showed that 90% of the air masses were from continental origin
for both LL and AP sites between March, April and May 2014, originating from the southern
and northern UK, and transported over long distances. During the cold period, more than 95%
of the air masses coming from west, and south west, the majority of the air masses were from

continental origin for all the studied sites which explain the decrease of the temperature during
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those months. This study examined a comprehensive one-year intensive measurement
campaign, where organic carbon (OC) and elemental carbon (EC) fractions of PMio were
measured in the North-West European ‘air pollution hotspot’ region. Owing to the importance
of carbonaceous aerosols in understanding particulate pollution sources and its impact on
human health and environment, the hourly online OC and EC measurements are worth
investigating in the future. Measurements of VOCs and polycyclic aromatic hydrocarbon
(PAHs) were not made in this study due to practical constraints, such as the availability of
similar sets of instruments across the region. Thus, further studies are recommended to
investigate the concentrations of VOCs and PAHs simultaneously for a more holistic

investigation across North-West Europe.
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Table S1. Summarises the availability of meteorological data for each monitoring station.

Ambient air temperature (T), Relative Humidity (RH) and Air Pressure (P), Radiation (RAD)

Supplementary Information

and precipitation (PREC) were obtained from the nearest stations in the region.

Sites Variables Met station Height (m) Coordinates
(distance, km)
Latitude/Longitude
AD T, RH, WS, Schiphol (9) 30 52°18'39"N
WD, RAD,
PREC 4°46'12" E
AP T, RH, WS, Luchtbal (5) 30 51°15'40"N
WD, RAD,
PREC 4°2528" E
LE T, P, WS, WD, | Groby road 10 52°39'08"N,
RAD, PREC Traffic Island (4) 1°10'34" W
LL T, RH, P, WS, Sequedin (7) 10 50°37'04"N
WD
2°5923" E
wz WS, WD [Jmuiden (4) 30 52°27'41"N
4°34'18" E

Table S2: Number of exposed filters used for gravimetric analysis of the PMio mass

concentration in all sites.

City No of filter
samples
Amsterdam (AD) 415

Antwerp (AP) 414




1011

1012

1013
1014
1015
1016
1017
1018
1019

1020
1021

Leicester (LE) 388

Lille (LL) 328

Wijk aan Zee (WZ) 397

Total 1942
Section S1.

The EC/OC analysis was performed by GGD Amsterdam according to Technical Report
CEN/TR16243 “Ambient air quality - guide for the measurement of elemental carbon (EC) and
organic carbon (OC) deposited on filters”. The analysis was done with a laboratory
organic/elemental carbon aerosol analyser (Sunset Laboratory Inc, Tigard (OR), USA). The
NIOSH protocol, which is most suitable for the traffic influenced PMio samples of the Joaquin
project, was selected for the analysis. The analytical parameters for the NIOSH protocol are

given in Table S3. The OC analysis time is 360 s, the EC analysis time is 335 s.

Table S3. Temperature set points and plateau durations for NIOSH870 thermal protocol (min

= minute; s= second).

Carrier gas Time (s) Total time Temp (°C)
Purge time 10 10s
OC analysis
Helium 80 310
Helium 80 475
Helium 80 615
Helium 110 6 min 870
EC analysis




Helium 45 Oven cool
Oxygen in Helium 45 550
Oxygen in Helium 45 625
Oxygen in Helium 45 700
Oxygen in Helium 45 775
Oxygen in Helium 110 S min and 35 s 890
Calibration 110 110 s
Total 805 13 min and 25 s

1022

1023

1024

1025

1026

1027

1028  Table S4: Monthly average concentrations of all parameters measured and calculated at five

1029  cities.

Site | Months | PMy, oC EC TC OC/EC oM POC SOC

AD | Jan 242+153 | 3.81+33 0.6 +0.18 44+35 | 5735 53+4.7 1.0£0.2 2.7+3.1
Fev 154+4.8 | 2.04+£0.7 0.52+0.15 | 25+£0.8 | 3.95£1.2 2.85+1.07 | 09+£0.3 1.1£0.6
Mar 43.1+15.5 | 436£1.57 | 0.74+0.23 5.0+ 1.6 6.12+2.3 6.1£2.2 1.3£04 30=£1.5
Avr 38.6+285 | 487+43 0.64+036 | 5545 | 7.1+4.1 6.8£5.9 1.1+0.6 3.7+£3.5
May 17.4+4.7 2.3+0.8 0.4+ 0.09 27+£08 | 54+22 32+ 1.1 0.8+0.1 1.5+£0.8
Jun 21+72 28+1.2 0.5+£0.2 33+1.5 5.1£1.5 39+£1.7 09+04 1.8+ 0.9




Jul 145+3.5 3.0+ 1.0 0.3+0.1 34+£1.0 | 92+42 42+14 0.62+ 0.1 24+1.0
Aug 19.4+8.1 3.8+1.53 045+0.14 | 42+1.6 84+25 53+2.1 0.8+£0.2 30£14
Sep 20.2+9.8 2.8+1.2 0.5+£0.2 3413 | 52+2.1 39+£1.7 1.0+£0.3 1.8+1.01
Oct 149+3.6 2.8£0.9 0.7£0.3 3.6+1.0 41+1.8 39+£1.2 1.3+0.6 1.4£1.0
Nov 17.1£5.1 2.1+0.5 0.6+0.3 28+0.8 | 3.6x1.1 3.0+0.8 1.17£0.5 09+0.3
Dec 225+134 | 24+£0.8 0.83£0.7 32+1.5 3.7+14 33+1.1 14+1.2 09=+0.6
AP Jan 23.1+8.7 38+1.7 1.4+£03 53+£20 26+1.0 53+£25 1.7£04 21+1.6
Fev 19.1£6.6 2.8+1.0 1.5£0.2 44+1.1 1.8+£0.6 40+14 1.7+£0.2 1.1+0.9
Mar 51.5+22.0 | 6.8+3.1 2.04+ 1.2 8.8+4.0 38+19 95+44 24+14 44+2.5
Avr 44.7+9.4 7.3+1.9 2.0+0.2 94+20 | 54+12 103 £2.7 24+0.2 49+1.8
May 323+16.1 | 27+1.3 0.8+£0.5 35+1.7 40=x1.6 39+1.9 0.9+0.5 1.8+1.0
Jun 22.5+£8.0 3.7+1.8 1.1+ 0.6 48+23 | 33«10 5.1+£25 1.38+ 0.7 23+1.3
Jul 17.8+4.1 3.77£ 1.3 0.5+£0.14 43+12 | 7.0+£38 52+1.9 0.6+0.1 30£14
Aug 23.5+4.5 4.0+ 1.7 1.5£1.5 5632 | 27+1.1 57+24 1.7£1.7 23+£04
Sep 28+17.8 3.82+1.92 1.03+0.29 | 4.8 + | 3.6x1.15 535+£2.68 | 1.21+0.34 | 2.6+1.6
2.17
Oct 23.4+94 4.07+£1.2 1.89+0.97 | 5.9 + | 249+£098 | 5.7+ 1.68 222+1.14 | 1.85+1.08
1.93
Nov 245+163 | 3.5£2.0 1.8+ 1.1 54+3.1 2.02+039 | 499+2.81 | 2.19+14 1.38£0.72
Dec 27.6+209 | 45+3 22421 6.8+5.1 2.4+0.62 6.43£42 2.63+251 | 1.97+0.78
LE Jan 19.3 + | 445+349 | 147+1.65 | 59 + | 381 +1.86 | 6.23+488 | 1.77+198 | 2.68+1.79
12.12 5.06




Fev 11.2+3.03 | 2.08+£0.66 | 0.76+0.36 | 2.8+1.0 | 3.01+1.05 | 2.92+0.93 | 091043 | 1.17+0.34
Mar 30.2 + | 441+29 1.03+0.7 5.4 + | 44918 6.18+4.06 | 1.24+0.85 | 3.18+2.22
16.23 3.52
Avr 26.7 + | 232+£1.09 | 0.52+£0.19 | 2.8 + | 456+1.6 324+153 | 0.62+0.23 | 1.69+0.92
17.85 1.25
May 294+6.07 | 526086 | 1.21+0.15 | 6.4 + | 913+2.01 | 736121 | 1.46+0.18 | 3.8+0.92
0.85
Jun 14.8 + | 247+085 | 0.5+0.16 29 + | 5.06+1.19 | 346=1.19 | 0.61+0.2 1.87+£0.73
10.05 0.98
Jul 19.1+£798 | 484+138 | 0.58+0.05 | 54 + | 861+£299 | 678193 | 0.69+0.07 | 4.15+1.43
1.33
Aug 129+7.48 | 3.29+1.15 | 0.85+£0.52 | 4.1 + | 503+344 | 461162 | 1.02+0.62 | 227+1.23
1.33
Sep 19.3 + | 341+£192 | 097033 | 43 + | 336+1.02 | 478+£2.69 | 1.17+0.39 | 224+ 1.56
13.99 223
Oct 10.1 £2.55 | 2.1+0.39 0.79+0.22 | 2.8 + | 276+0.62 | 294054 | 0.95+0.27 | 1.15+0.25
0.58
Nov 20.8 + | 3.64+2.07 | 246+2.17 | 6.1 + | 204+£1.02 | 5.1+£2.89 2.96+2.61 | 0.69+0.55
12.05 423
Dec 13.1+£822 | 237+1.66 | 0.86+0.78 | 3.2 + | 3.2+0.73 331+£233 | 1.03£0.94 | 1.34+0.78
243
LL Jan 199+6.27 | 418+198 | 1.47+0.67 | 5.6 + | 2.83+0.6 585+£2.77 | 1.77+0.8 241+1.28
2.61
Fev 12.1+3.88 | 233+£0.83 | 0.88+0.25 | 3.2 + | 2.66+0.7 326+£1.16 | 1.06+0.31 | 1.27+0.63
1.04
Mar 524 + | 7.34+£283 | 1.52+£0.72 | 88 + | 5.95+4.99 | 10.27 + | 1.82+0.86 | 5.51+2.47
25.14 3.28 3.96
Avr 32.6 + | 391+£199 | 0.95+£047 | 4.8 + | 442+£212 | 547278 | 1.15+0.56 | 2.76 £1.75
15.02 2.27
May 27.7 + | 3.02+1.11 | 0.82+£0.26 | 3.8 + | 3.7+1.1 423+£1.56 | 0.99+0.31 | 2.03+0.87
17.16 1.34




Jun 28.9 + | 351+133 | 091+£0.15 | 4.4 + | 3.79+1.14 | 491+1.86 | 1.1+0.17 241+1.21
17.02 1.43
Jul 20.1+5.76 | 425+£1.08 | 0.7+£0.2 49 + | 6.14+0.24 | 595151 | 0.84+0.24 | 3.41+0.83
1.28
Aug 24.6 + | 433+0.87 | 0.82+0.3 5.16£1.0 | 5.68+1.66 | 6.06+1.21 | 0.99+0.36 | 3.34+0.83
11.25
Sep 26.9 + | 429+249 | 1.16£094 | 5.4 + | 41+1.64 6.01+3.48 | 1.39+1.13 | 29+ 1.64
19.02 3.32
Oct 18.1+£6.27 | 296+1.16 | 1.27+0.51 | 42 + | 241+0.78 | 4.15+1.62 | 1.53+0.62 | 1.43+0.81
1.58
Nov 16.6 £8.81 | 244+1.94 | 0.92+0.76 | 3.3£2.7 265024 | 427+2.72 | 1.39+£092 | 1.66+1.04
Dec 21.1+£6.79 | 419199 | 1.61+£0.84 | 5.8 + | 285+£1.02 | 587279 | 1.94+1.01 | 2.25+1.38
2.69
WZ | Jan 34.1 + | 411+3.22 | 099039 | 5.1 + | 476+3.89 | 5.75+4.51 | 1.19+0.47 | 291+3.2
16.16 3.28
Fev 289+234 | 249+097 | 1.41£0.57 | 3.9 + | 1.83+0.46 | 349135 | 1.7+0.69 0.8 +0.67
1.44
Mar 44.8 + | 388138 1.08+0.97 | 4.9 + | 462+£3.72 | 544+£252 | 1.3+1.16 2.58+1.71
17.43 235
Avr 79.1 + | 699+498 | 1.23+£1.02 | 82 + | 15.01 + | 9.78+697 | 1.48+1.23 | 551+4.65
41.58 5.73 8.12
May 315 + | 409+1.9 0.64+0.46 | 4.7 + | 16.19+78 | 573£2.65 | 0.77+0.55 | 332+1.6
10.37 2.21
Jun 253+881 | 249+1.06 | 0.78+0.85 | 3.2 + | 6.01+385 | 348149 | 0.94+1.03 | 1.55+0.96
1.71
Jul 16.1 £8.43 | 2411 032+0.25 | 2.7 + | 10.52 + | 338+14 0.39+0.3 2.02 +0.81
1.19 5.84
Aug 18.9+3.6 338+1.37 | 0.52+0.2 3.9 + | 823+647 | 473191 | 0.62+0.24 | 2.76 £1.51
1.27
Sep 189+4.62 | 225+£0.78 | 0.41+0.19 | 2.6 + | 581+1.25 | 3.15£1.09 | 0.49+0.23 | 1.76 +0.6

0.95




1030

1031
1032

1033
1034

1035

1036

Oct 19.6+6 1.74+095 | 0.69+0.67 | 2.4 + | 3.56+1.7 244+133 | 0.83+£0.81 | 0.91+0.34
1.59

Nov 19.1+6.13 | 1.4+0.42 041+0.18 | 1.8 + | 3.87+133 | 1.96+0.58 | 0.49+0.21 | 0.91+0.42
0.49

Dec 355+4.66 | 254+0.62 | 1.47+£0.68 | 4 .0+ | 203+0.87 | 3.55+0.87 | 1.76 £0.81 | 0.77+0.59
1.19
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Figure S1. Monthly variation of the relative humidity (%) and temperature (°C) during the

study period in all sites.
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1050  Figure S5. The backward trajectory frequency for the five studied sites at 300 m AGL, for
1051  April 2014, calculated by HYSPLIT Model.
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1054  Figure S6. The backward trajectory frequency for the five studied sites at 300m AGL, for May 2014,
1055  calculated by HYSPLIT Model.
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1057  Figure S7. The backward trajectory frequency for the five studied sites at 300m AGL, for

1058  December 2014, calculated by the HYSPLIT Model.
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Figure S8. The backward trajectory frequency for the five studied sites at 300m AGL, for

January 2014, calculated by the HYSPLIT Model.
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Figure S9. The backward trajectory frequency for the five studied sites at 300m AGL, for

February 2014, calculated by the HY SPLIT Model.
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