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The seasonal changes of a large set of atmospheric pollutants (i.e., gases, water-soluble aerosols, metallic/
elemental components and black carbon (BC) content) have been studied over the southern bight of the North
Sea (the Belgian Continental Shelf) and the English Channel during several marine sampling campaigns, carried
out in 2010-2011. A coastal research station at De Haan, Belgium was concurrently used as a background air
monitoring site. Size-segregated aerosols (PM;, PM5 5.1, PMj¢.2.5) were analyzed for particulate mass, elemental
content and water-soluble (ionic) compounds, while the equivalent BC content in PM;o was monitored with an
Aethalometer. The results clearly demonstrated that the aerosols originating from ship exhaust emissions
contributed mostly to fine fraction (PM;), and to a lesser extent to medium-sized fraction (PMy;5.1), whereas
components of sea spray and of mineral/soil origin were dominating in the medium-size and coarse aerosol
fractions. Looking at seasonal differences, more ship emission related components occurred in the fine and
medium-sized PM during winter. Mineral aerosol components were more apparent in coarse PM and especially
during the cold season, increased levels were noted. Similarly, higher concentrations of marine fine PM were
found during winter, likely due to more extensive ship emissions and/or calm weather conditions. Gaseous
pollutants (e.g., HNO,, HNO3, HCl, SO3, NH3) originating from exhaust fumes of ocean-going ships mostly
reached the maximum levels in the cold season as well, thus supporting the more intense formation of secondary
aerosols. The seasonal trends of total (inorganic) ionic species sampled on the open sea and at the coastal station
were usually similar to those of the corresponding PM masses, peaking in the cold season. Sea salt bound fine
sulfate and nitrate peaked in spring or the cold season for marine areas, whereas for the coastal site they clearly
reached the maximum in the cold season. Ammonium-bound nitrates and sulfates in each PM fraction reached
their peak air levels in the cold season over marine sites. Similar seasonal trends could be observed for the coastal
station. The general tendency of aerosol distribution over the study areas was independent of the sampling site:
the higher the aerosol mass on the open sea with ship traffic, the higher the suspended particulate mass sampled
at the coast.

Oceanic air pollutants
Seasonality
Chemical mass closure

Introduction

Exhaust plumes from large-sized sea-going cargo and passenger ships
have been reported to contribute considerably to poor air quality
(Cooper et al., 1996; Cooper, 2001, 2003; Davis et al., 2001; Eyring
et al., 2010; De Meyer et al., 2008; Agrawal et al., 2008; Dalsgren et al.,
2009; Alfoldy et al., 2013; Tao et al., 2017; Chu-Van et al., 2018). This
type of anthropogenic air pollution can heavily affect the nutrient

concentration and contamination burden of various marine regions (De
Meyer et al., 2008; Bencs et al., 2017), as well as coastal (Poplawski
et al., 2011; Tao et al., 2017; Bencs et al., 2017; Alver et al., 2018; Liu
et al., 2018; Wang et al., 2018; Xu et al., 2018) and continental areas
(Querol et al., 2007; de la Rosa et al., 2010; Pandolfi et al., 2011; Blasco
et al., 2014; Tao et al., 2017; Li et al., 2018; Liu et al., 2018; Xu et al.,
2018; Murena et al., 2018). Other important studies on ship emissions
investigated various physico-chemical properties of aerosols released by
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international shipping operations (Chen et al., 2005; Lack et al., 2009;
Moldanova et al., 2009; Popovicheva et al., 2012). These research
groups were focusing on the exact chemical composition, distribution,
morphology and optical properties of aerosols.

According to model studies, ship emission released pollution affects
the air-quality of various urban and natural preservation areas (Molders
et al., 2010). For instance, it contributes 30-40% and 10% of the total
PM, 5 and PM;( concentrations, respectively, and causes an increase in
concentrations of NOy (90%), Os (<5%), HNO3 (4100 pptv), and PAN
(>18 pptv) along sea lanes and adjacent coastal sites. Besides, the
emission products of ship traffic could reduce the visibility in these areas
as seriously as by 30%. Adverse human health effects can be consider-
ably higher at populated areas located near marine environments with
dense ship traffic (Corbett et al., 2007). Consequently, the monitoring of
these pollutants over marine and coastal areas is of paramount impor-
tance in the identification and characterization of ship emissions related
pollution, as well as in assessment of their exact risks to health of the
population living in nearby regions.

Annual ship emissions from the Belgian North Sea with a total water
surface of 3600 km?, were estimated for SO, NOy and CO5, by taking into
account national and international ship traffic density, power and fuel
usage of the ships/boats involved in the traffic on these areas (De Meyer
et al., 2008). These ship emission estimates are based on bottom-up,
activity based methodology, covering more than 90% of the ship ac-
tivity over the region, complemented with a top-down fuel consumption
methodology for the remaining activities. Compared to the Belgian
National Inventory Data, the obtained emissions of SO, and NOy
correspond to 30% and 22% of the total national emission, thus each
represents a significant contribution to anthropogenically induced
pollution burden to the environment (De Meyer et al., 2008). Recently,
Astrom et al. (2018) analyzed the costs and benefits of a nitrogen
emission control area (NECA) in the Baltic Sea and the North Sea for
2030. They assessed the emission control costs for shipping, using
various models (e.g., GAINS, Alpha-RiskPoll) for emission dispersion
calculations and human health impacts. The authors concluded that the
NECAs for the Baltic Sea and the North Sea can be justified using cost
and benefit analysis under all, but extreme assumptions.

According to the ship emissions related literature, there is a certain
gap of knowledge regarding the seasonality of gaseous pollutants and
size-segregated aerosol, as well as characterization of their fate (sour-
ces/transport/transformation/deposition) over North Sea waters.
Especially the role of pollutants released from large cargo/ferry boats
taking part in the national and international ship-traffic has not yet been
characterized in terms of seasonal trends and compositions. In addition,
ship-released atmospheric nutrients and toxic substances deposited to
the marine environment can be accumulated and amplified in the food
chain, and may also contribute to coastal eutrophication too. Therefore,
their influence on marine ecosystems needs to be systematically studied.
Apparently, the first stage of such a multi-disciplinary investigation is to
seasonally map the air concentrations of anthropogenic pollutants over
open sea areas. Consequently, the main aim of the present study is to
perform contemporary open sea and coastal aerosol monitoring and
evaluation with the assistance of a set of complementary experimental
and model methods. By this approach, it is expected to get a more ac-
curate insight into the seasonal chemical inventory of ship emission
released aerosols on the southern North Sea.

2. Experimental
2.1. Sampling areas, campaigns and meteorological data collection

Six sampling campaigns, each being ten-day-long, have been carried
out onboard the research vessel R/V Belgica during different seasons in
2010 (May 3-12, September 6-16, October 4-15) and in 2011 (January
31-February 11, March 14-25, May 16-27), excluding the weekends.
The sampled marine areas covered the main ship routes of the southern
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North Sea (Fig. 1), e.g., main international, west-east route to Zeebrugge
and the Scheldt estuary, or out of the ship lanes to collect background
(BG) pollution samples/data. The geo-coordinates of the examined
marine areas and the meteorological parameters on routes of the R/V
Belgica along with the ground speed of the ship, the relative/real wind
speed, and the ship-heading have been recorded by the On-board Data
Acquisition System (ODAS) and presented in detail in the corresponding
cruise reports (MUMM, 2020). Accordingly, air temperature, air pres-
sure, relative humidity (RH), wind speed (WS), wind direction, precip-
itation, solar radiation and sea water temperature were recorded. In this
study, the term “open sea” is used in a broader context, corresponding to
marine areas off the coastal waters, e.g., farther than 1 km of the Belgian
coastline of the North Sea.

In addition to marine sampling campaigns, concurrent samplings
were conducted at a coastal BG site in De Haan, Belgium, located at geo-
coordinates of 51.28688° N and 3.06098° E, which is a small research
station of the Flanders Marine Institute (Vlaams Instituut voor de Zee —
VLIZ). The site is located around 500 m from the coastline among the
sand-dunes, which form a characteristic pattern for the coast of the
southern North Sea. Similarly as for onboard samplings, the meteoro-
logical parameters were registered concurrently at the coastal research
station. For this purpose, a small weather unit, which logged the data
with a second frequency, was installed by VLIZ. As an alternative, the
weather data were obtained from the extensive database of the Moni-
toring Network of the Flemish Banks (MVB, 2020). The meteorological
conditions were evaluated for the sampled open sea and coastal envi-
ronment for the seasons and the sampling campaigns/cycles to get an
insight on the representativeness of the weather parameters observed for
an individual campaign and the corresponding season.

2.2. Sampling and monitoring methods

Gaseous nitric acid, nitrous acid and ammonia were sampled actively
from the ambient air with an URG-2000-01K annular denuder at 10
dm®/min during each sampling campaign. The denuder tubes were
coated with a 1:1 diluted methanolic solution of 1% (m/v) sodium
carbonate plus 1% (v/v) glycerol and 1% (m/v) citric acid plus 1% (v/v)
glycerol in methanol for the collection of acidic and alkaline gases,
respectively.

Particulate matter (PM) in the size-ranges of PM;, PMjy 5 and PM;o
was simultaneously collected with the use of three pairs of Harvard-
impactors and vibrating diaphragm pumps (MS&T™ Air Diagnostics
and Engineering Inc., Harrison, ME, USA). As collecting substrates for
PV, Pallflex type TK15-G3M membrane filters (Pall Life Sciences, Ann
Arbor, MI, USA) with 37 mm diameter and 0.3 pm pore size were applied
on each impactor plate. The impactor units were attached through
plastic tubing to the pumps, which maintained constant air-flow rates
(PM;: 23 dm®/min, PM, 5 and PMjq: 10 dm®/min). The sampled air
volume was registered with Gallus-2000 gas meters, while a calibrated
rotameter was applied regularly to check the air flows of the pumps
before and after each sampling cycle.

Each membrane filter was weighed on a Sartorius Model M5P-
000V001 microbalance (Gottingen, Germany) before and after sam-
pling, according to the EN12341 protocol in a thermostated room with a
temperate air of 20 °C and at RH of 50%. The mass concentrations for
PMi¢.2.5 and PM, 5.1 fractions, further on referred to as coarse aerosol
and medium-sized aerosol, respectively, were calculated from the dif-
ference in masses between the three sampled aerosol fractions. There-
after, the aerosol-loaded and field blank filters were subjected to energy-
dispersive X-ray fluorescence (EDXRF) and ion chromatography (IC)
analysis, as described in detail elsewhere (Van Meel et al., 2010; Bencs
et al., 2017).

Equivalent black carbon (BC) content of atmospheric air was moni-
tored at 1 min frequency with a portable Model AE-42 Aethalometer
(Magee Scientific, Berkeley, CA, USA). The air-flow rate was set at 3.9
dm®/min. This instrument facilitates the combination of optical
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Fig. 1. Map of the North Sea (main graph) and the enlarged schematic of the Belgian Continental Shelf (auxiliary graph) with the main national and international
shipping lanes, the major Belgian harbors, the sand reefs (Flemish Banks) and the coastal background station (De Haan).

absorption measurements at wavelengths of 880 nm for BC aerosol and
at 370 nm designated as UVPM. The latter is interpreted as an indicator
of UV-absorbing organic particulates, for instance, aromatic organic
compounds (e.g., PAHs) and recorded also as “equivalent BC” concen-
tration. The seasonal and site-specific averages of the BC concentrations
were calculated for PM;o and taken into account in the mass closure
evaluations.

The sampling equipment, used onboard R/V Belgica, were deployed
on the foredeck, in front of the bridge. The inlet of the sampling tube for
the BC monitor was fixed at the monkey-bridge, whereas the instrument
itself was placed and fixed inside the bridge. The sampling equipment
was switched off for short periods of time, when the ships’ own plumes
were expected to affect the sampling, e.g., during turning maneuvers
when the front and stern of the ship crossed the direction of the wind.

2.3. Sample preparation

For IC analysis, the membrane filters were exposed to ultrasonic
aided leaching in 5 ml ultrapure (Milli-Q) water and the leachate solu-
tions were analyzed for their cationic and anionic content by means of
IC. For the analysis of gaseous hydrochloric acid, sulfur dioxide, nitric
acid, nitrous acid and ammonia, the absorber-tubes of the denuders were
eluted with 10 ml Milli-Q water and the leachate solutions were sub-
sequently analyzed with IC for their Cl°, SO‘Z;’, NO3, NO3 and NHZ
content. The air concentration of the corresponding pollutant was
calculated by taking into account the sampled air volume.

2.4. Mass closure calculation and statistical methods

The water-soluble (ionic) compositions of aerosols were evaluated
on the basis of the method of chemical boundary conditions (CBC),
which utilizes a couple of fundamental (e.g., acidic-basic) chemical re-
actions occurring in the troposphere (Anaf et al., 2012, 2013). The water
content of the ionic aerosol components was assessed by applying the
single-parameter estimation method of Kreidenweis et al. (2008). In part
of these calculations, the aerosol density data reported by Zelenyuk et al.
(2005) were utilized. The mineral content of aerosols was evaluated
from the concentrations of individual soil components (e.g., Al, Si, Ca,
Fe, Ti) determined in PM, as described elsewhere (IMPROVE, 2020). The
data for each quantitated aerosol component (ionic constituents, BC,
elemental and mineral content) was clustered according to the season

and subsequently applied in the chemical mass closure calculations.
3. Results and discussion
3.1. Summary of meteorological conditions

The weather parameters evaluated for various periods of the marine
and coastal sampling campaigns in 2010 and 2011 are depicted in
Fig. S1. The coastal and the open sea campaigns experienced similar
weather conditions, apart from the wind speed, which is certainly higher
on the open sea. The weather data for the campaigns showed very
similar absolute values and periodicity to those observed on a yearly
basis, monitored at an official weather station at the coast of Zeebrugge,
located about 12 km NNE of De Haan (Fig. S3). These data and their
fluctuations are in accordance with the Koppen-classification of oceanic
climate (“Cfb”) for the study region. Specifically, solar radiation, air
temperature and sea water temperature were peaking in the warm
season and reaching their minimum in the cold season. On the other
hand, the RH peaked in winter and showed the minimum in summer, in
the range of 75-90% with fairly high (10-15%) fluctuations in each
season. In the current sampling campaigns, the prevalence of marine
(oceanic or North Sea) winds was experienced at the coastal research
station (Fig. S2). Certainly, the wind speed logged at the coast was lower
by 20-30% than those observed during the open sea campaigns, mostly
due to the shielding effects of the sand dunes for the coastal station. On
the basis of these observations, the general tendency of the marine air
pollutants released by ocean-going ships is to proceed towards the
shores of the southern North Sea, where they mix with pollutants from
local, anthropogenic sources and apparently increase the extent of
coastal air pollution.

3.2. Variation of aerosol mass concentration and size-distribution

The mass concentration of coarse aerosol (PMig.25) suspended in
marine air (Fig. 2) is higher or of similar level (range: 7.4-18 pg/m>;
average: 12.3 pg/m>; median: 12.0 pg/m>), compared to that sampled at
the coastal station (range: 6.9-15.2 pg/mS; average: 10.2 pg/m3; me-
dian: 9.2 pg/m3). From May 2010, an increase is seen in the mass con-
centration of coarse PM, although it shows rather fluctuating values
during the subsequent winter. On the other hand, the PM;( concentra-
tion was gradually increasing from late spring (May 2010) till end of the
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Fig. 2. Seasonal variation of the average mass concentrations of PM fractions
over the southern North Sea and at the coastal background site (De Haan,
Belgium) in sampling campaigns of 2010 and 2011; error bars denote the
ranges for within season fluctuations.

winter (March 2011), i.e., from 18 to 35 pg/m3.

Interestingly, the mass concentration of the medium aerosol fraction
(PM5.1) on the open sea showed a gradual increase during the cold
season (i.e., from October 2010 till March 2011), ranging from 4.1 to 12
pg/m>, which is a similar trend to that observed for PMyq. A similar
pattern, but with slightly higher values could be seen for coastal aerosol
(range: 7.3-17.5 pg/m®) during the same season. Whilst again, in May
2011, the mass concentration of medium aerosol fraction fell to the level
observed in the same season (spring-summer) of the previous year,
2010. The average marine PM; mass (range: 4.9-14.6 pg/ma; average:
8.4 pg/m®; median: 6.7 pg/m®) has been found to follow a similar sea-
sonal trend as the medium-sized aerosol fraction. Fine aerosol (PM;)
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sampled at the coastal site has shown similar seasonal trends, but with
slightly lower values (range: 5.1-11 pg/ms; average: 7.3 ug/mg; median:
6.9 pg/mB).

It is also apparent that the coarse mass fraction dominates over the
medium and the fine fractions during the spring and early autumn
(May-September campaigns), whereas the fine and medium fractions
are generally represented by higher aerosol masses during winter/early
spring (February/March 2011). Exception is the March 2011 campaign,
when the medium-size and fine aerosol fraction dominated in the coastal
and marine sites, respectively.

It is important to emphasize that the mass concentrations of the
coarse (PMj¢.2.5) and fine (PM;) marine aerosols are higher than those
sampled at the coastal site, while for the medium-size fraction (PMz 5.1)
the trend is usually opposite. For open sea aerosols, the increased mass
concentration in the fine fraction unambiguously points towards its
source from ship-exhaust emissions, while the increased mass in the
coarse and the decreased mass in the medium-size fractions show faster
coagulation of medium-sized aerosols (compared to those of fine par-
ticulates), which is likely due to the higher humidity condition that
exists in general over marine areas. Unexpectedly, seasonal differences
can be noticed when comparing the spring and autumn campaigns in
2010. Namely, increased aerosol masses at each size fraction could be
seen for the autumn samples.

3.3. Elemental content and seasonality of size-segregated aerosols

The concentrations of minor elements are rather fluctuating over
various campaigns/seasons (Fig. 3). Here, the “Trace” content refers to
the summed concentrations of the detected trace elements, whose
average concentration does not reach 100 ng/m? in either size fraction.
The highest levels are experienced for aerosol Cl mostly in the coarse
fractions of marine samples (range: 0.76-3.2 pg/m°; average: 1.97 +
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Fig. 3. Concentrations of minor and trace elements in various fractions of marine aerosols (“Trace” denotes the trace element content — detailed in Fig. 4).
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0.86 pg/m?; median: 1.9 pg/m%), while its decreasing contribution has
been found in medium-sized aerosols (range: 0.29-0.9 pg/m°>; average:
0.38 + 0.36 pg/m>; median: 0.28 pg/m>), as well as in fine PM (range:
0.003-0.015 pg/ms; average: 0.009 + 0.004 pg/mg; median: 0.009 pg/
m>). The aerosol Cl was always higher in coarse and medium-sized
marine aerosols, while interestingly, higher Cl levels were experienced
in fine fraction of coastal PM. For aerosol S, the trend is rather the
opposite than that observed for Cl. The concentration of S peaked in fine
PM, in marine aerosols it covered the range of 0.33-0.69 pg/m°
(average: 0.48 =+ 0.15 pg/m>; median: 0.41 pg/m®), while for coastal
samples, its level was just slightly lower (range: 0.33-0.52 pg/m?;
average: 0.41 =+ 0.07 pg/m%; median: 0.40 pg/m%). Medium-sized PM
showed a lower S content than fine PM, but considerably higher fluc-
tuations. For instance, for marine aerosols, it ranged between
0.075-0.45 pg/m3 (average: 0.21 + 0.17 pg/m3; median: 0.11 pg/m?’),
while for coastal samples, it was a bit higher, ranging between
0.077-0.54 pg/m> (average: 0.25 + 0.18 pg/m>; median: 0.17 pg/m). It
could be seen that the aerosol S level rather increased during the cold
season (February/March campaigns) in both the fine and the medium-
size PM fractions. In general, significantly lower S content was experi-
enced in coarse marine aerosols (range: 0.1-0.22 ug/mg; average: 0.16
+ 0.05 pg/m3; median: 0.15 pg/m), while only a slightly lower S level
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was obtained at the coastal site (range: 0.02-0.2 pg/m>; average: 0.11 +
0.06 pg/m? median: 0.11 pg/m®). For coarse S, the seasonal change is
not so obvious. In coarse marine aerosols, peaks of S-content have been
observed in the September 2010 and May 2011 campaigns, while for
coastal aerosols in February, each around 0.2 pg/m?>.

Crustal (mineral) elements, such as Al, Ca, Fe, Si and Ti, were more
apparently dominating in coarse aerosols (Figs. 3 and 4), covering the
concentration range of 16-42 1'1g/m3 (average: 25 £ 11 ng/m3; median:
24 ng/m?’), 109-223 ng/m3 (average: 172 + 39 ng/mg; median: 171 ng/
m3), 53-149 ng/m3 (average: 93 + 33 ng/m3; median: 94 ng/ms),
62-166 ng/m3 (average: 115 + 40 ng/m3; median: 123 ng/m3) and
2.3-8.8 ng/m® (average: 5.2 + 2.4 ng/m% median: 5.1 ng/m°),
respectively, over marine areas. At the coastal site, significantly higher
air levels of these elements were usually observed as compared to con-
centrations obtained over marine areas, indicating the terrestrial, upper
soil/dust origin. However, for the medium-sized fraction, the concen-
tration trend is less obvious. For Si, generally lower, or similar levels in
marine and coastal PMy 51 could be observed, except for the winter,
when a three times higher Si content was found over marine areas. For
Ca, Fe and Ti, higher levels were observed in winter, while lower values
were recorded for Al in the same season. For fine PM, Al, Ca, Fe, Si and Ti
were present at enhanced levels in the cold season (February and
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Fig. 4. Concentration distribution of trace elements in marine and coastal aerosols over various campaigns/seasons.
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March), whereas, their distribution did not show any visible trend over
the studied marine areas, nor the coastal sampling station.

Potassium was present at increased amounts in coarse marine aero-
sols (range: 53-107 ng/m3, average: 82 + 19 ng/m3, median: 82 ng/
m3), but its concentration did not show significant deviation from the
coastal data, nor much seasonality (Fig. 3). About half of the aerosol K
was found in the medium-size fraction (range: 21-60 ng/m® average: 39
+ 14 ng/m?, median: 39 ng/m?), as well as in fine PM (range: 13-97 ng/
m® average: 44 + 31 ng/m®, median: 38 ng/m?>). It can be seen that this
element rather occurs at enhanced levels during winter at the coastal
station too. This could be due to biomass burning and/or wood heating
activities at nearby settlements.

Fine aerosol related V and Ni are excellent indicators of residual
(diesel) oil burning (Maenhaut et al., 2002), as well as ship emissions
(Viana et al., 2009). In this study, these elements were more concen-
trated in the cold season and in fine PM. Over marine areas, the V and Ni
content of PM; fluctuated in ranges of 3.7-19.3 ng/m® (average: 7.3
ng/ms, median: 5.5 ng/m3) and 2.4-12.2 ng/m3 (average: 4.6 ng/m3,
median: 3.3 ng/m3), respectively (Fig. 4). The V and Ni levels in coastal
fine aerosols ranged at 2.3-10.8 ng/m?> (average: 5.5 ng/m>, median:
3.3 ng/m% and 1.8-6.9 ng/m® (average: 3.4 ng/m°, median: 2.2
ng/m>), respectively. Both elements contributed rather equally low to
medium-sized and coarse PM, ranging between 0.2-2.4 and 0.3-2.1
ng/m°, respectively, over the sampling sites and seasons. These findings
point towards their origin from ship emissions. Pb has shown a similar
seasonal pattern in fine PM, ranging from 5.1 to 18.7 ng/m°® (average:
12.2 ng/m3) and 7-15 ng/m3 (average: 10.2 ng/m3), over marine sites
and the coastal station, respectively. For marine aerosols, the Pb level
showed a gradually decreasing trend towards the coarser PM fractions,
e.g., with averages of 5.8 and 3.6 ng/mg, in PMys.1 and PMig.os,
respectively. Whereas, at the coastal station, its level in medium-sized
PM was similar or slightly higher than that observed in the fine frac-
tion, ranging from 7.4 to 21 ng/m3 (average: 12.5 ng/m3).

Elements like Cu, Mn and Zn in marine aerosols were found to be at
similarly low concentrations in the studied PM fractions (Fig. 4).
Evidently, their levels in fine PM ranged from 2.6 to 9.1 ng/m?> (average:
6.1 ng/mg), 9.6-18.5 ng/m3 (average: 13.8 ng/m3), and 2.7-13.9 ng/m3
(average: 7.4 ng/m°>), respectively. On average, about 20-30% lower
levels were found in coastal fine PM. In the medium fractions of marine
aerosols, the levels of Cu and Mn were observed to be similar to those
found for each in fine PM, ranging from 1.4 to 9.9 ng/m° (average: 4.8
ng/mg) and 2.3-18.5 ng/m3 (average: 7.9 ng/m?’), respectively. In
coarse marine aerosol, generally, lower Cu and Zn content was obtained,
fluctuating between 1.8 and 10.8 ng/m® (average: 6.2 ng/m>) and 2.2
and 11.2 ng/m® (average: 5.6 ng/m%), whereas higher Mn levels were
attained, ranging from 3.7 to 18.7 ng/rn3 (average: 7.9 ng/m3). In
coastal PM, usually, higher Mn and Zn levels were obtained in the coarse
fractions, whereas the Cu content decreased in coarse aerosol (range:
0.5-11.2 ng/m3, average: 4.0 ng/mS).

Chromium in marine fine PM followed a similar seasonal pattern to
Pb. Namely, its level increased by 2-3 fold in the cold season, when
fluctuating between 0.4 and 1.5 ng/m® (average: 0.9 ng/m>), whereas
slightly lower Cr levels were detected at the coastal station (range:
0.4-0.9 ng/m>, average: 0.6 ng/m>). Interestingly, this element was
rather homogeneously distributed between the three particulate frac-
tions in marine samples, while in coastal samples, the medium and
coarse fractions showed twice higher levels than that present in fine PM.
Other trace elements, like As, Cd, Sb and Se showed similarly low (a few
ng/m>) levels on average, in each PM fraction, as compared with that of
Cr, as well as similar seasonality in terms of enhanced concentrations
during the cold season (Fig. 4). Each element followed a decreasing
concentration trend from fine to coarser PM fractions in marine aerosol,
whereas the trend was not so discernible for coastal samples, which were
usually characterized with higher levels of these elements in the coarser
fractions. The average As, Cd, Sb and Se content in fine PM ranged in
0.2-0.9 ng/m3 (over seasons average: 0.5 ng/ms), 0.1-2.1 ng/m3
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(average: 1.3 ng/ms), not detectable (n.d.) - 4.3 ng/m3 (average: 0.5 ng/
m®), and 0.1-1.9 ng/m® (average: 1.4 ng/m®), respectively. Although
similarly low levels to these were observed for Sr, its distribution over
the three aerosol fractions was reverse compared to the above
mentioned elements, in terms of its gradually growing concentration
from the fine to the coarse fraction. Sr is likely of marine spray or
terrestrial (crustal) origin, thus its higher abundance in the coarser
aerosol fractions is more evident.

3.4. Seasonal changes in air levels of ammonia and acidic gases

The total (summed, daily) concentration of the monitored gaseous
species (HNO,, HNO3, HCl, SOy, NH3) fluctuated between 0.6 and 15
ug/m3 over the marine sampling campaigns/seasons (Fig. 5). The air
level of NH3 was the highest among these gases, ranging between 0.4
and 9.5 pg/m?3, followed by gradually lower air levels of HNO,, HCI,
HNO3 and SO». High concentrations of NH3 were observed in the spring
season in May, both in 2010 and 2011, but also in March 2011, reaching
about 3 pg/m°>. The air level of HNO, was found to be rather high in the
autumn/winter periods, e.g., in September 2010, February—March 2011
campaigns, peaking at about 0.9 pg/m?. Interestingly, in March 2011,
rather high NH3; and HNO;, levels were seen. During this campaign, the
weather was characterized by fairly wind-calm conditions, as well as
frequent and dense fog events with highly limited sunny hours (Fig. S1),
which could have contributed to the accumulation of the reduced forms
of N-species in the North Sea air. On the other hand, HNO3 and HCl
peaked at 0.8 and 1.3 pg/m® during the May and October campaigns in
2010, respectively. Gaseous HCl is most likely formed during conversion
of sea spray, which loses chloride in reaction with acidic gases soon after
formation on the open sea, hence, partly converted sea salt aerosols are
expected in the coastal air. Similar observations were made earlier for
the coastal North Sea (Horemans et al., 2009).

The maxima of the total gaseous pollutant concentrations were
observed during the cold season between October 2010 and March 2011
(Fig. 5). In winter, more diesel fuel is consumed by ocean-going vessels
than during summer, due to the cold start of the ships’ primary engines
at harbors and mooring areas, and likely the need of more power for ship
safety/navigation systems and heating. It is also likely that the catalytic

50, m May, 2010.
Sept., 2010.
HNO3 Oct., 2010.

m Febr., 2011.
HNO,
H March, 2011.

May, 2011.

HCI

NH
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Fig. 5. Seasonal variation in the average concentrations of gaseous air-
pollutants over open sea areas and the corresponding within campaign fluctu-
ations expressed as error bars (similar seasons are indicated with similar col-
ours). (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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converters of the ship’s engines reach the maximum conversion effi-
ciency more slowly in winter than during the warm season. These con-
ditions result in higher gaseous pollutant emissions into the North Sea
air in winter, and apparently more intense formation of secondary
aerosol, thus higher contribution of anthropogenic particulate to the
total aerosol mass. Moreover, the weather conditions can also contrast
the seasonal differences in air pollution levels, due to less wind and calm
seas during the winter period, which can promote accumulation of these
species in the ambient air.

3.5. Seasonal changes in water-soluble components of size-segregated
aerosols

Interestingly, the total (sum) of ionic species is generally higher for
samples collected on the open sea than those at the coastal monitoring
station (Fig. 6). The temporal trends of total ionic concentrations
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sampled on the sea and at the coastal station were found to be very
similar to the pattern of the PM mass concentration, i.e., increasing
levels from late spring towards the cold season, and reaching peak
values in February/March 2011.

From the results, it is apparent that genuine sea salt is more abundant
in the coarse particulate fraction (PMjg.25), showing concentrations
from 1.9 to 7.0 pg/m?> (average: 4.3 pg/m>) and 1.1-5.1 pg/m? (average:
2.7 pg/m>), respectively, for marine and coastal BG samples. In general,
much lower levels have been observed in medium size-ranged aerosols,
in concentrations from 0.35 to 1.5 pg/m° (average: 0.75 pg/m>) and
0.18-1.05 pg/m? (average: 0.53 pg/m>), respectively, for marine and
coastal aerosols, whereas in PM; fraction, the sea salt concentration was
negligibly low for both the sea areas and the coastal sites, ranging from
0.11 to 0.67 pg/m° (average: 0.3 pg/m>) and from 0.04 to 0.11 pg/m>
(average: 0.08 pg/m>), respectively (Fig. 6). Genuine sea salt peaked
rather in the spring or early autumn, in fine, medium and coarse

14 20 -
F O Genuine seasalt E
12 + May, 2010. . 18 + Sept., 2010.
_-E E Haged-SOy ~ 16 +
10 + _ E b
B Eam-502 El il
T 8L =121
.% E Daged-NO3 5 10 &
= 6 - _ ®
E F Oam-NO3 £ 8+
g 4 + g 6 F
s ‘T BNH, :
Sk 4 S 4+
F W Mineral 2 ¢
0+ 0 4
EH,0
PM; ‘p""z.s 1 PMygp.5 PMp pMzs 1 leO—Z 5 2 PM; ‘p""z.s-l’p""'lc»z. PMy pMz.s 1 lec»z 5
Open sea Coastal background B Unaccounted Open sea Coastal background
12 ¢ 16 C
5 - Oct., 2010. 12 £ Febr., 2011.
= ! T
E 5T E 10 £
= [ E
I 2 8k
E B
=] = F
g 4+ 5 °F
& - E
a4t
g 5 f § " T
2 +
0 .
g | "’Mz.s-l "’Mmz.s e | ‘PMZ.S—I "’Mmz.s PMy ‘pm2 e ‘pmmz. PM; |pm2 Eq ‘pmmz_s
Open sea Coastal background Open sea Coastal background
22 24
i3 22
20 ¢ March, 2011. -0 £ May, 2011.
B8 ok =
E 16 £ E 18
2 L
E 12 _; .E 12
® 10 + B
. e
o E o 6
L% 4 f o a
2 £ 2
o 0
PMy ‘pM25-1 |PM1&2. PM; ‘PM25-1‘PM1&2.5 PMy ‘pM2.5-1 lp""'mz. PMy PM25 1 P""'10-25
Open sea Coastal background Open sea Coastal background
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fractions of the marine aerosols. However, for coastal fine and medium-
sized aerosols, it was rather high in winter, whereas its maximum in
coarse aerosols was found in the warmer, late spring season (e.g., May
2011).

Aged sea salt bound SO~ content in marine fine aerosols ranged
widely, from n.d. to 0.49 pg/m? (average: 0.3 pg/m?%), whereas in coastal
fine PM, it was much lower, ranging from 0.001 to 0.07 pg/m? (average:
0.02 pg/m>). In medium-sized marine aerosols, its concentration was
slightly higher, ranging from 0.01 to 0.12 pg/m® (average: 0.05 pg/m°),
while in the corresponding coastal samples it was slightly lower, i.e.,
ranged from 0.002 to 0.09 pg/m® (average: 0.03 pg/m°>). In coarse PM,
aged SO~ was lying in the range of n.d.-0.21 pg/m? (average: 0.08 pg/
m?), while in coastal PM, it was lower than the marine values, ranging
from 0.01 to 0.07 pg/m? (average: 0.05 pg/m>). As for seasonal differ-
ences, the increase for sea salt bound fine SO7~ is towards the spring
(May 2010 and 2011) in both the marine and the coastal samples. This
observation is partly true for medium-sized and coarse aerosols; they
also mostly peak in the spring, as well as in the late winter (February
2011).

The concentration of sea salt bound NO3 (aged sea salt) in fine
aerosols was lying generally in a similar range than that of the former
species, i.e., for marine aerosols, between 0.08 and 0.42 pg/m? (average:
0.21 pg/m®), while in coastal aerosols between 0.08 and 0.74 pg/m>
(average: 0.22 pg/m®). In medium-size marine aerosols, it showed a
considerable increase, compared to fine PM, ranging between 0.47 and
0.82 pg/m® (average: 0.59 pg/m>), while it was slightly lower in coastal
samples, covering the range between 0.08 and 0.66 pg/m> (average:
0.37 pg/m>). As expected, the main mass of sea salt bound NO3 was
observed in coarse aerosols, for both marine and coastal samples,
ranging between 1.0 and 2.5 pg/m> (average: 1.8 pg/m?>), and between
0.03 and 2.3 pg/m° (average: 1.2 pg/m®), respectively. Seasonally, the
sea salt bound fine NO3 (aged sea salt) peaked in the cold season
(February 2011) for marine areas, whereas interestingly, it was peaking
in spring (May 2011) at the coastal station. A similar trend was observed
for sea salt bound medium-size NO3 found in marine samples, which
peaked in spring (May 2010) and winter (February 2011), while for the
coastal site, its maximum was observed clearly in the cold season.
Similarly, the sea salt bound coarse NO3 peaked in spring for marine
areas (May 2010 and 2011), whereas, interestingly, it peaked in autumn
(September 2011) in coastal samples.

Ammonium-bound SO3~ levels in marine fine aerosols generally
ranged from 0.89 to 2.7 pg/m> (average: 1.4 pg/m>), while in fine
coastal aerosols, it reached significantly lower values, ranging from 0.20
to 1.3 pg/m® (average: 0.99 pg/m>). In medium-sized marine aerosols,
the concentration of ammonium-bound SO?( was about 2-3-times lower
than in fine PM, i.e., ranging from 0.09 to 1.64 pg/m° (average: 0.51 pg/
m®), whereas in coastal samples it reached slightly higher values, i.e.,
between 0.08 and 2.14 pg/m3 (average: 0.75 pg/m3). In coarse marine
PM, aged SO3~ was found to be at very low levels, e.g., from n.d. to 0.43
pg/m° (average: 0.16 pg/m>), while in coastal PM, it was slightly higher,
ranging from 0.11 to 0.51 pg/m> (average: 0.22 pg/m®). Seasonally,
ammonium-bound SO3~ peaked in the cold season (March 2011) for all
the three studied aerosol fractions over marine sites, as well as similar
seasonal trends could be observed for the coastal aerosols.

The ammonium-bound NO3 content in marine fine aerosols ranged
widely, i.e., from 0.04 to 7.8 pg/m> (average: 1.8 pg/m%), whereas in
fine coastal aerosols it reached significantly lower values, ranging from
0.22 to 2.8 pg/m3 (average: 1.1 pg/m3). In medium-sized marine aero-
sols, the ammonium-bound NO3 content was about half lower than in
marine fine PM, i.e., ranging from 0.003 to 4.4 pg/m° (average: 1.1 pg/
m>), whereas in coastal samples it reached slightly higher values, i.e.,
0.07-5.9 pg/m3 (average: 1.5 pg/ms). In coarse marine PM, the
ammonium-bound NO3 was found to be at relatively lower levels, as
compared to the fine and medium-sized fractions, fluctuating from 0.02
to 1.1 pg/m® (average: 0.36 pg/m®), while in coastal PM, it was present
at slightly higher levels, between 0.05 and 1.14 pg/m? (average: 0.44
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ng/m>). As for seasonal differences, similarly to the ammonium-bound
50‘21_, the ammonium-bound NO3 reached the maximum levels in the
cold season (March 2011) for the three studied aerosol fractions over
marine sites, while a similar seasonal trend was observed for the coastal
samples.

The NHJ content in marine fine aerosols fluctuated widely, i.e., from
0.4 to 3.2 pg/m> (average: 1.1 pg/m>), whereas in coastal fine aerosols it
was represented with significantly lower values, ranging from 0.08 to
1.2 pg/m® (average: 0.69 pg/m®). The NHf content in medium-sized
marine aerosols was around twice lower than in the marine fine par-
ticulate, ranging between 0.04 and 1.9 pg/m® (average: 0.5 pg/m>),
whereas in coastal samples it reached slightly higher values, e.g.,
0.16-2.0 pg/rn3 (average: 0.74 pg/m3). In coarse marine aerosols, the
NHJ content was found to be at quite lower levels, as compared to the
fine and medium-sized fractions, i.e., ranging from 0.03 to 0.45 pg/m°>
(average: 0.23 pg/m3), whereas in coastal PV, it was present at signif-
icantly increased levels, ranging between 0.06 and 2.1 pg/m? (average:
0.49 pg/m®). As far as the seasonal differences are concerned, NHZ
reached the maximum levels in the cold season (February/March 2011)
for the three studied aerosols fractions over marine sites, similarly to the
ammonium-bound secondary aerosols (see above). Likewise, it peaked
in the cold season for the coastal, fine and medium-sized aerosols.
Interestingly, for the coarse aerosol, sampled at the coastal site, NHZ
levels reached the maximum in the late spring, i.e., in May 2011.

The mineral content in the marine fine aerosol was ranging from 0.04
to 0.29 pg/m° (average: 0.11 pg/m>), whereas in coastal fine aerosol, it
showed lower values, and much less fluctuations, i.e., between 0.06 and
0.09 ug/m3 (average: 0.07 ug/mS). The mineral content in medium-
sized marine aerosols was a bit higher than in fine aerosol, ranging
from 0.08 to 0.33 pg/m> (mean: 0.21 pg/m°>), as well as in the coastal
medium-sized aerosol, fluctuating between 0.11 and 0.28 pg/m>
(average: 0.20 pg/m3). In coarse marine PM, the mineral content was
observed to be fairly high, as compared to the fine and medium-sized
aerosol (range: 0.31-1.05 pg/m3, average: 0.6 pg/ms), whereas in
coastal particulate, it was present at around twice higher levels, ranging
between 0.84 and 1.7 pg/m°® (average: 1.2 pg/m®). Interestingly, the
mineral content in marine fine aerosols peaked in the cold season
(February/March 2011), whereas no clear seasonal tendency could be
observed for coastal fine aerosols. The mineral content of medium-sized
and coarse marine aerosols developed rather fluctuating average air
levels, peaking in the cold season (March 2011). While similar trends
could be observed for coastal samples of the same particle size ranges.
The BC content in marine PM;o was ranging from 0.4 to 1.6 pg/m°
(average: 1.0 pg/m>), and peaked during the cold season (February/
March 2011).

The adsorbed water content of marine fine PM was ranging over
0.38-3.2 pg/m° (average: 1.04 pg/m>), whereas in coastal fine aerosol,
it was present at lower values, fluctuating between 0.29 and 1.21 pg/m>
(average: 0.62 pg/m°>). The water content of the medium-sized marine
PM was a bit higher than that of the fine aerosol, varying between 0.45
and 1.96 pg/m? (average: 0.85 pg/m>), as well as in coastal medium-
sized aerosol, fluctuating between 0.3 and 2.56 pg/m® (mean: 0.92
ng/m>). In coarse marine aerosol, the water content was observed to be
considerably higher, as compared to the fine and medium-sized aerosol
(range: 1.3-3.0 pg/m°, average: 2.0 pg/m>), as well as in coastal par-
ticulate, fluctuating between 0.9 and 2.3 pg/m?> (average: 1.5 pg/m>). It
should be mentioned that the estimated concentration of the
unaccounted/non-detected aerosol fraction of the fine, medium and
coarse marine PM was considerably high, ranging between 2.2 and 6.4
pg/m® (average: 3.9 ng/m>), between 1.1 and 3.4 pg/m? (average: 1.9
pg/m>), and between 0.3 and 11.8 pg/m> (average: 4.8 pg/m>),
respectively. Similar, or higher values for the unaccounted fraction of
the coastal samples were experienced, ranging between 2.1 and 5.6 pg/
m> (average: 4.1 pg/m3), between 1.4 and 10.6 pg/rn3 (average: 4.4 ng/
m®), and between 0.6 and 5.9 pg/m? (average: 2.8 pg/m?), respectively.
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3.6. Relative contributions of various species to marine and coastal PM;g

The relative contributions of various species detected from marine
and coastal aerosols are depicted in Figs. 7 and 8. As can be seen,
genuine sea salt contributed with a significant percentage to PM;( mass,
and was evidently more abundant in marine samples and the warm
season (end of spring, beginning of autumn), e.g., 42% and 22% in May
2010 for marine and coastal areas (Fig. 7). Aged sea salt (bound to NO3
and SO%") contributed about 6-17% to the PM;, mass over the seasons;
the weight of SO~ bound sea salt was generally about an order of
magnitude lower, or even negligible. The contribution was usually a few
percent higher, or similar in the coastal samples as compared to the
marine aerosols. Ammonium-bound NO3 and SO3~ contributed gener-
ally with a few percent during the campaigns, except for the early spring
(March 2011), when thecontribution of the former was 28% and 26% in
marine and coastal PM;, respectively. Ammonium contributed gener-
ally to a low extent to PMj, ranging from 3 to 12%, with more
abundancy over the coastal site. Exception was in the early spring
(March 2011), when its contribution was as high as 12% for marine
PM;, but somewhat lower (9%) values were found in coastal PM.

The contribution of mineral mass to PM;( was stretching between 2-
5% and 3-10% for marine and coastal sites, respectively. For marine
samples, more contribution of mineral aerosol was observed during the
cold season, whereas for coastal samples, the contribution of mineral
content to PM;o was rather lower in winter, e.g., 3-4% in February/
March 2011. Black carbon contributed to PMjo mass to a fairly low
extent, ranging from 2% to 5%. It showed a rather gradual increase from
the late spring aerosols towards those sampled in the cold season (Figs. 7
and 8).

A fairly large amount of adsorbed water was observed in PMy,
ranging between 8-18% and 8-13% for marine and coastal samples,
respectively, it usually being higher for open sea samples. Moreover, the
unaccounted fraction was also high, ranging between 14-45% and
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Fig. 8. Distribution of PM;, constituents sampled over open sea areas and the
coastal background station of the North Sea in various seasons in 2011.

24-55% for marine and coastal samples, respectively. Obviously, this
leaves questions open about the exact chemical composition of these
fractions of open sea and coastal aerosols. This necessitates qualitative
and quantitative analysis of a much wider set of the particulate com-
ponents, most probably organic constituents, which research was out of
the scope of this study.

3.7. Correlations of weather variables, particulate mass and constituents

Among size-segregated aerosols, the finer fractions, PM; and PM3 5.1
correlated strongly with each other and the air pressure on the open sea
and at the coastal site (Tables S1-S2). The air RH correlated highly with
finer PM fractions at the coastal station, while lower correlations were
observed for open sea samples. Strong anti-correlations have been
recognized for the lower PM fractions with precipitation, while to a
lower degree with wind speed, solar radiation, air temperature and sea
water temperature. Coarse aerosols (PMj.a5) correlated strongly with
precipitation and somewhat lower with air temperature at the coastal
site, whereas they developed anti-correlation with RH. On the open sea,
coarse PM correlated loosely with wind speed, air temperature and sea
water temperature, and showed no dependence on the other monitored
meteorological variables. Overall, the lower PM fractions showed more
dependency on weather parameters at the coastal site, as compared to
the marine areas.

Bivariate correlation analysis revealed strong correlations of PM;
and PMj 5.1 masses between and within coastal and open sea samples,
whereas their loose anti-correlation with the coarse aerosol mass was
observed at both kinds of study areas (Table S3). On the other hand,
strong correlation was found for coarse PM fractions collected at the
coastal station and the open sea. These findings demonstrate the strong
coupling between the ambient air pollution of the open sea and the
coastal region.

Amongst the ionic components (Tables S4-S5), sea spray related
major species, such as Na®™ and Cl~ were correlated rather well with
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wind speed and solar radiation in at least two, generally the coarser
particulate fractions on the open sea, whilst at the coastal site only
coarse Cl~ correlated with them. NHJ was rather strongly anti-
correlated with wind speed at the open sea, but loosely correlated
with it at the coastal station. Mg showed strong correlation with wind
speed in PMj¢.2 5 on the open sea and somewhat lower correlation at the
coastal site. Nitrate was anti-correlated with wind speed in each PM
fraction, independent of the sampling location, while SO3~ was anti-
correlated with wind speed at least in one of the finer fractions, but
correlated with it in coarse PM. Most of the ionic components in the finer
PM fractions were anti-correlated with precipitation to a varying degree,
whereas coarse Na®, K*, Mg?" and Cl~ (i.e., major/minor sea spray
components) correlated well with it. NHJ correlated fairly well with air
pressure and RH in each studied aerosol fraction, independent of the
sampling site, but anti-correlated with air temperature, sea water tem-
perature and solar radiation. Fine K correlated with air pressure over
open sea areas, and with RH at the coastal site. On the other hand, coarse
K* correlated with air temperature and sea water temperature over open
sea areas. Fine and medium-sized Ca?" strongly correlated with air
pressure at coastal and open sea areas, while these components corre-
lated also with RH at the coastal site. Fine and coarse Cl~ correlated well
with solar radiation on the open sea. Size-segregated nitrates correlated
strongly with air pressure at the open sea and coastal sites, while some
dependency on RH was found only at the coastal site for finer PM
fractions. Air temperature, sea water temperature and solar radiation
developed slight anti-correlation with NO3 levels. The other component
of secondary inorganic aerosol, sulfate showed similar correlation
pattern to that of NO3 on the open sea and at coastal station, respec-
tively. Overall, the air levels of ionic species in various size-fractions
depended less on seasonal changes in meteorological conditions, exist-
ing on the open sea, whereas more influence of these variables could be
observed at the coastal station (e.g., wind speed, RH). Looking at the
within season correlations of ionic aerosol components between the
coastal and open sea samples, strong correlations were recognized, with
coefficients ranging between 0.74 and 0.97. This finding is an additional
proof of the close relationship of the open sea air pollution with those,
observed at the coastal air monitoring station.

3.8. Considerations on yearly/seasonal AIS data and emissions for the
Belgian North Sea

The Belgian Continental Shelf belongs to the southern bight of the
North Sea, which is the most densely trafficked part of this sea. The
yearly individual ship signal data from the automatic identification
system (AIS) messages collected and processed for this marine area and
the related busy harbors indicate a highly dense traffic throughout the
year 2009, as envisaged in a former study (Bencs et al., 2012). In these
evaluations, tankers, passenger ships and cargo ships were taken into
account, with a total of close to 13.6 million AIS signals (74% of the total
AIS messages). The high density of ship traffic in general does not
significantly change over the seasons regarding the message frequencies
received from the national and international routes of the Belgian North
Sea. This is manifested in the received seasonally similar amounts of AIS
signal data by Belgian marine and coastal AIS stations in 2009. The NOy
and SO, emissions observed for the region on the basis of AIS signals and
individual ship emission data were in good agreement with those
observed from predictive data of the MOPSEA model for 2010. More-
over, this finding is supported by a more recent research, conducted in
2016 for ship activities on the North Sea, assessed on the basis of the AIS
signals of ships by Nilsson et al. (2018). This research team concluded a
slightly higher density of ship traffic over the southern North Sea for the
summer season, as compared to the other seasons. This and the current
findings are strong indicators that the seasonal variation in ship traffic
density has low influence on air pollution at coastal and open waters, as
well as coastal areas of the southern North Sea, but most likely the
seasonal periodicity of the weather and the extent of emissions by ships
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play a vital role.
4. Conclusions

In this research, the southern bight of the North Sea at Belgium and
the English Channel was studied from the viewpoint of seasonality of
ship emission related atmospheric pollution, i.e., atmospheric gases,
size-segregated aerosols and their elemental and ionic constituents and
the black carbon content. The results observed for marine areas were
compared to those obtained from a coastal background station at De
Haan, Belgium. For coarse aerosol (PMj.25) and PM;( mass of marine
origin, a rather increasing trend of aerosol mass could be observed from
late spring, peaking in winter. The medium-sized (PM35.1) and the fine
(PM;) marine aerosols followed a similar trend; each developed a con-
centration growth in the cold season. The concentrations of gaseous air
pollutants (e.g., HNOy, HNOs3, HCI, SO,, NH3) originating from exhaust
fumes of ocean-going ships were mostly peaking in the cold season as
well.

The mostly crustal/upper soil related (mineral) aerosol components
were more apparent in the coarse PM and especially during winter with
increased airborne levels. Although these elements were present at low
amounts in fine PM, some seasonality could be observed with their
enhanced air levels in the cold season. This is likely indicative of the
release of higher amounts of these elements into the ambient air, due to
increased heavy oil combustion, for instance, in terms of larger ship
emissions, as well as increased air levels over the coastal monitoring
station. This assumption is also supported by results for anthropogenic
trace metals of heavy oil burning (such as Ni, V, Cu, Mn, Pb), found to be
present at increased amounts in marine and coastal fine aerosols.

The concentration trends of total (inorganic) ionic species sampled
over the sea and at the coastal station were usually similar to that of the
corresponding PM masses, i.e., the increasing levels from late spring
towards the cold season, when reaching peak values. Sea salt bound fine
sulfate and nitrate peaked in spring or the cold season for marine areas,
whereas for the coastal site they reached the maximum in the cold
season. The components of secondary inorganic aerosols (ammonium
nitrates and sulfates) peaked in the cold season for all the three studied
aerosols fractions over marine sites, while similar seasonal trends could
be observed for the coastal station.

The observed general tendency of aerosol distribution over the study
areas is independent of the sampling site: the higher the aerosol mass on
the open sea with ship traffic, the higher the suspended particulate mass
sampled at the coast. This finding is an addition and firm proof that the
marine pollution sources such as national and international shipping
have a direct effect on coastal air quality, and most likely the health of
the population living nearby areas.
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