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Scope and aims

Anthropogenic pollution by atmospheric and riverine inputs triggers the phenomenon of coastal
eutrophication (i.e., increased bigproductivity) in the Southern Bight of the North Sea, whichs a
serious environmental concern in present years. For the past decades, #itenospheric input has
increased to an extent that it is commensurable to that of the riverine inpu@®endell et al., 1993).
Consequently, the contribution of atmospheric pollutants to coastal eutrophication initiates an
increasing scientifc and policy-related interest aintra and intergovernmental levels.

Besides terrestrial inputs through industry, traffic and agriculture, an additional and very
important source of atmospheric pollutants is the international ship traffic (Cooper et al., 1996;
Bartnicki and Fagerli, 2006).Ship emission related mortality has just recently been estimated to be
considerable in populated areas located at nearby marine environmest(Corbett et al., 2007).
Although it has not yet been studied before, ship emissianare also believed to be a source of
several kinds of persistent organic pollutants (POPs). POPs are those pollutants, which stay
permanent (without any changes) in environmental compartments, b#@ccumulate through the
food chain, and pose a risk of causing adveeseffects to human health and the environment. POPs
include a wide range of xenobiotic chemicals,for instance, polycyclic aromatic hydrocarbons
(PAHs) which are reported to be present in ship exhaust fumes (Moldanova et al., 2009).
Consequently, heir determination/mapping over marine areasbesides inorganic tracersywould be
important for the identification and characterizationof ship-emission related pollution.

Estimation of annual ship emissiorfrom the Belgian part of the North Seawhich has a water
surface of 3600 kn, has already been done for S& NO«, and CQ: by taking into account national
and international trafficon these waters, and also power and fuel usage of ships/boats (De Meyer et
al., 2008). These ship emission estimates are based arbottom-up, activity based methodology,
covering more than 90 % of the ship activity, complemented with a toglown fuel consumption
methodology for the rest activities. Compared to the Belgian national inventory data, the obtained
emissiors of SO and NOx correspond t030 % and 22 % of the total national emissionhence a
significant contribution (De Meyer et al., 2008).It should be mentioned thatthe study focuss on
only a few gaseous pollutants, whichrather limits the knowledge about the overall atmospheric
impact of shipping emissiors in terms of other, emissiorrelated gaseous compounds (e.g., nitric
acid) and aerosols

According to the ship emission related literature, there is a certain gap of knowledge regarding
the gaseous and aerosol phase ré& pollutant identification, quantification, and characterization
of their fate (transport/transformation/deposition) over North Sea waters. Especially the role of
pollutants released from the large cargo/ferry boats taking part in the national and intational ship-
traffic has not yet been characterized. Atmospheric nutrient:d toxic substances depositedo the
marine environment can be accumulated and amplified in the food chain, and might contribute to
coastal eutrophication. Therefore, their influene on marine ecosystems certainly needs to be
systematically studied Apparently, the first shge of such a multi-disciplinary investigationis to map
the concentrationsand deposition of anthropogenic pollutantsover marine areaswith the assistance
of experimental/model approaches, which is themain aim of this study.

SSD- Science for a Sustainable DevelopmeribNorth Sea 7
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Work Package 1: Sampling and analysis of gaseous and particulate air
pollutants

1.1. Methodology and equipment
1.1.1. Sampling campaignsand areas

In this two-yearlong project, a total of seven, about terday-1ong sampling campaigns has been
organized concurrently onboard Belgian research vessels and at a coastal research station in De
Haan. One sampling campaign was conducted onboard the research vessel Zeeleeuw and the
other campaignsonboard the research vesselR/V) Belgica (Figire 1), according to the following
schedule:

Campaign 1: March 17-30, 2010 (Zeeleeuw)
Campaign 2: May 3-7, 2010 (Belgical)

May 10-12, 2010 (Belgica?)
Campaign 3: September 69, 2010 (Belgica3)

Septemberl0-16, 2010 (Belgica4)
Campaign 4: October 4-8, 2010 (Belgicab)

October 11-15, 2010 (Belgicab)
Campaign 5: January 3¥ebruary 4, 2011 (Belgic&/)

February #February 11, 2011 (BelgiceB)
Campaign 6: March 14-18, 2011 (Belgica9)

March 21-25, 2011 (Belgical0)
Campaign 7: May 14-18, 2011 (Belgicall)

May 21-25, 2011 (Belgical?2)

Figure 1. The research vesseBelgica

SSD- Science for a Sustainable DevelopmeriDNorth Sea 9
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The coastal sampling site selected for this study as a terrestrial background site, De Haan,
Belgium, is a small village at lhe coast of the Belgian North Sea located at coordinates of
51.28688° N and 3.06098° E. The area at which the sampling equipment was deployed is a small
research station of the Flanders Marine Institute/laams Instituut voor de Zee- VLIZ), located
around 500 m of the coast among the sandunes, it being characteristic for this coastal region
under study.

Figure 2. The Belgian Continental Shelf and the shipping lanes (source:-Bbwer, www.c-
power.be)
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During the onboard sampling campaigns, various mame areas of the Southern Bight of the
North Sea have been visited. The sampled areas were in and around the main international
shipping route of the Southern North Sea (Figur@), the shipping routes to Zeebrugge, and the
Schelde estuary, or out of the sipping lanes to acquire marine background pollution data.
Detailed description of the routes covered by the Belgica have been recordedy the ODAS
system and the visited maritime areas are also presented in the Belgica cruise reports on
campaigns 2010/12, ©10/13, 2010/22, 2010/23, 2010/25¢c, 2010/26, 2011/2, 2011/3, 2011/7,
2011/8, 2011/15 and 2011/16.

1.1.2. Meteorological data

The meteorological parameters, such as air temperaturex)Tair pressure (p), relative humidity
(RH), wind-speed, wind direction and precipitation were logged during the onboard campaigns
and also at the coastal sampling site. During the Zeeleeuw and De Haan campaigns, the weather
data were received from a meteorological database (IVA MDKafdeling Kust- Meetnet Vlaamse
Banken),and also from a small meteorological weathestation deployed at the sampling site by
colleagues from VLIZ. The weather datat this station were loggedevery second by a computer.
For the cruises onboard the Belgica, the data were acquired from the ODAfatabase, along the
exact geecoordinates of the vessel during the cruises.

SSD- Science for a Sustainable DevelopmeribNorth Sea 10
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1.1.3. Monitoring of criteria gaseous pollutants

The gaseous pollutantsNO, NO 2, NOx, Os and SOz, were measured odine using a 1 min
averaging time. The instrumentation used as a mobile measurement platform using reference
"mokxrdgr - Sgd hmsdfg sdc ok sengl + b  kkdec
different  pollutants (NOx: chemiluminescence; Q: UV photometry; SQ: UV
chemiluminescence). Measurements were caed out using two identical measurement units.

Airpointers (see below for a description) were installed onboard of the R/V Zeeleeuw or the
Belgica and at a coastal location in De Haan. Measurements were carried out during the first
sampling campaign fom 18/3/2010 to 30/3/2010 and during the second sampling campaign from
4/10/2010 to 15/10/2010. Sampling was carried out continuously and the results for the
concentrations of gaseous pollutants were combined with the exact position of the Zeeleeuw or
the Belgica (via GPS) as a function of time. In this way pollutant concentrations could be attributed
to the location where they were measured.

As concentration changes can be expected to occur on a small lateral scale (and hence on a
short timescale, e.g. vmen the Zeeleeuw is crossing a major shipping route), fdgtresponding
measurement techniques are needed to map these changes in pollutant concentrations.
Additionally, in order to know the difference between concentrations above the North Sea and
above land, the concentrations were measured both onboard of the Zeeleeuw/Belgica and at a
fixed location located at the coast (De Haan).

It must be noted that the measurement results of a single crossing of a shipping route are
probably strongly influenced by he number of ships present at that moment and also by the
emissions of the individual ships present. As the aim of the project is not to measure/calculate the
contribution of individual ship emissions to the deposition of nutrients, but rather to investiga the
total or mean contribution of ship emissions, a sufficiently large number of observations has to be
mapped in order for them to be representative for the emissions of all ships travelling through the
Belgian marine waters.

Datapoints that have bea collected when the sampling instrumentation probably was under
influence of the emissions of the Zeeleeuw/Belgica itself have been removed. This can be the case
when the wind was blowing from the exhaust of the ship to the instruments and when the shipak
not been cruising (speed of 0 m/h). When the ship is cruising, the measured concentrations are not
influenced by the ship emissions because the instrumentation had been placed in front of the
exhaust.

For model validation purposes, the recorded shoterm highly elevated concentrations of NQ
and SQ above a certain threshold value have been flagged in the database and were not used for
the comparison between observations and model results. As most of these high peak values
occurred for a very short peiod of time, they do not play an important role for the overall
concentrations during the sampling campaigns anyway. Hence, in order not to count them for the
model validation, this pragmatic approach had been followed.

1.1.4. Sampling procedures

Gaseots nitric acid, nitrous acid and ammonia were sampled actively with an URG@000-01K
annular denuder during each sampling campaign. The denuder tubes were coated with a 1:1
diluted methanol solution of 1% (m/v) sodium carbonate plus 1% (v/v) glycerol and 19m/v) citric
acid plus 1 % (v/v) glycerol in methanol for the collection of acidic and alkaline gases,
respectively. The air flow rate was set at 10 dimin.

Sizesegregated particulate matter was collected with Harvasichpactors at aerosol sizeanges
of PMi, PMzs and PMho. Pallflex type TK15G3M membrane filters (Pall Life Sciences, Ann Arbor,
MI, USA) with 0.3 pm pore-size were applied. Each filter unit was attached to a vacuum pump.

SSD- Science for a Sustainable DevelopmeribNorth Sea 11
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The pumps maintained a constant aiflow rate of 10 or 23 L/min. The sampled aerosol filters were
subjected to ion chromatography (IC) and EDXRF analysis.

A Graseby&Andersen (Atlanta, GA, USA) Model GMW high volume aerosol sampler was
applied in campaigns 13, whereas in the other campaigns a Digitel Model DHAB0 (Hegnau,
Switzerland) automated high volume sampler was usedor the collection of aerosols(total PM)
and PMuo, respectively, onWhatmann quartzfibre filters (QFFs). The filters were preheated at 550
°C for at least 6 h before sampling; this was done in ordetto remove the organic contaminants
and lower the blank levels.

1.1.5. lon-chromatography (IC) sample preparation and analysis

Water-soluble fraction of aerosols (ionic compounds, e.g., ammonium, nitrate and nitrite salts)
were guantitatively analysed ly means of IC. Filters were exposed to ultrasonic aided leaching in
5 ml ultrapure water (Milli-Q) and the leachate solutions were analysed for their cationic and
anionic content.

For the analysis of gaseous nitric acid, nitrous acid and ammonia, the abbertubes of the
denuders were eluted with 10 ml Milli-Q and the leachate solutions were analyzed with IC for
their NO2, NOs and NH4" content, from which the air concentration of the corresponding
pollutant was calculated.

A Dionex Model DX-120 ion chromatograph, equipped with Dionex lonPack CS16 cation and
AS14 anion exchanger columns and a CDM conductivity detector, was applied for the
determination of various ionic species. For sample introduction, both the standard and sample
solutions were injeded through a 20 pl loop. The eluents applied for the anion and cation
exchangers were 3.5 mM NaCOs plus 1.0 mM NaHCOs, and 17 mM H2SQ, respectively, with
flow rates of 1.2 and 1.0 ml/min. For the detection of ions, the conductivity of the sample/standér
solutions was monitored. For the suppression of the conductivity of the eluent, the ASRE0
ULTRA and CSR800 ULTRA suppression columns were applied for the anion and cation
exchanger, respectively. The retention times of the peaks were used for thesigament of diverse
ions in the sample solutions. Calibration was made against two sets of standard solutions, each
consisting of five solutions of the measured anions and cations, respectively. Two replicate
measurements were performed for each sample/sidard solution, from which data the average
and the standard deviation (SD) values were calculated.

1.1.6. Elemental analysis of aerosol content

The heavy metal content of the various aerosol fractions was determined by energy dispersive
X~ray fluorescerce (EDXRF) spectrometry. For this analysis, a Model Epsilon 5 higtergy EDXRF
spectrometer (PANalytical, Almelo, The Netherlands) was applied. This instruent uses a
polarized X-ray beam,and is equipped with a 600 W Gd-anode with an adjustable voltagejn the
range from 25 to 100 kV and a current from 0.5 to 24 mA. There are 13 secondary fluorescencers
(Al, Cak, Ti, Fe, Co, Ge, KBr, Zr, Mo, Ag, Csl, Ce®and W) and two Barklascatterers (AOs and
B4«C). There is also the possibility for using a primarypeam filter between tube and target; the
following filter materials are present: Al 100 pum, Al 500 pm, Cu 250 pm, Zr 125 pm and Mo 250
pum. Detection is performed with a high purity Gedetector (HPGe) in the energy range from 0.7 to
200 keV and a resolutionat Mn Ka of <165 eV and it needs cooling to the temperature of liquid
nitrogen. Tube, target, sample and detector are arranged in a Cartesian geometry in order to obtain
polarization. For the determinations, a vacuum atmosphere was applied in the measurent
chamber. To compensate for possible problems with sample inhomogeneity, a spinner was used
to rotate the samples during measurements. The spectrometer is equipped with an autosampler
consisting of four trays, each containing 8 racks for sample cups; amadditional trays can be
added if necessary. The complete measuring process is computer controlled. In the software

SSD- Science for a Sustainable DevelopmeribNorth Sea 12
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package (Epsilon 5 software) the complete sample quantification process is built in; including the
acquisition of the spectrum, the spectrm fitting over to the calibration and the quantification.

The measurement conditions for each element are summarized in Table 1. For each target an
access (measurement) time of 300 s was applied, hence the total time for the analysis of one
sample was araind 40 min. Up to 20 elements can be quantified, including several heavy metals
such as Cd, Pb and Sb. The calibration is made in pg/énwhen taking in account the deposited
filter area (in this case a circle with a diameter of 29 mm), this can be conved to pg per filter.
Since volume of airmass passed through the filter is being recorded by the gesunter, this can
again be converted to ng/m, which is the regular unit of air pollution. These values were used in
further data processing. More informabn about the optimization of this EDXRF method can be
found elsewhere (Spolnik et al., 2005).

Table 1. Measurement conditions for the EDXRF analysis

Element | Secondary Accelerating Current Analytical line
target voltage (kV) (mA)

Al-Ca Ti 35 17 Kot

Ti-V Fe 50 12 Kot

CrZn Ge 100 6 Ko

Se, Pb Zr 100 6 Ka, LB

Sr Mo 100 6 Ko

As KBr 100 6 Ko

Cd Csl 100 6 Ko

Sb CeO 100 6 Ko

1.1.7. Black carbon (BC) monitoring and gravimetry of aerosols

Black carbon (soot) content of atmospheric air was monitored with the application of an A2
Aethalometer (Magee Scidlific, Berkeley, CA, USA). This instrument facilitates the combination of
optical absorption measurements at wavelengths of 880 nm for black carbon and of 370 nm

cdrhfm sdc " r dTUOLQ+ hmsdbhpeshdasd&c gnl smhihmogb  m

(e.g., PAHSs).

BC concentrations were monitored semcontinuously (i.e., in 1 minute intervals) during each
sampling cruise. The instrument was synchronized with the computer of the onboard data
acquisition system (ODAS), which logged every 10 seconds the kegarameters of the boat, such
as the geographical coordinates, ship heading, relative wind speed and relative wind direction.
The output data files of the ODAS and AE42 were aligned manually in a PC. Each BC
concentration obtained from relative wind diredion between 90 and 270 degrees, e.g., from the
chimney of the boat, was omitted from the evaluations. In this way, even the smallest influence of
the combustion plume of the Belgica on these measurements was excluded. The BC
concentrations were averaged wer all sampling cruises according to the geographical location,
using a grid of 0.01 by 0.01 degrees.

The filters used for aerosol sampling were weighed on a micdoalance (Sartorius model M5P
000VO001, Géttingen, Germany) before and after sampling accoing to the EN12341 protocol.
The masses (concentrations) for the RMs and PMsa (coarse and median size fractions) were
calculated from the masses of the three aerosol fractions sampled.

1.1.8. Instrumentation and methods for PAH analysis
The partculate matter and gases sampled by the HiVol samplers were extracted by accelerated

solvent extraction (ASE200, Dionex), or ultrasonic extaction. The ultrasonic extracks were
subsequently cleaned up with the use of SPEilica gel cartridges and concentreed by rotary
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evaporation and nitrogen blowdown techniques. The levels of PAHs were determined by G®IS
with the use of internal standards(hexamethyl benzene andp-terphenyl). The mass selective
detector (MSD) was operated in electron impact modeThe temperature ofthe GC-MS transferline
and source were300 °C and 250 °C, respectively. The GC oven temperature program was as
follows: 50 °C held for 1.5 min, increased to 180 °C at 20 °C/min, and then increasecdto 300 °C

at the rate of 15 °C/min and held for 20 min. The ASE extracts were evaporated to 1 ml by Zymark
evaporator and analysed with the use diPLGMSD-APPI measurement.

1.1.9. Installation of the sampling equipment

The most pieces of thesampling equipment onboard the Belgica wre deployed on the fore-
deck, in front of the bridge (Figire 3). For the carbon monitor, the inlet of the sampling tube was
fixed at the monkeybridge, whereas the instrument was placed on one of thdesks inside the
bridge. For the Zeeleeuw, all the sampling equipment \as installed on the monkey bridge. The
sampling equipmern was switched off for certainf gngs odghncr vgdm sgd rgho
supposed to affect the sampling (e.g., duringhanoeuvres.

Figure 3 Picture of the sampling equipment deployed onboardthe frontne sgd Adkf hb  Qr
with the denuder, the HiVol and low volume aerosol samplers(left), the BC monitor and
particulate counterinstalled on a desk inside the bridgerht)

-

1.2. Results and discussion

1.2.1. Monitoring of NO2, SO2 and O3 criteria gaseous pollutants

Figure 4 shows the travelroutes during the sampling campaignin March 2010. Different days
are shown with different colours.
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Figure 4. Travel routes during the first sampling campaign betweekarch 18-30, 2010
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Figures 5-7 show the observed concentrations as function of time. It is clear that increasd
concentrations were measured otboard of the Zeeleeuw compared to the concentrations
measured at the coast. This coastal site is not directly influenced by nearby ghiipg emissions.

Figure 5. NOx concentrations measured onboard the Zeeleeuw compared to concentrations
measured at the coastal station De Haan during March 2010 (a); same figure with zoom onraXis
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(continue Figure 5)
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The observed NOx concentrations reached shatérm values of up to 3000 ppb. As pointed out
earlier, these data points were probably influenced by the emissions of the research vessel itself.
Sgd ©a  bj f gnt mcthedowenballien)sohserget onthe ship and at the coastal station
in De Haan usually follow the same trend.

The SQ pollutant concentrations observed onboard the Zeeleeuw during the first sampling
campaign in March 2010 were also increased compared to &éhconcentrations measured at the
coast. In a lot of cases, peak coincidence with NOx peaks was observed, indicating that NOx and
SO are originating from the same source

Figure 6. SO: concentrations measured onboard the Zeeleeuw compared to concentratis
measured at the coast (De Haan) during March 2010
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In contrast to the other pollutants, ozone concentrations followed the same trend at the coast
and onboard the ship. Ozone concentrations measured onboard the Zeeleeuw showed somewhat
lower values, corresponding to periods of high NOx emissions. Some ozone peaks had been
measured at the coast that were not recorded at the Zeeleeuw (e.g. on 18/03/2010). Also in the
case of SQ, high shortterm peak concentrations may be due to the influence of the emsgions of
the Zeeleeuw itself.

SSD- Science for a Sustainable DevelopmeriDNorth Sea 16



Project SD/NS/07- Atmospheric deposition fluxes to the Eelgian marine waters originating from ship emissions
ORGHOEKTWE

Figure 7. Os concentrations measured onboard the Zeeleeuw compared to concentrations
measured at the coast (De Haan) during March 2010
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FHgures8-10 show the observedconcentrations during the sampling campaign in Octobe 2010
as function of time. Again, NOx concentrations observed onboard the Belgica were significantly
higher than the concentrations observed at the coastal station in De HaasO: pollutant
concentrations were also significantly increased compared to conentrations measured at the
coast. Again, peak coincidence between SQ and NOx peaks indicaes common sources for both
pollutants. In contrast ozone concentrations followed the same trend at the coast andnboard the

ship.

Figure 8. NOx concentrations olserved onboard the Belgica and at the coastal station DElaan
during October 2010 (a); same figure with zoom on Yaxis (b)
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(continue Figure 8)
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Figure 9 SO: concentrations observed onboard theBelgica compared to concentrations observed
at the coast (De Haan) during October 2010
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Figure 10. Gs concentrations observed onboard the Belgica compared to concentrations observed
at the coast (De Haan) during October 2010
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For further analyses usig the NOz2 and SQ observations we refer to the chapter dealing with
the validation of the air quality model results using the observations during the SHIPFLUX
sampling campaigns.

1.2.2. Mass concentrations and distribution of atmospheric aerosols

An overview of the gravimetry results obtained for various sizeanges of aerosols for the spring
2010 campaigns are presented in Tablg. In the March 2010 campaigns, the PMx showed lower
median concentrations for De Haan in the fine and coarse fractions (i.€,7 and 6.8 pg/m® for PM:
and PMuo-2s, respectively) than those observed for the samples taken onboard the Zeeleeuw over
the sea. During the May 2010 campaign, both at the seside and over the sea (onboard Belgica),
lower PM concentrations were found ineach aerosol fraction (i.e., 5.0, 3.5, and 7.6ug/m® for PM;,
PMzs1 and PMuo2s, respectively) compared to those of the March 2010 campaign. Moreover, there
was not any significant mass difference between the median concentrations of sede and marire
aerosols in any of the three fractions in the March and May campaigns, respectively. This was
possibly due to meteorological conditions, i.e., the northern/northeastern winds from the open sea
were prevailing during these sampling periods. It appears thathey keep the pollutant
concentrations at equally low levels at coastal and marine areas as well.

Table 2 Overview of the concentrations of various aerosol size fractions spring 2010

Campaign/PM fraction Concentration (pg/n)

Min Max Median Average SD

Zeeleeuw (March 2010

PM, 57 205 11.1 124 57
PMs1 16 9.3 5.3 54 25
PMuo2 s 3.6 19.6 8.2 98 5.2
De Haan (March 2010)

PM; 1.9 28.2 7.7 115 8.8
PM 51 29 13.2 7.6 80 34
PMuo2 s nd 10.0 6.8 3.4 89
Belgica (May 2010)

PM, 28 6.8 5.0 49 14
PM 51 2.6 6.9 3.5 45 2.0
PMo2s 42 16.2 7.6 85 45
De Haan (May 2010)

PM, 22 128 4.4 51 35
PM 51 1.2 6.1 3.0 3.2 15
PMo2 s 3.7 17.2 8.0 84 3.6

n.d.¢ not detectable, i.e., the concentration of the species was below
the detection limit of the method

The data of PM mass analysis for the 2010 autumn campaigns are listed in TaBleAs can be
seen, the trend is that the coarser fraction dominates over the meadi and the fine fractions. The
PM: sizefractions for the oversea and coastal aerosols showed similar median values in September
and October, respectively. The coarse (PM) and the medium (PMs.1) size fractions in September

SSD- Science for a Sustainable DevelopmeribNorth Sea 19



Project SD/NS/07- Atmospheric deposition fluxes to the Eelgian marine waters originating from ship emissions
ORGHOEKTWE

showed lower mass for the castal aerosols than for marine aerosols. On the other hand, the trend
is opposite for the October campaign. This is likely due to the different weather pattern of the two
campaigns (i.e., the September campaign was with high wind speed and thus low atmogpic
stability, whereas the October campaigns were with relatively low windspeed, i.e., up to 3 B.

Interestingly, in October, the coastal site at De Haan showed an even distribution of the three
fractions, which can also be explained with the relativeatmospheric stability during this period.
However, the distribution of PMx mass between the three aerosfifactions observed over the sea
follows the same trend as the ones for other campaigns. Interestingly, and unexpectedly, some
seasonality can be notied when comparing the spring and autumn campaigns in 2010, in terms of
increased PM masses at each aerosol fractions of autumn samples.

Table 3. Concentrations of various aerosol size fractions sampled durirautumn in 2010

Campaign/PM fraction Concentation (ug/m?®)

Min Max Median Average SD
Belgica (September 2010)

PM, 21 128 4.8 59 39
PMs1 3.0 10.0 5.4 6.0 2.6
PMio2s 99 222 17.2 169 4.2
De Haan (September 201(

PM 38 7.3 5.6 56 15
PMs1 nd. 6.4 4.0 35 29
PMio2s 6.3 19.7 11.7 12.3 6.0
Belgica (October 2010)

PM, 28 219 6.0 8.3 5.8
PMs1 nd. 12.8 3.7 47 3.6
PMyoos 34 194 8.4 9.8 4.7
De Haan (October 2010)

PM, 3.5 18.2 6.5 79 438
PM, s, 0.21 148 7.9 73 51
PMygos nd. 13.7 9.8 8.7 4.8

n.d. ¢ not detectable

An overview of the data of aerosol masses for the 2011 spring campaigns are listed in Tadle
As can be seen from the median PMx concentrations, the aerosol massisost evenly distributed
between the three aerosol fractions of the February campaigns, both at the seaside and over the sea.
This period of the year was with fairly calm weather, and as a consequence with high atmospheric
pollution (e.g., smog alert over Belgium), thus the atnepheric stability promoted the coagulation
and even distribution of aerosols over the sizeange studied. On the other hand, approximately
twice higher PM1 concentration of the marine air is observed in the March campaign than for
medium and coarse fractios, while the coastal site showed increased medium concentrations. For
the May campaign onboard the Belgica, the three times higher coarse fraction dominated over the
finer fractions.
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Table 4. Concentrations of various aerosol size fractionduring the 2011 campaigns

Campaign/PM fraction

Concentration (ug/m)

Min
Belgica (February 2011)
PM 3.0
PM, 5, n.d.
PMyo2s 3.0
De Haan (EBbruary 2011)
PM, n.d.
PM; 51 1.57
PMygo s n.d.
Belgica (March 2011)
PM 9.1
PM 54 3.4
PMygo s n.d.
De Haan (March 2011)
PM 2.6
PM 51 6.5
PMyo2s 0.3
Belgica (May 2011)
PM, 19
PM, s, n.d.
PMuo2 s 57
De Haan (May 2011)
PM, 3.1
PM, s, 2.4
PMyss n.d.

Max Median

20.6
12.2
29.0

17.6
22.8
22.8

44.3
23.2
22.2

18.0
31.1
12.8

21.7
10.3
34.3

20.6
62.5
24.5

9.3
4.8
11.2

8.2
8.4
11.9

19.4
8.9
11.0

9.9
14.3
6.7

6.3
5.9
23.5

6.3
8.9
15.6

Average

114
5.1
13.7

8.6
9.8
9.7

21.6
12.4
10.2

11.0
17.5
6.9

7.2
5.0
23.0

7.5
13.3
11.6

SD

5.5
4.8
7.2

6.0
7.1
9.9

11.5
8.1
6.8

5.0
8.9
4.0

5.5
5.3
9.7

53
18.7
13.2

n.d. ¢ not detectable

The distribution of the PM aerosol mass for the three size fractiombserved on all the Belgica
campaignsover the North Sea is visualized on Figurell. It should be mentioned that due to the
low resolution of the presently applied aerosol sampling equipment, the tracks represent the
averaged PM mass values collected over the sections sampled (as described in the section
Expeimental). However, the results are faly interesting and respond to the expetations. As can be
seen on Figurellb, the fine aerosol (PM) levels are the highest (285 pg/m®) near the anchoring

area (pilot station), which is used as a waiting area for the ships for pilots, for entering theh8lde-

estuary and/or the Belgian harbours. Similarly high PMvalues can be observed over the W
shipping routes to the estuary of the Schelde river and at sites close to the coast/large harbours. On
the other hand, when diverting from these sites towasimarine areas of low or no traffic intensity,
one can see a steep drop of the PMconcentration, e.g., to 36 pg/m®, which values one can

"rrtld sg°'s hs bnipdpar os@cmqgsibagnd h&®disr &

rgdkec€

Similar to the behaviour of PMi, the medium (PMs1) and the PMo2s aerosols showed similar
distribution over the marine areas stuigd as seen on Figured1c and 11d, respectively. However,
the coarse aerosols were found at higher concentrations (especially over the mmational and W-E
shipping routes and the anchoring area) than the fine ones, while the medium sized aerosols were
present at lower level than the fine. Overall, the PM mass trend over the Belgian North Sea is
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obvious, increased atmospheric levels of finemedium and coarse particulates are experienced,
mostly locdized at/near the marine areas with high ship traffic density.

Figure 11. Average background concentration(ug/nt) of airborne particulate mass (a) map
visualizing the borders (solid black line$ and the major shipping routes (pink shaded areas) of the
Belgian continental shelf, (b) PM, (c) PMes1 and (d) PMo-zs
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1.2.3. Elemental content of sizesegregated aerosols

Several metallic (Si, K, Ca, Ti, V, Fe, Ni, Mn, Cu, Zn, Al and Pb) and nenetallic (S, CI)
elements were detected by EDXRF during the campaigns, ondral as well as at the seaide
sampling station. However, a few metals, like Se, Cr, As, Cd and Sb, could either not well or even
not at all be detected with the EDXRF method applied in this studyfhe results for metals shovthat
generdly lower values were observed at the seaide (background site) than over the se&la is one
of the main components of marine aerosols, which could noproperly be detectedby EDXRF, but
IC (see Section 1.34.).

The elemental composition of three size fractions of atmosphie aerosols sampled during the
May 2010 campaign onboard Belgica and at the coastal site are depicted on Higs 12a and 12b,
respectively. For marine samples (Figre 12a), the higher the aerosol size, the higher the elemental
content of the fraction. Thehighest concentrations were observed for Cl, S, Si, Al, K and Ca, mostly
in the coarse and medium sized particulate fractions, apart from S, which was found at higher
amounts in fine particulate. The highest (total) elemental concentration was certainiypgerved at
the main international shipping route, and followed by the WE shipping lanes/Scheldestuary. As
can be seen on Figre 12b, lower total elemental concentrations of metals were observed at the
coastal site than in the marine samples of the sanmampaign (Figire 12a). The total concentration
distribution was mostly similar in the fine and coarse particulate fractions, while the medium
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fraction generally showed lower elemental content (Figre 12b). K and S were mostly present in the
finer, whereasSi, Ca and Cl in the coarser fractions.

Figure 12. Elemental composition of three size fractions of atmospheric aerosols obtained for May
2010 campaign onboard Belgica (aand at the coastal site (b){the x-axis indicates the sampled
marine area, the prevailing wind direction and the average wind speed in m/s
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The elemental composition of three size fractions of atmospheric aerosols in the February 2011
campaign onboard Belgica and at the coastal site erdepicted on Figires 13a and 13b,
respectively. For marine samples (Figre 13a), the highest levels are generally observed for Cl,
mainly in the medium and the coarse particulate fractions. High concentrations of S were found in
the medium and fine fractons. Ca, Fe and Al were present at increased amounts in the
medium/coarse fractions. Increased amounts of elements/metals (e.g., V) were detected at the
shipping lanes and near the Wandelaar pilot station. These marine areas are all with high ship traffic
density. Both V and Ni are markers of diesel combustion, so their detection is important to make
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distinction between sources of pollutants in aerosols. V and Ni are present in the diesel oil of large
rghor+ b  kkdc ©gd ux etdk nhk& ' GEN(-

Figure 13. Elemental composition of three size fractions of atmospheric aerosols obtained in the
first week of the February 2011 campaign onboard Belgica (and at the coastal site (b)the x-axis
indicates the sampled marine area, the prevailing wind direction andhe average wind speed in
m/s
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Fairly low levels of the total elemental content are found at the background site, such as the
Kwinte Bank, which could also be referredto as a marine background area. Changeniwind
direction from marine (SW) to mixed/marinecontinental (SSW) certainly increased the levels of
pollutants, for instance, as experienced for samples collected near the B&W S1 marine station. For
coastal samples, low total levels of pollutats were oltained as seen on Figurel3b. This was
manifest in lower levels of Cl, S and ship emission related trace metals too. The elements showed
similar distribution to that experienced for marine samples. For instance, increased levels of K, V,
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Ni, Mn, Cu, Zn and Pb were obtained in the fine aerosol fraction, while Cl was mostly present as
medium and coarse particulates.

The other trace elements, for example, V and Ni were detected at elevated levels at the marine
samples too. Both elements are markers of diesebmbustion, so their detection is important to
make distinction between sources of pollutants in aerosols. V and MNire present in the diesel oil of
k> gfd rghor+ b kkdc ©gd ux etdk nhk€& ' GEN( -
etc. might also be useful to identify these emission sources.

The relative contribution of elements (apart from S and Cl being omitted for a better visualization
of the rest) to the three size fractions of atmospheric aerosols sampled in May 2010 campaign
onboard Belgica and at the coastal site are indicated on kiges 14a and 14b, respectively. For
marine samples (Figre 14a), high relative contribution of Si, K, Ca, and Fe can be seen in almost
each fraction/area sampled. These elements contributed with an iasing percent in the coarser
particulate fractions. For the shipping lanes, higher relative contribution of V, Ni, Cu, Mn and Pb
appears to be obvious, especially in the fine aerosol fractionThe contribution of Al is mostly
observed to be varying betwen the three fractions, with the lowest contribution certainly found at
marine background areas (e.g., Thornton Bank/Bligh Banligor coastal samples (Figurg4b), fairly
high contributions of Si, Ca and Al (crustal elements) are mostly found in the coaraad medium
particulates, while K, V, Fe, Ni, Mn, Cu, Zn and Pb contributed mostly in the fine and/or the
medium fraction.

Figure 14. Relative contribution of elements (apart from S and CI) to the three aerosol fractions of
atmospheric aerosols obtaineddr May 2010 campaign onboard Belgica (a) and at the coastal site
(b); the x-axis indicates the sampled marine area, the prevailing wind direction ahthe average
wind speed in m/s
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(continue Figure 14)
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The relative contribution of elements (apart from Si and Cl) to the three size fractions of
atmaospheric aerosols for the first and the second weeks of the October 2010 campaign onlvda
Belgica are indicated on Figuresl5a and 15b, respectively. As experiened during the May and
September 2010 campaigns, high relative contribution of Si, K, Ca and Fe has been observed in
almost each fraction/area sampled. The perceage of Al in the coarser particulate fractions was
usually found to be relatively higher thanin the former campaigns. The contribution of V, Ni, Cu,
Mn, Zn, and Pb was more considerable in the fine particulate fractions, pointing towards the origin
of elements from ship exhaust emission.

Figure 15. Relative contribution of elements (apart from Sand CI) to the three aerosol fractions of
atmospheric aerosols obtained for the first (a) and the second (b) week of the October 2010
campaign onboard Belgica; the xaxis indicates the sampled marine area, the prevailing wind
direction and the average whd speed in m/s
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(continue Figure 15)
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The relative contribution of elements (apart from Si and CI) to the three size fractions of
atmaospheric aerosols for the first and the second week of the Februan@Pl campaign onboard
Belgica are indicated on Figres 16a and 16b, respectively. Similar to former campaigns, high
relative contribution of Si, K, Ca and Fe was generally attained in the three aerosol fractions. Ca was
contributing in the coarser particulde fractions, while K was mostly contributing in the fine fraction.
The contribution of Fe was found to be rather similar in the three aerosol size fractions. V and Ni
were mostly observed in the fine aerosol fraction, while Mn, Cu, Zn and Pb were preseint the fine
and medium fractions. Interestingly, higher Al and Ti contribution was observed rather in the
medium and coarse fractions.

Figure 16. Relative contribution of elements (apart from Si and ClI) to the three aerosol fractions of
atmospheric aerosts obtained for the first (a) and the second (b) week of the February 2011
campaign onboard Belgica; the xaxis indicates the sampled marine area, the prevailing wind
direction and the average wind speed in m/s
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(continue Figure 16)
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1.2.4. Atmospheric levels of ammonia and acidic gases

The results of the gaseous air sampling for HNOQ HNOs and NHs (denuder) over various
marine waters during the May 2010 campaign onboardBelgica is depicted on Figre 17. Since the
prevailing strong wind (average speed: 841 m/s) was from the North Sea (NNE), it was expected
that the continental anthropogenic pollution contributes to background levels only at a
minimal/negligibly extent.

Figure 17. Concentrations of gaeous air components sampled during the May 2010 campaign
onboard Belgicg the upper xaxis indicates the sampled marine area, the prevailing wind direction
and the average wind speed in m/s
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As can be seen on Figre 17, the concentration of NHs was generally much higher (range: 0.6
3.9 pg/m? average: 2.2ug/m?) than those of the acidic components (range: 0:0.7 and 0.4-1.3
ug/m? with averages of 0.3 and 0.8ug/m?® for HNO 2 and HNOs, respectively). The highest pollutant
levels are observed over the main international shipping lane, the Vi shipping lane and nearby
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marine waters (e.g., Schelde estuary). These data indicate a higher gaseous pollutant content of air
over the main shipping route and surrounding sites than those obxved at the coastal background
station in De Haan (Horemans et al., 2009).

The air concentrations of HNQ, HNO s and NHs obtained during the September/October 2010
campaigns onboard Belgica are depicted on Rige 18. During these campaigns, the wind diretion
and wind speed varied considerably. Thus it was expected that some more artefacts encountered
than during the May 2010 campaign. On the other hand, similarly enhanced Nk HNO: and
HNO s levels were observed at the shipping lanes as in the May 2010 mgpaign. In comparison
with regular marine background, the increase in their concentration is generally-2fold for NH s
and HNO:z, while the level of HNO s generally remains similar or even lower. The anchorage area
(pilot station) also showed enhanced NEland HNO 2 levels.

Figure 18. Concentrations of gaseous air components during the September/October 2010
campaigns onboard Belgicathe lower x-axis indicates the sampled marine area, the prevailing
wind direction and the average wind speed in m/s
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During the first week of the October campaign, near coastal waters (e.g., areas near
Oostende/Nieuwpoort) showed enhanced NH levels (e.g., 37 pg/m®), but this was rather due to
the prevailing continental winds and the impact of agricultural emission, it beingharacteristic for
Western Belgium, including near coastal areas (see e.g., Horemans et al., 2009; Bencs et al., 2008).
In the second week of the October 2010 campaign, due to the marine (NNE) winds, several sites
showed fairly low concentrations, which ae acceptable marine background values for Nk HNO 2
and HNOgs, e.g., Bligh Bank and Oostende/Nieuwpoort waters, they being in the ranges of 0138,
0.2-0.7, n.d.-0.2 pg/m?, respectively.

The concentrations of HNQ, HNO3s and NHs obtained during the Februay 2011 campaign
onboard Belgica are depicted on Figre 19. In the first week of this campaign, the wind was mostly
from S/SW, after then it turned to W/E/SE. The wind speed considerably varied during the whole
campaign, from very low to fairly strong. ltwas observed during this campaign, that the low winds,
especially in the mornings, gave rise to relatively long fog events, thus pollutant/particulate
accumulation/coagulation, as well as temperature inversion over the sea. As can be seen orufdg
19, due to these weather conditions, generally high HNQ (range: 0.041.8 pg/m®, average: 0.9
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ng/m?) and low HNOs (range: 0.071.2 ug/n?, average: 0.2 pg/m) air concentrations were acquired
for almost each measurement cycle of this campaign. Compared to the aaoto and the spring 2010
campaigns, the far marine areas (e.g., Thornton bank, being 30 kmfdhe coast) and coastal
background sites (e.g., windward side of the anchorage area) showed relatively raised gaseous NH
and HNO: levels, i.e., ranging from 0.45.6 and 0.5-1.8 pg/m?, respectively. However, low air
concentrations were acquired near B&W S1 stations for both species, i.e., 0.4 and 0.Qd/nm?’,
respectively, which values are likely representing better the backgroundevel of the marine
atmosphere.

Figure 19. Concentrations of gaseous air components during the February 2011 campaign onboard
Belgica the lower X-axis indicates the sampled marine area, the prevailing wind direction and the
average wind speed in m/s
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The air concentrations of HNQG, HNOs and NHs obtained during the March 2011 campaigns
onboard Belgica aredepicted on Figure 20. During this sampling period, the wind direction was
from NE (marine), but its speed varied to a great extent (from wirgdill periods up to 56 B). In
general, shoter fog events with similar temperature inversions were observed, like during the
February 2011 campaign. Accordingly, similar to the February campaign, high HNQrange: 0.3
3.1 pg/m?, average: 1.1ug/m®) and very low HNOs (range: 0.030.2 pg/n?, average:0.1 ug/nr)
concentrations were obtained for almost each measurement cycle/area within this campaign.
However, the air concentration of NH was higher (range: 1.9.5 ug/m?®, with an average of 3.1
ng/n) than that observed for the February 2011 campaigrt.is interesting to notice that the level of
HNO: did not change considerably, not even over open sea waters (e.g. main, international
shipping lanes). On the other hand, the NH concentration fluctuated sitespecifically, e.g., it was
the highest at the kipping lanes near the Schelde estuary and the anchorage area (leeward side).
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Figure 20. Concentrations of gaseous air components during the March 2011 campaign onboard
Belgica the lower x-axis indicates the sampled marine area, the prevailing wind diction and the
average wind speed in m/s
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Air concentrations of HNOz, HNO s and NHs obtained during the May 2011 campaigns onboard
Belgica are depicted on Figre 21. During this sampling period, the prevailing wind direction was
mostly southwestern (i.e.,oceanic origin), but its speed varied to a great extent, from winstill
periods up to 56 B.

Figure 21. Concentrations of gaseous air components during the Mag011 campaign onboard
Belgica; the upper xaxis indicates the sampled marine area, the prevlang wind direction and the
average wind speed in m/s
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Compared to the February and March campaigns of 2011, the HNOlevel (range: 0.71.1
ug/n?, average: 0.8 pg/m) was generally lower, while the HNO: concentration (range: 0.032.6
ug/n?, average: 03 pg/m?®) was a bit higher in this campaign. The Nkllevels (range: 2.66.6 pg/n?,
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average: 5.4 ug/m) were higher than during the February/March campaigns. Sispecifically, high
pollutant levels were attained at near coastal sampling areas (e.g., Flemiganks) and the shipping
lanes (Figire 21).

1.2.5. Water soluble components in sizesegregated aerosols

The watersoluble (ionic) components in the three sizdractions of atmospheric aerosols
detected during the cruises and the coastal campaigns in M2@10 are depicted in Figires22a and
22b, respectively. In all the samples and aerosol fractions; &d NOz2 were generally not detected
with the present sampling/analytical method, or found at very low levels. In the marine air samples
(Figure 22a), the contribution of coarse fraction is the highest (range: 4:I7 ug/m?, average: 6.7
ug/md) of the three size fractions, in the form of sea salt as NaCl, and Mg?*, but NOs and SO*
are also present at increased levels, as compared to the lower aerofaktions. On the other hand,
the contribution of ionic species in the medium and fine fractions to the total ionic PM content is
rather low (range: 3.5 pg/m?, average: 1.6ug/m®). In the fine fraction, mostly NH* and SO*
were found, while in the medium fraction, considerable percersiges of sea salt (Na and CI) and
anthropogenic NQs’ is observed. These sampling cruises were mostly performed along the shipping
lanes (leeward sides), besides relatively strong marine winds (mostly from NNE) were prengil
during the whole campaign. Consequently, the enhanced concentrations of aerosol nitatnd
sulphate likely originate from ship emission. This is especially manifest in the-2-times increased
levels of ionic pollutants for all three aerosol fraction®bserved during the cruises along the main
international shipping lane (Figire 22a).

Figure 22. Concentration distribution of ionic components between three aerosol fractions during
the May 2010 campaign onboard Belgica (a) and at the coastal backgroursite (b);the extended x
axis indicates the sampling area, the prevailing wind direction(s) ahthe average wind speed in
m/s
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(continue Figure22)
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Similar ionic composition and sizedistribution trend could be observed for the samples taken at
the coastal site (Fjure 22b). However, the concentration of anthropogenic species (e.g., nitrate,
sulphate) is a bit higher than in the marine samples, while the contribution of sea salt species is of
lower or similar extent.

The ionic components in the three sizdractions of atmospheric aerosols detected during the
cruises in Septembe 2010 are depicted in Figures23a and 23b, respectively. Similar to the May
2010 campaign, in general, the level of the coarsaerosol fraction was observed to be the highest
(range: 715 ug/mé, average: 9.4ug/m?®). Especially high concentrations of N@, SO and NH4* are
observed over the main international and WE shipping lanes and waters/marine sampling stations
near Zeebruge. However, the contribution of ionic species is different, in a sense that over the
shipping lanes the anthropogenic components (N& SO and NH:*) dominate, while in the
aerosols collected near Zeebrugge the sea salt is more abundant. Over coastaltass near
Oostende/Nieuwpoort, the aerosol compaosition was generally found to be similar, though the total
concentrations were a bit lower. It is to be noted, however, that during these samplings, the wind
speed was higher (average: 125 m/s) than duringcruises over the shipping routes. This strong
wind could dilute the air levels of the anthropogenic pollutants, as well as promoted the formation
of more sea spray, as can be seen from the pattern of the obseatvaerosol composition (Figre
23a). As a comprison, the values observed at the coastal reference site in the first part of the
September campaign (Figre 23b) represent very similar sea salt constitution, but higher NOand
SO/ content.
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Figure 23. Concentration distribution of ionic components between three aerosol fractions in
September 2010 campaign onboard Belgica (a) and at the coastal background site (hg extended

x-axis indicates the sampling area, the prevailing wind direction(s) ahthe average wind speed in
m/s
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The ionic components in the three sizdractions of atmospheric aerosols detected during the first
mc sgd r dbnmc wvabet P0@0rare depictdd ordFigurd®da amtd24b, respectively.
This campaign was charact&zed with a mixed influence of winds from the continent and the sea.
As expected on the base of former campaigns, the coarse aerosol fraction (range:I342 pg/nr,
average: 5.8ug/m®) was dominating mostly over the medium (range: 041.6 pg/m®, average
1.0 pg/m®) and the fine (range: 0.612.7 ug/m®, average: 1.5ug/m?) fractions (Figure24a). The two
exceptions were the samples collected over an anchoring area (pilot station) close to the shipping
lane to Zeebrugge, where the ionic concentration of thenmedium and fine aerosol fraction was
higher by 1.52-fold than that of the coarse fraction. These lower sizederosol fractions mostly
consisted of NH* salts of NG and SO, which are products of secondary atmospheric reactions.
The dense traffic int@sity seems to provide an enhanced level of the precursor gases (especially,
NHs and HNO:, see Figire 18), and offers a possible explanation for the higher content of finer

~
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particulates. The other samples/areas were characterized by low loadings of the mad and fine
fractions, most of them consisting of Nk salts of NOs” and SO, while the coarse fraction mostly
contained aged sea spray (e.g., mixtures of NaCl, NaN@nd NaSOs). However, the trend in the
change of the aerosol composition is obvious,anples taken over marine areas influenced by the
ship-traffic show increased concentrations of ionic pollutants (e.g., secondary nitrate and sulphate
aerosols), as well as in the form of aged sea salt.

Figure 24. Concentration distribution of ionic components between three aerosol fractions in the
first (a) and second (b) weeks of the October 2010 campaign onboard Belgidde extended xaxis
indicates the sampling area, the prevailing wind direction(s) aththe average wind speed in m/s
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Comparing the results to those observed at the coastal siterthg the October campaign (Figure
25), one can see similar temporal trends in the ionic aerosol content as experienced over near
coastal marine areas. On theother hand, the differences between the air concentrations of the
coarse, median and fine aerosol fractions at the coastal site are generally lower (ranges: &R
0.55.4 and 0.4-10 ug/m?®, with averages of 3.0, 2.5 and 3.1ug/m?®, respectively) than tlose found
over the sea. This is likely due to the terrestrial pollutant input to coastal areas supported by the
weather conditions during this campaign (e.g. continental winds).

Figure 25. Concentration distribution of ionic components between the threeaerosol fractions in
October 2010 campaign at the coastal site of De Haan
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The ionic components in the three sizdractions of atmospheric aerosols detected during the first
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this campaign, winds from the sea (NE/ENE) were mostly prevailing. This campaign was
characterized with higher concentrations in the fine (range: 4:36 ug/m®, average: 15ug/m®) and
the medium (range: 1.217 ug/m?®, average: 9.2ug/m®) aerosol fractions than that of the coarse
fraction (range: 0.411 pg/m?, average: 5.6ug/m®). The highest concentrations of ionic species were
observed in the first week of the campaign when most of the cruises were conducted on coastal
waters to Scheldeestuary, the anchorage area, all being on or close to the shippitanes. The
second week of the campaign could be characterized by much lower pollution content, but then
again the fine ionic aerosol content was mostly found to be the highest. Compared former
campaigns, this reverse trend of the aerosol size distribution is mostly due to the weather, e.g.,
much lower average wind speed, the high relative humidity, fairly long morning fogvents,
temperature inversion, etc. These weather conditions prooted the formation/coagulation of fine
particulates, and resulted in enhanced atmospheric levels of ionic compounds. This is also manifest
in the aerosol content, consisting mostly of N, NOs and SO* salts in the fine and medium
fractions, while the ®a salt components are generally present in the coarse particulate fraction.
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Figure 26. Concentration distribution of ionic components between three aerosol fractions in the
first (@) and second (b) weeks of the March 2011 campaign onboard Belgicdie exended xaxis
indicates the sampling area, the prevailing wind direction(s) aththe average wind speed in m/s
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The ionic components in the three sizdractions of atmospheric aerosols detected during tHest

mc sgd rdbnmc vddjrQ bqgt hr dres27aand27b, respdctivélyoin ~ q d
this campaign, although the wind direction and its speed were considerably varying, it was of
marine origin mostly. Similarly, as observed for the 2010®ing and autumn campaigns, the highest
levels of ionic species are generally observed in the coarse fraction (range: Al8.7 ug/m®,
average: 11ug/m®), while the fine and the medium fraction had similar concentrations, i.e., ranges:
1.2-13.2 and 1.54.7 ug/m®, averages: 3.7 and 3.Qug/m?, respectively. Interestingly, in several
areas, sea salt was prevailing in the coarse and medium sized aerosols. In general, high pollutant
content was found for cruises near the shippintanes, close to the Schelde estuy/Vlakte van de
Raan, which are all affected by high ship traffic intensity. Relatively high ionic content of

cd
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anthropogenic species are found near the area of Flemish Banks, and also the Thornton Bank,
which is likely due to the low marine winds during these sampling periods, and the nearby ship
emission, maybe, the emission of Belgica too. The point measurements performed on anchor at
different coastal areas has given very similar ionic composition.

Figure 27. Concentration distribution of ionic components between three aerosol fractions in the
first (@) and second (b) weeks of the May 2011 campaign onboard Belgicthe extended xaxis
indicates the sampling area, the prevailing wind direction(s) aththe average wind speed in m/s
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1.2.6. Monitoring and mapping of atmospheric black carbon concentration

A typical daily temporal evolution of the black carbon (BC) content of atmospheric air over the
Bligh Bank (a representative of the Belgian marine areaad over the international shipping route
from the Bligh Bank to the British Channel and back is depicted on Rige 28. As can be seen, the
BC level was fluctuating from 70 to 1550 ng/m with an average value of 366 ng/m This average
BC value observed ® be higher than those, obtained as the background level (~200 ng/f) for
other marine areas out of the international shipping lane. The peak valuesBE were also observed
well distinguishable from the background value observed for the corresponding mae area (Figre
28). These BC peaks were attributed to the plume of the exhaust emission originating from ships
passing close to the research vessel (Belgica) from windward direction. It is to be noted that the
distance between these ships and the researslessel was never shorter than 26800 m, but was
proven to be close enough to distinguish the exhausBC from the local background. This
observation is in line with preliminary results on coastal monitoring of ship plumes performed at
Hoek Van Holland (Bdzani L66v et al., 2010).

Sgd bnmbdmsqg shsmudge " $gdbd®BTUnmdmsr vdqgd® ekt bst
with an average value of ~320 ng/m®. These data show the presence of PAH components evolved
along with the EC content of ship exhaust plmes, which was further studied by the assistance of
highly sensitive analytical techniques, e.g., GBS, as follow inthe next ®ction 1.2.7.

Figure28- Sdl ong k dunkt shnm ne -sbgsdh uadk€ bbjn nbs dgrasn nm €' A Bsi
observed durirg the 2010 May campaign onboard Belgica; covered marine areas: Bligh Bank
(00:00-7:00 a.m.) and the international shipping route from the Bligh Bank till the British Channel

and back (10:00 a.m.D12:00 p.m.)

2500
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The high resolution concentration map oftie BC over the studied marine areas of the North Sea
for the May, September and October 200 campaigns is depicted on Figure9. It is to be noted
that BC data was sampled in each minute over the cruise track of campaigns. As can be seen, the
quite high BC levels with values of larger than 12061800 ng/m® (marked with red/amber colours)
are experienced along the international shipping route and the shipping lanes towards the Schelde
estuary, the anchorage areas of the cargo ships (pilot boat area). On ttlther hand, the BC levels
show steep fall when diverting from these waters; e.g., to 16800 ng/m®, which one can acceptas
the background level of this marine area. It should also be mentioned, that the weather conditions
highly influenced the observed BCvalues. For instance, northern/northeastern (marine) winds
generally caused dilution of the air pollution, whereas the southern, southwestern, or eastern
(continental) winds generally enhanced the background BC levels.
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Figure 29. Concentration distribution of atmospheric black carbon (inng/m? unit) over the Belgian
North Sea and the international shipping route observed during the Belgica cruises in 2010 (a);
magnified BC map of the Belgian continental shelf (b)
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The high resolution concentration map for atmospheric black carbon of the studied marine areas
over all the Belgica campaigndgs depicted on Figure30. It is to be noted that this image is made
with the method of averaging the data according to a geographical grid with a size of 0.0y
0.01° As can be seen, the trends are as expected on the base of the 2010 campaign data. Namely,
the BC concentration is the highest over andlose tothe main shipping lanes (e.g., 1.52.5 pug/m®),
for instance, the WE orientedshipping lane, which connects the large Belgian harbours to the main
international shipping route. The BC concentration is also high near the anchorage area. The
concentration is only slightly increased (compared to the marine background level) at sites off the
shipping routes, as well as near coastal sites. But then again, the BC concentration is high near the
harbour of Zeebrugge, mostly due to the high intensity of ship traffi; this region.
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Figure 30. Map of the Belgian continental shelf (a) and its atmospheric black carbon concentration
pattern in ng/n? (b) with all data of the Belgica campaigns (concentrations are averaged and
plotted according to geographical location using a grid of M1° by 0.01°)
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1.2.7. Air levels of polycyclic aromatic hydrocarbons

Figures 3135 visualize the air levels of PAHs that were found during various sampling
campaigns (May, October2010 and February, March, May 2011). Eleven PAH compounds have
been identified in the sampled PM, including phenenthrene (Phe), anthracene (Ant), fuoranthene
(Flu), pyrene (Pyr), benzo(a)anthracene (BaA), chrysene (Chry), benzo(bjk)fluoranthenes (BbjkF),
benzo(a)pyrene(B(a)P)dibenzo(a,h)anthracene (DiB(a,h)A), benzo(ghi)perylene and indeno (1,2,3
cd)pyrene (I(1,2,3cd)P). Benzo(bjk)fluoranthene was dominant amongstall PAHs, followed by
chryseneand pyrene. The total PAHs concentration was in the rangef 1524690 pg/m?, being the
lowest during the cruise:the Bligh Bank/Anchoring near Zeebrugge in October 2010 and the
highest during the cruise on the shipping lanes and the anchoring near the pilot statiaghip
anchoring-area in February 2011.

In May 2010, the PAH levels were observed to be commensurable at the coastal sampling
station of De Haan to those observed over the shipping routes/Bligh Bank (Figure 31). For the
October 2010 campaign, the highest levels of PAHs are observed at the sampling stas near
Zeebrugge, near the shipping lanesand the anchoring area(Figure 32) Very low levels of PAHs
are observed at Bligh Bank, and Anchoring near Zeebrugge, , and on waters near
Oostende/Nieuwpoort under influence of NNE and SSW/SW marine winds. Thesir PAH levels
can be accepted as a typical marine background for the Southern Bight of the North Sea. Similarly
low PAH levels were doserved at the Thornton Bank in February 201{Figure 33) Interestingly, in
this sampling campaign, the PAH levels in@ased to a various extent over thehipping lanes the
anchoring area and Kwinte bankwhich is likely due to weather conditions, most importantly, the
wind direction, and speed.

During the March 2011 campaign, thelowest levels of PAHs are observed ahée Vlaakte van
de Raanarea under marine winds while increased PAH concentrationsvere observed near the
shipping lanes and anchoring areas (Figure 34), as observed for other campaigns too. In the May
2011campaign similar to the March 2011 campaign, thelowest levels of PAHs are observed at
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the Vlaakte van de Raan area under marine winds with fairly high velocity. Increased
concentrations of PAHs are observed at th&hornton Bank/Viakte van de Raanlikely due to
sailing over the shipping lanes, which cetainly raise the pollutant levels. Increased PAH levels
were also observed over the Thornton Bank and the Flemish Banks under the influence of
continental (E/NE) winds.

Seasonallyin general,lower PAH concentrations were found in October and May monthgwith
the exception of May 2010 here however only two samples were available from onboard sampling
‘D due to technical problems/bad weather conditions), than during February and March. This is
consistent with the fact that meteorological conditions (lessaylight hour, reduced ambient air
temperatures thus lower volatilization and photochemical activity) contribute to the higher PAHs
levels in winter season.

Figure 31. Concentration distribution of PAHs in total PM sampled during May 2010 campaign
onboard Belgica and in De Haan sampling station; (the extended-axis indicates the sampling
area, the prevailing wind direction(s) and the average wind speed in m/s)
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Figure 32. Concentration distribution of PAHs in total PM sampled during October 2010 campan
onboard Belgica; (the extended saxis indicates the sampling area, the prevailing wind direction(s)
and the average wind speed in m/s)
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Figure 33. Concentration distribution of PAHs in total PM sampled during February 2011
campaign onboard Belgica; the extended xaxis indicates the sampling area, the prevailing wind
direction(s) and the average wind speed in m/s)
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Figure 34. Concentration distribution of PAHs in total PM sampled during March 2011 campaign

onboard Belgica; (the extended saxis indicates the sampling area, the prevailing wind direction(s)
and the average wind speed in m/s)
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Figure 35. Concentration distribution of PAHs in total PM sampled during May 2011 campaign
onboard Belgica; (the extended saxis indicates the sampling area,he prevailing wind direction(s)
and the average wind speed in m/s)
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Work Package 2: Emission model for maritime transport

2.1. Introduction DEmissions as input for air quality models

Emissionsof pollutants are a crucial input to any air quality modelling exercise In general, two
methods can be used to provide emission estimates for air pollutants. Emissions are inventoried
using either a bottom up, or a top down approach.

Annual gquantities of anthropogenic emissions to the air are mostly compiletly regional or
national environmental agencies and categorized by source category for a particular geographic
area and specific time interval. Hereto, a bottom up approach is used: emissions are estimated for
individual sources and summed over all source$o obtain estimates at city, provincial country,
continental and globallevel. In this approach the following relation is valid:

knb k dl hrrhnm < d bshuhsx@ w d bshut

In the EU, the competence for emission inventories is fragmented over diifent national or
regional agencies. This results in different standards, methods and source categories being used
when compiling emission inventories, even within single countries. Collecting emissions from
regional and national emission inventories for gage in air quality models with a transboundary
model domain is therefore a challenging task.

An alternative for the bottom up compilation of emissions is the top down disaggregation of
emission totals reported by supranational or global inventories. la top down approach, emissions
are estimated based on national, regional or provincial data. These emissions are given a
geographic distribution by using some measure of activity datavhich is directly or indirectly
related to the emissions. These activitdata, holding information on the geographical patterns, are
called proxy data. Typical examples are population density maps, road networks, location of
power plants, land cover mapsin a top down approach the local emission is defined as follows :

locc k dl hrrhnm < dognongshnmg w dsns Kk

Sgd dsns k dl hrrhnmg hr "m drshl > sd eqgnl sgd |
gridded data at low resolution is also an option), the proportion is computed based on the proxy
data.

In generd, bottom up emissions contain the highest level of detail as they are obtained based
on information that only might be available to local authorities. However, local data are often not
useful for a variety of reasons: they may not be complete (missing jhaiants, missing sector
information, only data for a specific year,etc), they may reveal patterns that are difficult to
explain, they may not cover the whole model domain,etc. Therefore, bottom up data are often
replaced by top down (downscaled) emissin data, or at least completed withmodelled emission
data.

The emisson data sets used for themodelling in SHIPFLUX were obtained by combining
bottom up and top down emission estimates.

2.2. Bottom up (high-resolution) emissionsfor the Belgian Continental Shelf (BCS)and
the river Scheldt

2.2.1. Introduction

For the Belgian Continental Shelf (BCSnd the river Scheldf bottom up emissions were
computed by VITO. To map the maritime traffic in the Belgian territorial waters and surroundings
three soures of information were used: Al§Automatic Identification Systemynessages, AlS vessel
c s ~mc °~ KknxcgQr ¢ s a rd- Sgd @HR ¢ s vdgd c
on the river heldt and the BCShave beencalculated. Only emissionsof tankers, passenger ships
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and cargo ships are taken into account. For the harbour emissions the results of the MOPSEA
project' ©L n mh s nqh mf ognfqg I I d{fmmmf hq EbSFE tkavethéen A e g n |

used.

2.2.2. Input data
2.2.2.1. AIS messags

AIS messages are sent more or less every mile or every half an hour. The area covered by the
messages is between 2.246628333° and 4.751421667° longitude and 51.03702333° and
52.09211333° latitude.

For later analysis and validation the area was divideinto different zones(seeFigure 36):

e 5 harbours: Antwerp, Zedrugge, Ghent, Ostendand Vlissingen (green),

e The North Sea: Belgian 12Znile zone (blue), Belgian Continental Shelf (BGSblue),
exit/entry zones tothe BCS (red), Dutch Continental Shelfyellow);

e The river Scheldt (blue);

¢ Other entry/exit zones: ScheldRhine canal, Canal of ZuidBeveland (red).

All AIS messages from 2009
524
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Figure 36. AIS messages received in 2009 (longitude multiplied by cos51° for correct aspect
ratio) and division into different zones

In 2009, 15 939 327 messages were received in 2009Table 5 shows the content of an AIS
message.
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Table 5. Information available in an AlIS message

Data field ~ Description |

VesselAl$D Does not identify a ship uniquely in vessel data table, no
used

AlSTrajectPositionTimestamp shld rs 1l o bnms > hmhmf ¢ s
mmx xxx GGl I 9rr-rrr &€

AlSTrajectPositionLongitude the WGS84 degrees longitude in decimal format

AlSTrgectPositionLatitude the WGS84 degrees latitude in decimal format

VesselAlSKey Identifies the ship uniquely in vessel data table, this one i:
usedin this study

2.2.2.2. AIS vessel data

The AIS vessel data is a table containing 640711 records with a igne VesselAISKey(see
Table 6). The VesselAISIMONumber is a unique humber for each ship and corresponds to the
Lloyde register number (LRNO) in the Lloy@ database. Between the VesselAISIMONumber and
the VesselASKeys there is a ond-many relation. Hence, the VesselAlSKeys can be used to
identify the ship. Between the VesselAISIMONumber and the VesselAISID there is a mdoy
many relation. Some VesselAISI® correspond to many (up to 22) different ships and each
VesselAISIMONumbercorresponds tomany VesselAlSIDs. Hence, the VesselAlSIRg not used

Table 6. Information available in table AlS vessel data

Data field Description |

VesselAlSKey Identifies the ship in an AIS message, this one is used
VesselAISID Not a unique ship identifier, this one is not used
VesselAlSLength Length of the ship

VesselAISIMONumber IMO number, link with Lloyd ¢ database
VesselAISName Name of the ship

VesselTypeAlSDescription Type of the ship (Cargo, Tanker, Passengetc.

hu Other data not of interest

The VesselTypeAlSDescription gives general information about the type of the ship. For
emissions calculation only Cargo, Tanker and Passenger shiwsre taken into account. Smaller
ships like pilot vessels, tugs, dredgers arfishing vessels are not taken into account. For emissions
calculation the classification into Cargo, Tanker or Passenger ship is not sufficient. A more detailed
classification is obtained from the Lloygs database.

2.2.2.3. Lloydg database

Sgd K ldatabaseaontains the necessary information to calculate the emissions of a given
ship. We have a database of the year 2004 that contains information about 9481 shifseeTable
7).
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Table 7. Relevant information™ u ™ hk  akd hm KknxcqQr ¢ s a rd-

Data field Description

LRNO Lloydg Register Number = VesselAISIMONumber

Scheepstype 10 ship types

Lengte Length of the ship

Catlengte Ship length category (< 100, 100 D150, 150 D200, 200 D250,
> 250)

Type brandstof Fuel type (Diesel oil, Heavy fuel oil, Gas boil off)

DateBuild Build year

CatBouwjaar Build year category (5year intervals)

Main Stroke Type Main engine type (2stroke, 4stroke or steam turbine)

PowerKWPrime Main engine nominal power

PowerHulpmotor Auxiliary engine nhominal power

RPM Nominal main engine speed

hu

The correspondence between the Lloyg ship type and the AIS ship type is given ifiable 8.

Table 8. Correspondence between the Lloyg ship type (Scheepstype) and the AIS ship type
(VesselTypeAlSDescription)

Lloydg ship type VesselTypeAlSDescription |

Containers Cargo
Dry bulk carrier Cargo
General Cargo Cargo
Reefers Cargo
RoRo Cargo
Passenger ship Passenger
Chemical tanker Tanker
Gas tanker Tanker
LNG tanker Tanker
Oil bulk (crude) Tanker
NVT -

To summarize the methodology for the identification of a ship, eery AlS message contains the
time, the latitude, the longitude and aVesselAISKey. Thi¥esselAlSKey refers to another tabléhe
AIS vessel data. This table contains the IMO number and the AIS ship type. Only ships of AIS type
ds mjdge+ do rrdmfdqQq nq db gfngQg vdgd s jam
database. This database contains the necessary informatto calculate the emissions of a ship.

2.2.3. Emissions calculation
2.2.3.1. Introduction

In the marine area of thisstudy (Belgian Continental Shelfand river Scheld) emissions are
calculated usingthe AIS data. Harbour emissions are obtained from tHdOPSEA model.

In a first step the ship that sentan AlIS message has to be identifiede., its IMO number has to
be determined With this number the characteristics of the ship that determine the emissions can
be obtained. Next the time interval and speed corresponding to each message are calculated.
Then, the emissiors corresponding to each messageesult from the combination of emission
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functions and ship characteristics. Finallythe results were validated with results from the MOPSEA
project.

2.2.3.2. Ship identification

To get the IMO number of a ship, the VesselAlISKey of the AIS message table was linked with
the VesselAlSKey in the vessel data tab{see above) For 85.1 % of the messages (13 570 777
messages) the IMO number is known73.3 % of the messages come from a tanker, a passenger or
a cargo ship.Because a Lloyg databasedating from 2004 has beenused only for 36.1 % of the
messages the Lloy@ shiptypecouldad c¢cdsdqgl hmde "4 65/ 110 I drr  fd
is not known the VesselTypeAlSDescription is used. In this way 37% of the messages could be
identified as coming from a cargo, tanker or passenger ship.

2.2.3.3. Time interval and speed

The data were adered per ship and per time. Then the time increment was caldated as the
difference between the following and theprevious time divided by 2. The speed was calculated as
the central derivate of position to time. The speed determines the maximum continuous rate
(MCR) or engine load. Speeds below 2 knots were consited as anchoring and have MCR zero.
On the North Sea higher speeds are considered as cruising with an MCR of 85%. On the river
Scheldt higher speeds are considered as reduced speed with a MCR of 65%. These assumptions
are the same as used in the MOPSEAgject and are confirmed with the speed distribution shown
in Figure37.

0.1 /\ - North See -

0.08 — River Scheldt _

Probability density

Speed (kt)

Figure37. Speed distribution of the AIS messages on the Nibr Sea and on the river Scheldt

Some data cleaning was necessary. Points witimes increments higher than 3600 seconds
were eliminated. Normally ships send a message every 1800 seconds or every mile. Abnormally
high speeds i.e., speedshigher than 35 knots were eliminated too. These anomalies represead
only 1.2% and 0.26% of the data, respectively.

2.2.3.4. Emissions

Finally, d hr r hnmr ne sgd r gh owere baloulaedy @he &nkiseions agea € = S
function of the ship type, thefuel, the technology clasqbuild year), the engineload (MCR) and the
main engine type(MET). The MCR is determined by the calculated speed, the other data are found
hm sgd KknxcoQr ¢ s a rd-
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Because not all ships are present in the Llog database emission factors are calculated with
the known ships. A differentiation between zones (NortiSea or river Scheldtand AIS ship type
(tanker, cargoand passenger)s necessary because of the speed difference. The emission factors
are applied to the partially known shipsi.e., ships in the scope of this studybut not present in the
Lloydg databse

2.2.3.5. Validation with MOPSEA results

The results were validated with the outcome of the MOPSEA projedn the framework of the
MOPSEA project predictions were made for the emissions in the Belgian éhile zone and on the
river Scheldt in the yea 2010. In this project, emission calculations were based on ship
movements and average travel times. IfMable 9, these predictions are compared with the emission
calculations based on AIS data of 2009. There is good agreement between both results.
However, COz2 and PMio emissions are closer to the lower MOPSEA predictions while NOx and
SO: emissions are closer to the higher predictions.

Table 9. Validation of top down emission estimates based on AlS Data for 200®ith the outcome
of the MOPSEA project in which predictions for 2010 were made

- Main + Auxiliary Engines in
kton
NG

18.7 17.1 18.1
NMVOC 0.501 n/a n/a
NH; 2.37E03 n/a n/a
PMyo 1.106 1.25 1.34
PM s 0.678 n/a n/a
SQ 5.81 5.16 5.48
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2.2.3.6. BEmissionsfor the Belgian harbours from MOPSEA

Table 10 shows the emissions in the Belgian harbours.

Table 10. Harbour emissions from the MOPSEA model.

Year Region Pollutant Emissions_kton
2009 Antwerp CO:2 43.38
2009 Antwerp NOx 1.203
2009 Antwerp PMuo 0.06900
2009 Antwerp SO 0.4105
2009 Ghent CO:2 6.609
2009 Ghent NOx 0.1733
2009 Ghent P Mo 0.01034
2009 Ghent SO 0.06194
2009 Ostend CO2 1.002
2009 Ostend NOXx 0.02315
2009 Ostend P Mo 0.00153
2009 Ostend SO 0.00944
2009 Zeebrugge CO2 9.036
2009 Zeebrugge NOx 0.22446
2009 Zeebrugge PMuo 0.01314
2009 Zeebrugge SO 0.07931

Query in EE-motion_Maritime_emissiesaccdb

SELECT tbl_Mari_O_ME_Emissions_Geo.Year, tbl_Mari_O_ME_Emissions_Geo.Region,
tbl_Mari_O_ME_Emissions_Geo.Pollutant, Sum([Emission)/1000) AS Emissions_kton FROM
tbl_Mari_O_ME_Emissions_Geo GROUP BY tbl_Mari_ O_ME_Emissions_Geo.Year,
tbl_Mari_O_ME_Emis®ns_Geo.Region, thl_Mari_O_ME_Emissions_Geo.Pollutant HAVING
(((tbl_Mari_O_ME_Emissions_Geo.Year)=2009) AND ((tbl_Mari_O_ME_Emissions_Geo.Pollutant)="NOx" Or
(tbl_Mari_O_ME_Emissions_Geo.Pollutant)="SO2" Or (tbl_Mari_O_ME_Emissions_Geo.Pollutant)="CO2" Or
(tbl_Mari_O_ME_Emissions_Geo.Pollutant)="PM10"));

2.2.4. Possible improvementsof the applied methodology

The speed could be used to make a more accurate estimate of the MCHNso, the AIS data
could be coupled to a more recentversion of the Lloydg daabase Finally, the age distribution of
the unknown ships is supposedo be equal to the one of theknown shipsin this study. Hence, the
fleet in the simulations is (somewhat)too old.

2.2.5. Results

Figure 38 shows as an exarple, the annual meanNOx emissions as derived from the 2009 AIS
data. The main shipping routes are clearly visible on this map, especially the route going to/from
Antwerp via the Scheldt. Apart from this, the two areas where the ships have to wait for the
assistance of a pilot to be allowed to enter the Scheldt are also characterized by significantly
enhanced emissions.

As the AIS data cover a somewhat larger area than only the Belgian marine waters, emission
maps have been produced for an area includinglso parts of the neighbouring Dutch, French and
UK marine areas The advantage of having emissions for a larger area at our disposal is to have a
common emission dataset for the AUROR#Nodel, in which the domain has to be larger than the
Belgian marineareasunder study.
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However, due to the longrange transport of air pollutants, shipping emissions from a still larger
area had to be taken into account. This step is described in the following sections.

Figure 38. Annual mean NOxemissions for 2009 on al km x 1 km grid for the Belgian marine
waters and parts of the neighbouring Dutch, French and UK marine waters

2.3. Shipping emissionsn the North Sea harbour areas

In the framework of PASODOBLE, a collaborative project under THEME FSPACE2009-1 of
the EC's Seventh Framework Programme, DCMR HNiudienst Rijnmond (The Netherlands)
provided bottom up emissions for the North Sea harbour areas. These emissions were used to
validate the VITO shipping emissions on the BCP. Indeed, the DCMR data allowed tmmpare
spatial patterns and absolute numbers for regions that were covered by both data sets.

The bottom up marine emissions provided by the DCMR yield emissions totals for 2008 for CO,
CO2, NMVOC, NOx, PM and SO: per port area in the Netherlands: Amstelam, Rotterdam,
Western Scheldt, Eems (sdeigure39). The grid size that is used is 50 x 500 m (DCMR, 2008).

Figure 39. Left: Extent of the domains covering the 4 different port areas: Western Scheldingterdam,
Rotterdam, and Eems. Right: Spatial patterns of the emissidanghe North Sea harbour areas
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The geographical allocation of the marine DCMR emissions to the Em x 1 km air quality
modelling grid occurred by summing the emissions of all emissio sources contained within a
particular cell. The quantitative analysis is for all ports and all pollutants summarized Fable 11.

Table 11. Quantitative analysis of bottom up shipping emissions in the North Seharbour areas, as
computed by DCMR.

2008 in ton N\vee: SQ NOx (6{0) CQ PM

Amsterdam 109.7 992.6 2465 571.6 183300 130.8
Eems 38.39 347.2 997.0 201.8 51940 47.33
Rotterdam 433.2 4565 10180 2327 799300 590.0
Western Scheldt 320.1 3454 9430 1905 4164 518.2

As revealed byFigure 38 and Figure 39 comparison of DCMR and VITO bottom up absolute
numbers can only be made for the Western Scheldt, as this is the only overlapping region. The
comparison for the Western Scheldt was made by only retaining the VITO output on grid cells
which have anon-zero output in the DCMR data (for the Scheldt). Results are summarizedTiable
12. It should be noted thatthe DCMR emission data set holdvalues for 2008, whereas VITO
computed emissions for 2009. For these years, the influence of the economic crisis might be quite
significant!

Table 12. Comparison of VITO and DCMR bottom up shipping emisen data in the Wedern
Scheldt

Western Scheldt

in ton NMVOC SGQ NOx CO CQ PMyoand PMbs
DCMR data (2008) 320 3454 9430 1905 416400 518
VITO data (2009) 343 4121 12600 - 48330 724 (PMo) + 464 (PMy)

2.4. Shipping emissions in the Greater North SedOSPARregion 1)

In the framework of PASODOBLE, DCMR Mikudienst Rijnmond also provided bottom up
emissions for the Greger North Sea, i.e. the OSPARegion Il. In Figure 40 the extent of the OSPAR
region |l and the spatial paterns of the shipping emissions are shown. The IMIR emission data on
the OSPARregion Il were provided after theshipping emission database had been finalized within
the SHIPFLUX project anchence could only be used to obtain a rough idea on thauncertainties on
the VITO bottom up emission estimates for shipping.
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Figure 40. Left: Extentof the OSPARregion II. Right: Spatial pattern of slipping emissions in the
OSPARregion Il, as determined by DCMR.

The quantitative analysis for all ports and palitantsis summarized in Table 13.

Table 13. Quantitative analysis of bottom up shipping emissions in the OSPARegion Il, as
computed by DCMR.

2008 in kton NMVOC SQ NOx CO CQ PM
OSPAR Il 12.69 162.5 4475 73.10 17790 24.78

As revealed byFigure 38 and Figure 40 comparison of DCMR and VITO bottom up absolute
numbers can only be made for the BCP, as this is the only overlapping region. The cparison
was done by only retaining the bottom up DCMR output of grid cells which have anon-zero
output in the VITO data for the BCP. Emissions in the Western Scheldt were not taken into
account. Results are summarized ifable 114.

Table 14. Comparison of VITO and DCMR bottom up shipping emission datamthe BCS

Belgian Continental Plate

in kton NMVOC SQ N[@)' CO PMypand PM 5
DCMR data (2008) 0.966 12.54 34.39 5.610 1360 1.917
VITOdata (2009) 0.680 8.064 25.88 1079 1.605 (PMo)

+ 0972 (PM5)

2.5. Conclusions on bottomup emission estimates

Comparison between VITO and DCMR data resulting from a bottom up approach reveals
confidence in the acquired data. In general very simila spatial disaggregation patterns are
obtained. Furthermore, the absolute numbers computed are within the same order of magnitude.
Comparison of data on the Western Scheldt reveals lower emissions computed by DCM#&s
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compared to the VITO results. However,it should be taken into account that different years,
2008 and 2009, respectively, are compared. Within this time interval, the economic crisis might
have induced a significant impact on the shipping traffic and consequently on the resulting
emissions. Canparison of bottom up approaches on the BCP reveals similar results: absolute
numbers in the same order of magnitude. For this region, the DCMR results appear to be
somewhat higher. However, one needs to take into account that a detailed quantitative analg
was difficult to make, as the emissions were computed on different grids, witldifferent
resolutions and fordifferent yeass.

2.6. Top-down disaggregation of shipping emission totals
2.6.1. The EMAP tool

Maps of the spatial distribution of atmosphédc emissions are key input to any air quality
assessment. Many spatially resolved emission data have been produced in Eurpfeit often
they cover single statesor regions, target single pollutantsor focus on single source categories.
In order to overcame these limitations, VITO has developed the emission mapping GIS tool; E
MAP, which is based on spatial surrogates for the disaggregation ofratspheric emission
inventories (Maes et al., 2009).

EMAP is based on a top down approach. The methodology dhe EMAP disaggregation tool
is presented inFigure 41. Emissions known at country level are disaggregated based on proxy
data and weights. The weights are calculated based on land use and land cover areas, siadils
data, and transportation routes and volumes.

Concrete, the spatial disaggregation of the emission data is done with the-called spatial
surrogates, which are used to assign a statistical weight to the emission data. The siraphay to
convert the total emission into a local emission is
E, =E, = i
where E stands for the local emissin, Er for the total emission, V. for the local value of the
surrogate variable and, ¥ for the total value of the surrogate variable.

The challenge in the disaggregation ofthe emission totals is to obtain as much geo

information at attribute level.

E-MAP
A
o N
. Proxy data: Spatial
Country Emission Al it
|:‘|> ir quality
reports Inventor,
P Y : > model grid
fﬁ W S

Figure4l. Conceptual presentation of the BMAP disaggregation tool methodology
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2.6.2. Top-down shipping emission estimates

The spatial proxy data that are used in the-HAP tool developed for SHIPFLUX are stemming
from Dienst Hydrografie, The Netherlands. They proved a shipgng traffic density map, shown
in Figure42 (http://www.noordzeeloket.nl/Images/ VesselTraffic_tcm12878.pdf).

Based on this map the BMAP spatial surrogates were computed. The spatial surrogates are
then used to spatially disaggregate the North Sea emission totals as reported in European
emission inventories.

< VESSEL TRAFFIC ON THE NORTH SEA
L : ; : —

.......

i
NOT TO BE USED FOR NAMGATION

-

4 S e i e ot
g v Pt i 280 (1) e gt e

Figure 42. Vessel Traffic Densities on the North Sea, as computed by Dienst Hydrografie, the
Netherlands.

Spatial patterns of shipping emissions as computed with the VITGMNEAP tool developed for
SHIPFLUX are shown inFigure 43. Comparison of the spatial patterns as obtained with the
bottom up approach (seeFigure 38) with the patterns as obtained with the top down approach
(seeFigure 43) reveals that the bottom up approach contains much more detailUnfortunately,
the bottom up emissions do not cover the whole SHIPFLUX modelling domain and therefqre
they cannot be used as such. Instead of solely using the top down emissiomghich do cover the
whole SHIPFLUX modelling domain, it was decided to combine bottom up and top down
emissions, as to obtain emissions on the whole domainbut to keep the high level of detais
from the bottom up emissions. The integration of emission datsets resulting from two different
approaches as to obtain a single data set is discussed below.
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Figure 43. Spatial pattern of shipping emissions in the North Sea, as determined with the VITO
top down methodology applied in EMAP.

2.7. Integration of Bottom Up and Top Down Emission Estimates
2.7.1. Compatibility between bottom up and top down estimates

In order to obtain emission data sets that could be used fothe SHIPFLUX air quality
modelling, bottom up and top down marine emissions computed by VID were combined.

First, the compatibility of both data sets was checked, both on spatial patterns and on
absolute numbers. The compatibility based on the spatial patterns is shown iRigure 44. It can
be observedthat the main shipping lanes are revealed from both approaches. In general the
compatibility is relatively good.

Figure 44. Bottom up disaggregation pattern for shipping emissions, plotted on top of top down
pattern. Both patterns are plotted with a diferent colour scale as to better illustrate the
compatibility of the geographical location of the shipping lanes

Hm ngcdqgq sn bgdbj sgd bnl o shahkhsx ne ~arnkts
with the bottom up domain. In Figure 45, the bottom up result (NOx 2009 in kton/km?2) and the
dbkhoodcg@ sno cnvm qdr tlIASA steNaNoWNEC20@ basdiima cuyrrenn m. j |
legislation) are shown. Both maps were plotted with a different scale (quantile plotso as to
clearly reveal the spatial patterns.

SSD- Science for a Sustainable DevelopmeriDNorth Sea 57



Project SD/NS/07- Atmospheric deposition fluxes to the Eelgian marine waters originating from ship emissions

O9RGHOEKT WE

NOXx bottom up emissions in
kton/vear for 2009
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" NOXx top downemissions in
kton/vear for 2010
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Figure 45. Left: Bottom up NOx emissions stemming from shipping in kton/km2. Emissions were
computed based on AIS data for 2009. Right: Top down NOx emissions stemming from
shipping in kton/km2. Emissions werec hr ~ f f qdf " sdc r s  gqs hmf eqgnl
1//6 a rdkhmd btgqgqdms kdf hrk> shnm enqg 1/ 0/ d+

s g
oqn

When comparing absolute numbers in both data sets fadhe same domain, i.e. the BCSarge
differences are obtained. A summary is given iffable 15.

Table 15. Comparison of absolute numbers for shipping emissions on the BCP obtained with a
top down and a bottom up approach

EMAP 2010 (top down)| AIS 2009 (bottom up)

NH; 0 5
NMVOC 5805 1020
NOx 105700 38310
PMio 7561 2321
PM; s 7156 1431
PMio2s 405 890
SQ 42660 121403

In order to clarify the huge differences in absolute numbers resulting from the different
approaches (bottom up versus top down), a comparison between different dasets was made.

2.7.2. Comparison between European emission inventories

The top down results are obtained by taking IIASA emission totals for the North Sea as
stath mf onhms- Gdgqdsn sgd rbdm ghn dMDB1// é&. a’
Another European emission inventory could have been chosen as well. hable 16, the used
[IASA numbers (North Sea) are listed and compared with available numbers for the North Sea in
the EMEP emission inventgr. This table revealsthat the shipping emissions foithe North Sea,
contained in the IIASA and the EMEP inventories are within the same order of magnitude.
Therefore, downscaling emissions taking EMEP numbers as a starting point would result in

rdkh
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similar disaggegated emissions, i.e. emissions that aresignificantly higher than what is
obtained by a bottom up approach.

Table 16. Shipping emissions for the North Sean the IIASA and the EMEP emigsn inventory
for several years

Mo Sesy - s A0 EMER 2007 EMER 2008 SUSRSEU
kton/year (projection) (projection)
NH; 0

NMVOS 43 27 28 1
NOx 783 754 761 647
PMyq 56
PM, s 53 54 54 25

PMio2 5 3
SQ 316 441 399 454

2.7.3. Comparison of VITO data with DCMR data
2.7.3.1. Emissions on he NCS (etherlands Continental Shelf)

A Mtl adqgr dwsq bsdc eqnl adDIhrrhnmr 1//79 Mds
"mc Nro g Qdf hnm HH@+ Ehm k Qdongs+ L ghm+

Table 6-11 Emissions of ships in ton in NCS for 2008 and 2007

EMS Emission in ton in 2008 2008 as at
Nr Substlance NCS 2007 Ek:;::o AEU,;I:LV Total ;,3(()); a;gohgr

1237 | NMVOC 1 3,347 2,199 236 2434 7271% 66
4001 | S0, 58,600 28,298 2,935 31.233| 53.3% 830
4013 |NO, 117,000 79,352 6.838 86,190 73.7%| 1.9%0
4031 |CO 17.860 12.874 1,202 14.165] 79.3% 37
4032 |CO, 4600000 3055508| 357.384| 3412891 742%| 103447
6598 | PM10 and PM2.5 7.109 4407 ars|  ars2| 673%| 105

Ships 172 172 172 70

A 3" column (NCS 2007): numbers for 2007; EMS refers to a specific method which
has been used until 2007, when @ AIS data were available yet6™ column (Total
2008): numbers for 2008, based on the AIS method. When interpreting the
computation in the 7" column, it should be noted that 2 different methods were
used.

A In Total 2008 no emissions for stationary vessels are taken into account. According
to the author, these vessels would cause an additional fraction of only 3%. They
were not taken into account as they wee not taken into account for 2007 either.

A The huge reduction from 2007 to 2008 (NOx 30%, SCz: 50%) would be the result
of the economic crisis (reduction of the number of shipping movements and
lowering of speed to save fuel costs 80% of max speed instad of 90%). The even
larger reduction for SQ is due to the reduction of the percentage sulphur ithe fuel.

A Comparison with bottom up emissiors computed by VITO is not possible, as the

VITO domain for bottom up emissions is chosenso as to cover only theBCS. A very

rough estimate for the top down methodology (BMAP) would lead to 387000 ton

NOx (computed as number of ships in NCS/number of ships in North Sea * EMEP

emissions North Sea). This number should be compared with th86190 ton NOx

form the abovetable. When scaling the top down North Sea emissions so that they
would equal the bottom up emissions in the VITO bottom up domain (BCS), the
rough estimate would lead t0136000 ton NOX.
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A From this, it can be decided that the marine DCMR numbers are evesmaller than

the VITO bottom up marine data. This is in agreement with what we found for the
Western Scheldt (howeverdata for 2008 and 2009 were compared, the economic
crisis might influence the result).

2.7.3.2. Emissions inthe Greater North Sea OSPAR regionll)
A The OSPAR region Il covers the North Sea and a small part of the Atlantic Ocean.

A Mtl adqr

dwsqg bsdc

and OSPARdf hnm HHQ +

Table 7-1

eqnl
Ehm™ k

dDlI

Emissions at sea in ton in the OSPAR region Il

Nr

Substance

SAMSON emissions in 2008

Main Engine

Auxiliary Engine

Total

1237

NMVOC

9,329

1.017

10,346

4001

S0;

119,418

12615

132,033

4013
4031

NO,

4032

Cco
CO:

6598

334,056
53,866
12,932,130

29,469

5,563 |
1,539,223

363,524
59,429
14,471,353

PM10 and PM2.5

18,519

1,609 |

20128

Ships

767.2

767.2

767.2

L

ghm+

h ntal BhelmPort Arkas 7 9
Qdongs +

Md s

16 (9

A These numbers were computed with SAMSON, and as such not based on AIS data
(as AIS data are not available for the whole OSPAR region Il). The comparison

between numbers computed with SAMSON and based on AIS,isowever, made on

the NCS. Both methodologies resulted in similar valueddowever, these methods are

not fully independent, which induces evidence for good agreement.
Comparison with numbers provided by IIASA (GAINS NEC2007 baseline current

legislation 2010) reveals that IIASA numbers are significantly larger than DCMR
numbers! For example: NOx North Sea = 783 kton as stated by [IASA, whereas 363
kton is computed by DCMR. Moreover, the OSPAR region Il is larger than only the

North Sea

2.7.4. Conclusions onintegration of bottom up and top down emission estimates

Comparison of different data sets in different regions reveals that bottom up approaches
based on AIS data (DCMR and VITO) result in significantly lower emission totals as compared to
top down approaches based on proxy data, starting from EMEP or IIASA totals.

As in general local bottom up approaches result in more reliable data and as the VITO data
show good agreement with bottom up results in the Netherlands, it was decided to take the
bottom up results as the reference within the SHIPFLUX project.

In order to obtain emission data sets that cover the whole air quality modelling domain, the
hrrhnm ¢ s°
Hereto, the top down results were first computed for the whole air quality model grid. In a next
step, the top down emission totals on the BCP were compared with the bottom up results. From

UHSN

this comparison a scaling factor was deduced, which then was applied on the topodn results

anssnl

t o

dl

rdsr

nm

sgd

for the shipping emissions on the whole air quality model grid. More details are givein the

following chapters

ABO

The comparison of the results of the air quality modelling with observations is described later
in this report. This comparison povides not only information on the performance of the applied
air quality models, but also on the quality of the used input data, especially the used emission
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data. In advance of the results of this comparison we caalready mentionin this chapterthat the
choice for the bottomup emissions as the reference and scaling the tajown emissions for the
remaining sea areas to the level of the bottomap emissions in this project seems to be

confirmed by the measurements.

2.8. Emission scenarios in SHIPFLUX

2.8.1. Emission standards according to MARPOL Annex VI

Figure 46 shows the emission standards for NOx and SOx according to MARPOL Annex VI.

The MARPOL Annex VI convention came into force on 19 May 2005. This annexincludes,

among other things that the sulphur content of heavy fuel oil may not exceed 1.5 mass % in the

O®Rt kogt g DI hrrhnm Bnms {§ May 2@ amongEwhithRaBdBt@gNorth

Sea.After the I* of January 2010 the sulphur content shodl not exceed 1% mass, and after the
1* of January 2015 the maximum content is lowered to 0.1% mass sulphur. This sulphur
restriction is also prescribed by the 2005/33/EC directive. This directive also imposes the use of

0.1 mass% sulphur from the 1 Janwary 2010 for inland navigation and seajoing vessels at berth
with a 2-hour minimum duration. In Belgium a restriction on sulphur content for ships at berth

of 0.2% was already in force before 2010.

In the non-R D B @Q 1, the' Ndrth fAtlantic Ocean), themaximum allowed sulphur content of
fuel oil is 4.5 % mass From 2012 on, this value is reduced to 3.5 % massand from 2020 (or
.ad

Concerning NOx emissions, from 1% May 2005, main engines built after the year 1999 have to
comply with restrictions for the NOx emissionsThe following standards are valid or planned. Up
to 2011, the Tier | NOx emission standard applies for all sea areas. From 2011 ,ahe Tier |
standardapplies for all sea areasdgmissbn controlled and non-emission controlled sea area3.
Finally, from 2016 on, the Tier Ill standard will be valid in NOx emission controlled areas

2025, still to be decided) the maximum Scontentinnon-RDB @Qr v h k k

/- 4

D B @ier I{ prescribesroughly a NOx emission reduction by 20% in comparisonto Tier I.

Tier 1l even prescribes a NOx emission reduction byoughly 80% in comparison to Tierl.
However, at the time of compiling this report (February 2012)it seems unlikely that the North
Sea will become a NOx emission control area by 2020. Henceye did not include a shift to Tier

Il in the emission projections for thescenario2020.
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Figure46. Emission standards for NOx anéOxaccording to MARPOL Annex VI
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2.8.2. Shipping emissions for the scenariof012 and 2020

We used the Emotion MARI module to calculate the emissions under the sulphur and NOXx
restrictions for the years 2012 and 2020. The shipping activity dateas kept constant at the level of
the year 2009. The fleet composition as well as the used fuels were taken as for the futuesass
2012 and 2020. A change in all emission factors was taken into accoums pointed out earlier, the
Tier 11l standard has not been applied to the North Sea shipping emissions in the Scenario 2020 as it
seems to be unlikely that this standard will beritroduced for the North Sea until then. However,
due to the renewal of the fleet a higher percentage of Tier Il engines will be present in 2020 than
this is the case in 2012, leading to lower NOx emissions for the 202@cenario compared to the
2012 scenard. Tablel7 shows an overview of the relevant paramets for the shipping emissions
for the base year and for the two future scenario years.

Tablel?7. Sulphur content of fuelsand NOx emissionsused in the baselineand in the 2012 and
2020 scenarios

Parameter Baseline  Scenario 2012 Scenario 2020
(m/m % S)Diesel oil (at berth) 0.2 0.1 0.1
(m/m % S)Heavy Fuel Oil, North Sea 15 1 0.1
(m/m % S) Heavy Fuel Oil, North Atlantic 4.5 3.5 0.5
NOXx emissions in % of Tier| 100 80 80

2.9. Emission data sets created in SHIPFLUX for the classical pollutants

2.9.1. Overview of the model calculations and emission data setdy model run

Within the SHIPFLUX project,a base year, a scenario for 2012 and a scenario for 2020 rav
been modelled. Each of thesemodel runs required a specific emission data set. Belowve give an
overview of the differentmodel runs. In the next paragraph, the procedures to obtain the according
emission data setdy yearscenario are discussed in morédetail.

Base Case

Base Casé®Influence of Shipping

Scenario 2012

Scenario 2012DInfluence of Shipping
Scenario 2020

Scenario 2020DInfluence of Shipping

Base Casdieavy metals

Base Casdeavy metalsDInfluence of Shipping
A'rd B ' sd O0@Ggq

Base Case PAB Dinfluence of Shipping

I I I I D D D

Air quality modelling within SHIPFLUX occurred with the AURORA model. This model uses
the method of nested simulations. In the framework of SHIPFLUX, the steng occurred in
concentration fields obtained with the BelEUROS modebn a grid covering Europe More details
are given in the next chapter.Consequently, for each run, both emissions for AURORA and for
BelEUROS were prepared. Moreover, within the SHIPFLUX project, the focus lies on shipping.
Therefore, marine based emissicwere dealt with separately.

In the following, for each scenariq three different steps in creating emission data sets are
discussed:

A Land based emission data set for AURORA
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A Marine based emission data set for AURORA
A Emission data set for BelEUROS

2.9.2. Baseyear
2.9.2.1. Land based emission data set for AURORA

Land based emissions for AURORA were computed with the-lAP tool. The IIASA scenario
aMDB1// 6 a r dkhmdwab tkprgad enstartikgdpdirtThekyeas 2000rvas chosen
as referenceye g- Hm sgd dMDB1//6 a rdkhmd btgqgqdms kdffF
for the European seas were ignored. An example of the resulting spatially disaggregated land
based emissions on the air quality modelling grid is given irFigure 47, showing non-point
source NOx emissions(kTon) aggregated over all SNAP sectors.

MOx_kkon
[ 0.000000 - 0,003879
I 0.003580 - 0,011376
{ 0 0.011377 - 0.023578
0.023579 - 0.042945
0.042949 - 0073032
0.073033 - 0.123325
[0 0.123326 - 0.255904
[ 0.255905 - 0.493099 ,
I 0.493100 - 0.849482
I 0.549483 - 2,020895
L

Figure 47. Land based emissions for AURORA resulting from-E@O+ s j h mf HH @R @r C
a rdkhmd btggdms kdf hr lastarting pojnt - Nonepomt gonrce N q 1/ 0/
emissions (kTon) aggregated over all SNAP sectors.

2.9.2.2. Marine based emission data set for AURORA

Marine based emissions for AURORA were obtained by combining the VITO bottom up
emissions on the BCP for 2009 wh the scaled top down shipping emissions obtained with £
L@Q0 ax s jhmf sgd HH@R@ rbdm ghn dMDaBastdrtibg a r d k
point.

An example of the resulting spatially disaggregated marine based emissions on the air quality
modelling grid is given in Figure 48, showing both, the different steps in the process and the
final result. NOx emissions were chosen as to illustrate the process. Ifable 18, the scaling
factors that were appliedto the top down results are listed.
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Topdown EMAP (IIASA GAINS) emissions
combined with bottomrup AIS based
emissions. Topdown emissions have been
scaled to AIS based emissions

NOXx in kTon/year

I <o0.0002

I 0.0003 - 0.0004
[ 0.0005 - 0.0006
[ 0.0007 - 0.0009

0.0010 - 0.0017
0.0018 - 0.0022

[ 0.0023 - 0.0035
[ 0.0036 - 0.0050
I 0.0051 - 0.0097
I 0.0098 - 1.2112

Figure 48. Top Left: Bottom up marine NOx emissions for 2009 on the BCP in ton; Top Right:
Top down marine NOx emissions for 2010 on the model grid; Bottom: marine basd emissions
for AURORA resulting from the integration of bottom up and scked top down NOx emissions
in kTon.
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Table 18. Comparison of top down (2010) and bottom up (2009) absolute numbers on the BCP
and the resulting scaling factors

0.000 0.005 1 (div. by 0)

NMVOC 5.805 1.020 0.17565286
NOXx 105.7 38.31 0.36235378
PMso 7.561 2.321 0.30692009
PMys 7.156 1.431 0.19992174
PMuoss 0.405 0.890 2.19891277
sQ 42.67 12.14 0.28460064

The computed scaling factor was applied on the whole domain (North Sea + Atlantic
Ocean), the EMAP output on the BCP was replaced by the bottom up emission data.

2.9.2.3. Emission data set for BelEUROS

Emissions for BelIEUROS were computed with theldAPtool- Sgd HH@R@ r bdm  ghn
a rdkhmd bt ggdms kdf hhektartmdipoint @nd thé year 20,0 wasichosenj d m =~ r
as reference year. As the absolute emissions in BelIEUROS and AURORA should be comparable,
the BelEUROS shipping emissions were ated. To perform the scaling, top down emissions
were compared with the combined bottom uptop down AURORA emissions.

2.9.3. Base caséDInfluence of shipping

The land based emission data set for AURORA is identical to the land based emission data set
for AURORA in the base cas. The marine based emission data set for AURORA is obtained by
applying a reduction of 25 % on the marine based emission data set foAURORA in the base
case The emission data set for Bel[EUROS is obtained by applying a reductioh 25 % on the
marine emissions of the emission data set for EEUJROS in the base case

2.9.4. Scenario 2012
2.9.4.1 Land based emission data set for AURORA

Land based emissions for AURORA were computed with the AP tool. The IIASA scenario
dMDB1/v &k amd bt g q dassakek athehstarking pointAs this scenario does not
contain a projection for 2012, it was computed from the 2010 and the 2015 projections with the
formula:

emissions 2012 = emissions 2010 + (emissions 2015 emissions 2A.0)*2/5

Hm sgd bgd sdc dMDB1//6 a rdkhmd btggdms kdf hr
European seas were ignored. The resulting spatially disaggregated land based emissions on the
air quality modelling grid are very similar to the ones show in Figure47 for the base case
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2.9.4.2. Marine based emission data set for AURORA

Marine based emissions for AURORA were obtained by combining the VITO bottom up
emissions on the BCP for 2012 with the scaledop down shipping emissions obtained with E
L@O0 ax s jhmf sgd bgd sdc HH@R@ rbdm ghn dMDB1/
starting point.

The process and the resulting spatially disaggregated marine based emissions on the air
quality modelling grid are very similar to the ones dexribed for the base yearIn Table 19, the
scding factors that were applied on the top down results (for 2015) are listed.

Table 19. Comparison of top down (2015) and botton up (2012) absolute numbers on the BCP
and the resulting scaling factors (applied on 2015 eissions to obtain 2012 results)

Top down 2015 Bottom up 2012

0.000 0.005 1 (div. by 0)
NMVOC 5.265 0.842 0.160
NOXx 116.2 35.99 0.310
PMso 8.506 2.165 0.254
PMys 8.101 1.209 0.149
PMioss 0.459 0.956 2.082
sQ 48.33 7.960 0.165

2.9.4.3. Emission data set for BelEUROS

Emissions for BelEUROS were computed with the-MAP tool. The created IIASA scenario
dMDB1// 6 admaktkmndd hivtkg ¢ h n m ehe startibg pOirdt. As the absolge j d m
emissions in BelEUROS and AURORA should be comparable, the BelEUROS shipping
emissions were scaled. To perform the scaling, top down emissions were compared with the
combined bottom up-top down AURORA emissions.

2.9.5. Scenario 2012 DInfluence of shipping

The land based emission data set for AURORA is identical to the land based emission data set
for AURORA in the scenario 2012. The marine based emission data set for AURORA is @bed
by applying a reduction of 25% on the marine based emission data set for AURORA in the
scenario 2012. The emission data set for BelEUROS is obtained by applying a reduction of 25%
on the marine emissions of the emission data set for Bel[EUROS in theepario 2012.

2.9.6. Scenario 2020
2.9.6.1. Land based emission data set for AURORA

Land based emissions for AURORA were computed with the AP tool. The IIASA scenario
dMDB1/ /6 a rdkhmd bt @ easreken ksdstating poinsHhm ndigGe®0dg 1/ 1
a rdkhmd btggdms kdf hrk > shnm@ hmudmsngx+ sgd dlI |
The resulting spatially disaggregated land based emissions on the air quality modelling grid are
very similar to the ones shown inFigure 47 for the base case

2.9.6.2. Marine based emission data set for AURORA

Marine based emissions for AURORA were obtained by combining the VITO bottom up
emissions on the BCP for 2020 with the scaled top down shipping emissisnobtained with E
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L@O0 ax s jhmf sgd HH@R@

rbdm  ghn

d MD BHe ktadrtthg a °
point. The process and the resulting spatially disaggregated marine based emissions on the air

quality modelling grid are very similar to theones describedfor the base caseln Table 20, the
scaling factors that were applied on the top down results (for 2015) are listed.

Table 20. Comparison of top down (2020) and bottom up (2020) absolute numbers othe BCP

and the resulting scaling factors.

1 (div. by 0)

0.000

NMVOC 4.996
NOx 127.7
PMo 9.721
PM; s 9.181
PMo2s 0.513
SQ 54.8

2.9.6.3. Emission data set for BelEUROS

Emissions for BelEUROS were computed with thelE @O

0.005
0.726
33.74
1.960
0.863
1.096
0.980

snnk -

0.145
0.264
0.202
0.094
2.1%
0.018

Sgd

HH@R @

a rdkhmd btggdms kdf hr the ssahimgrpant. Astlee alisdlute/emissions

in BelEUROS and AURORA should be comparable, the BelEUROS shipping emissions were

scaled. To perform the scaling, the top down emissions for 2020 were compared with the

combined bottom up-top down AURORA emissions.

2.9.7. Scenario 2020DlInfluence of shipping

The land based emission data set for AURORA is identical to the land based emission data set
for AURORA in the scenario 2020. The marine based emission data set for AURORA is obtained

by applying a reduction of 25% on the marine based emission data séor AURORA in the
scenario 2020. The emission data set for BelEUROS is obtained by applying a reduction of 25%
on the marine emissions of the emission data set for Bel[EUROS in the scenario 2020.
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2.10. Emission data sets created in SHIPFLUX fdreavy metals
2.10.1. Base Yeatheavy metals (Cd and Pb)
2.10.1.1. Introduction

Table 21 shows an overview of available emission data for heavy metals. The availability is
shown with respect to shipping emissions for theBCS and other sea areas and for lardased
emissions in Flanders and in the remaining parts of Europe. It becomes clear that the availability of
emission data for heavy metals is very limited. The necessary emission data is only available for
cadmium (Cd) and for lead (Pb). For all other heavy metals, European emissions are missing.
Hence, because of the importance of longange transport on heavy metal concentrations, we
decided to restrict the modelling of heavy metals to Cd and Pb.

Table 21. Overview of available emission data for heavy metals

HM Shipping emissions Shipping emissions Landbased Landbased
BCS other sea areas emissions Flanders emissions Europe

As X X X

Cd X

Cr X X X

Cu X X X

Ni X X

Pb X

Zn X X X

No heavy mdal emissionswere created on the European continental scale as inputo the
BelEUROS model due to poor emission data for most European countriednstead, resting of the
AURORA modelhas been carried outassuming constanheavy metalconcentrations at tle domain
boundaries.

2.10.1.2. Land based emission data set for AURORA

e Land based emissions for Flanders

Flemish land based emissions for AURORA were computed starting from disaggregated
heavy metal emissions for 2005, which were developed in a prog for the Flemish
Environment Agency (VMM) in 2009 (Viaene et al., 2010) Emission totals provided by the
VMM in the framework of SHIPFLUX, revealed that heavy metal emissions in Flanders dropped
significantly between 2005 and 2009. Thereforethe spatially disaggregated Flemish emissions
for 2005 were scaled as to obtain 2009 emissions. This was done based on the emission totals
provided by the VMM. An example of spatially disaggregated heavy metal emissions in Flanders
for the year 2009 is shown inFigure 49 for Cd.
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Figure49. Spatially disaggregated Cd emissions for 2009 in kg/km2.

¢ Non-Flemish Land based emissions

Non Flemish land based emissions for AURORA were computed with anMAP tool, which
was specificaly developed to spatially disaggregate heavy metal emissions. European national
emission totals for 2005 were taken aghe starting point. Update towards 2009 did not occur, as
not all required data were available.Spatial patterns were taken from the -MIAP tool to
disaggregate the main pollutants, CO, NMVOC, NOx, PMand SOx. The heavy metal BMAP
database generates emissions for the whole AURORA domain, including Flanders. An example
of spatially disaggregated heavy metal emissions obtained with theMAP tool for Pb is shown
in Figure50.

M <0028

I 0,026 - 0,500

[ 0.501 - 1.000
1.001 - 2.000
2.001 - 5.000

1 5,001 - 10.000

I 10,001 - 20,000

I > 20,000

Figure50. Spatially disaggregatedPb emissions for 2005 in kg/km?

e Combination of Flemish and nonFlemish land based emissions

Flemish emissions in theEMAP output were replaced by the bottom up Flemish emissions.
This is illustrated for Pb inFigure 51. It should be noted that quite some inconsistencies in
between different data sets were dicovered. A summary is given inrable 22.
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Table 22. Heavy metal emission totals for different regions in different data sets

Emissions in kg
. cd | P | cd | Pb_ | _Cd | Pb |
2005 1954 5958 1679 7718 1700 76000
2009 1523 29220 - - 2175 45290

(1) Emissions reportedn VMM @ annual report
(2 DIl hrrhnmr nas  hmdc hm DgpdsiieRAKIDIkggqengeUEgdhmgbhi d8s d
(3) Emissions reported on the EMEP website

M < 0.025

I 0,026 - 0,500

0,501 - 1,000
1,001 - 2,000
2,001 - 5,000

[ 5.001 - 10,000

I 10,001 - 20,000

M = 20,000

Figure51. Spatially disaggregated Pb emissions in kg/km? after integration of bottom up Flemish
emissions inthe top down results

2.10.1.3. Marine based emission data set for AURORA

Marine based emissions for AURORA were obtained by combining the VITO bottom up
emissions on the BCP for 2009 with top down shipping emissions obtained with-BAP. EMAP
could, however, not be used as such, as no international shipping emissions exist for heavy
metals. Therefore the following approach was followed:

e the NOx shipping emissions as computed by the combination of bottom up and-EAP were
taken asthe starting point

e per heavy metal (HM), the bottom up emissions on the BCP for NOx and for the HM were
compared and a scaling factor = HM/NOx was computed

o the computed scaling factor was applied on the NOx top down emissions on the whole sea
so as to obtain HM emissions

e on the BCP top down emissions were replaced by bottom up emssons.

In this way, emissions for the whole sea, including the bottom up results, were obtained.
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2.10.2. Base caséheavy metals Dinfluence of shipping

The land based emission data set for AURORA identical to the land based emission data set
for AURORA in the base case heavy metals. The marine based emission data set for AURORA is
obtained by applying a reduction of 25% on the marine based emission data set for AURORA in
the in the base case heavynetals. For heavy metals, no emissions for the BelEUROS model
were computed. Nesting of the AURORA model occurred by assuming continuous
concentrations at the boundaries.

2.11. Emission data sets created in SHIPFLUX for the PAHSs

Table 23 shows an overview of available emission data for thepolycyclic aromatic
hydrocarbons (PAHSs) The availability is shown with respect to shipping emissions for th&CS
and other sea areas and for landased emissions in Flanders ahin the remaining parts of
Europe. It kecomes clear thatalso the availability of emission data forthe PAHsis very limited.
The necessary emission data is only available fdd[a]P, B[b]F andB[k]F. Shipping emission
factors forl[1,2,3-cd]P were observel to be zero.

Table 23. Overview of available emission data for PAHs

Shipping Shipping Landbased Landbased
emissionsBCS emissions other emissions emissions
sea areas Flanders Europe

PAH

X

naphthalene X
anthracene
phenanthrene
fluoranthene
pyrene
benzo(a)anthracene
chrysene
benzo(b)fluoranthene
benzo(k)fluoranthene
benzo(a)pyrene
indeno(1,2,3cd)pyrene X
benzo(ghi)perylene
acenaphthene
acenaphthylene
fluorene
di-benzo(gh)anthracene

XX X X X X X X X X X X X X X
X X X X X X

X X X X X

For PAHSs, no emissions for BelEUROS were computedue to poor emission data for most
European countries.Instead, resting of the AURORA model occurred by assuming continuous
concentraions at thedomain boundaries.

2.11.1. Base case PAHsbenzo[apyrene, benzo[bffluoranth ene, benzo[kfluoranth ene)

2.11.1.1. Land based emission data set for AURORA

Land based emissions for AURORA were computedtarting from disaggregated PAsd
emissions for 2005, which were developed in a project for the VMM in 2009 (Viaene et al.,
2010).
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2.11.1.2. Marine based emission data set for AURORA

Marine based emissions for AURORA were obtained by combining the VITO bottom up
emissions on the BCP for 2009 wh top down shipping emissions obtained with EMAP. The
same approach as for the heavy metals was followed.

2.11.2. Base case PAH®Influence of shipping

The land based emission data set for AURORA is identical to the land based emission data set
for AURORA in the base caseof PAHs. The marine based emission data set for AURORA is
obtained by applying a reduction of 25% on the marine based emission data set for RKORA in
sgd hm sgd & rd b rd 0@GQ
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Work Package 3: Deposition calculations with air quality models

3.1. Introduction
3.1.1. Model domain

Two different 3-dimensional Eulerian grid models have been used to calculate concentrations
and dry and wet deposition of air pollutants in the study area. Because of the high contribution of
long-range trangort to the concentrations and deposition of air pollutants, emission sources
located in a large domain (e.g.the European continent) have to be taken into consideration. On
the other hand, model calculations with a high resolutionsuch as the resolutiorof 3 km x 3 km in
this study, cannot be carried out for a large regiondue to computational limitations. Hence a
nesting approach has been followed in this studyin which the European domain is calculated
using a grid resolution of 60km x 60 km, followed by a smaller grid covering Belgium, the
Netherlands, the Grand Duchy of Luxembourg and parts of Germany, France and the UK using a
15 km x 15 km resolution. The boundary conditions for the 15«m x 15 km grid are taken from the
calculation for the 60 km x 60 km grid. Subsequently, applying the same nesting approach of
using concentrations of the calculation for the larger domain as boundary conditions for the
smaller domain, calculations were done for a km x 7 km grid and finally a 3km x 3 km grid. The
complete Belgian Continental ShelfBCS) is located within this 3km x 3 km grid, resulting in high
resolution concentration and deposition maps for the entire area of interest.

Figure 52 shows the four different model domainsand grid resolutions used in this study: The
60 km x 60 km domain and the 15km x 15 km domain are calculated with the BelEUROS model,
the 7km x 7 km and the 3km x 3 km domain are calculated with the AURORA model.

-
=

) i

U " T T T T T T T T T
shifted pole coordinates, equator at 60°N i) 4 B 12 16 20 24 28 32 36 40 L] a8

Figure 52. The four different modeldomains and grid resolutions used in the nesting approach
of this study to realize high resolution concentration and deposition maps for the BCS

3.1.2. Main input data used for the BelEUROS and AURORA models

BelEUROS and AURORA are both-8imensional Ederian chemical transport models. They use
emissions, meteorological data and land use information as their main input parameters. Emission
data have to cover the complete model domain of the respective calculations, meaning e.g. that
for the 60 km x 60 km grid emission data for almost the whole of Europe have to be used. They
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originate from European emission databases such as the one of the EMEP Centre on Emission
Inventories and Projections (EMEM CEIP,www.ceip.at) and the emission databases of IASA
(International Institute for Applied Systems Analysis, Laxenburg, Austriayww.iiasa.ac.ad.
Emission data for international shipping were used not only for the North Seaut also r the
Baltic Sea, the Mediterranean Sea and the European part of the Atlantic Ocean.

Meteorological data for both models are derived from the European Centre for MediuRange
Weather Forecasts (ECMWF, Reading, UKyww.ecmwf.int) and includes parameters such as
temperature, relative humidity, wind velocity, wind direction, cloud cover, mixing layer height
and precipitation.

Gas phase chemistry (e.gozone formation) and aerosol chemistry (e.gformation of sulphates
and nitrates from gaseous precursors) are treated by the chemical mechanisms of the models. The
main modules used for the chemical mechanisms are the Carbon Bond chemical gas phase
mechanisms (Gery et al., 1989) in their most recent versions (i.e. @8-99 and CBV) and the
ISORROPIA chemical equilibrium module (Nenes et al., 1998). The main output parameters are
the concentrations and dry and wet deposition data for approximately 70 chemical species.
Aerosols are calculated in two size fractions, i.ePMzs and PMuo-2s.

A description of the BelEUROS model,its applications to air quality in Belgium and a
validation exercise can be found in Deutsch et al. (2008a, 2008b, 2008c, 2008d, 2011). Model
development, applications and validation examples fothe AURORA model can be found in
Mensink et al. (2001), De Ridder et al. (2008), Van de Vel et al. (2008) and Lefebvre et al. (2011).

3.2. Update of the deposition routines in the AURORA model

The main topic of this task was to improve the current depd#on scheme used in the AURORA
air quality model especially with regard to deposition above the sea.

3.2.1. The original deposition scheme inthe model

The deposition velocity, W is expressed as followdor water, using a typical resistancédased
approach:

Va=1/(Ra+R b+R ¢) with
Ra=u a/u-2

Ua = wind speed [m/s]
u- = friction velocity [m/s]

Ro=1/(ku*)*In(z o/zon)*(Sc/Pr§? for gaseous components; (IN@@zon) =2)
k = von Karman constant (0.4)
Zo= roughness length [m]
Sc= Schmidt number []
Pr=Prandl number  [-]

Ro=1/(u -*(Sc?*+10 ) for particles
st= vs*u -?/(g*vis_kin)
vs =d?2* O g * CunCor)/(18*vis_dyn)
d = particle diameter [m]

O= densitylkgm?
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g= gravitational acceleration (=9.81 m?/s)
CunCor = Cunningham slip correction factar []
vis_dyn = dynamic viscosity [kg/m g
vis_kin= kinematic viscosity [m?%s]

Re= 2.54*10 */(H#*T*u +)
Hi = Henry coefficient
T = temperature [K]

3.2.2 Improvement of In(z0/z0h)

Instead of a constant value of 2, In(z0/z0h), becomes a function Bfe
Re=z o*u-/3
3=1.46*10 *m2s?
Zo.
Above sea: z=0.011*u -2/g (Charnock, 1955)
Above land: value for each of the land use type®(g., 1.1 m in urban areas)
The formula for In(z/zoh) then becomes:

e Sea: In(zo/zon) = -0.8 when Re<0.1 (Zilitinkevich et al., 2001);
In(zo/zon) = 1.6*Re +>-1.28 when R€>0.1;
e Land: In(zo/zon) = 0.04*Re +*? (Zilitinkevich and Mironov, 1996, and Chen et al., 1997);

e Urban: In(zo/zon) = 1.29*Re +¥4-2.0 (Kanda et al., 2007)

3.2.3. Improvement of the surface resistance for sea areasK:)

Following an extensive literature overview, it became evident that there is still significant
uncertainty with respect to the dry deposition of gases above sea water. A recently published
review paper by Fowler et al. (2009) suggests that much resehrstill has to be carried out in this
domain. Pryor andBarthelmie (2002) came up with the same conclusion, but specifically for the
interaction between gaseous Nompounds and sea water. Research has already been carried out
on the dry deposition of nitrogen to the oceans, both using measurements and model studies
However, the results are often unclear and certainly not applicable for the AURORA model (Rojas
and Venegas, 2009, Evans et al. (2004), de Leeuw et al. (2003)).

The most complete investigationthat comes up with useful results for our purposes has been
carried out around the deposition of ozone on ocean water (Gallagher et al., 2001). Using
measurements the authors show clearly that the surface resistance of sea water is significantly
smaller for ozone (1000 s/m) than the surface resistance of fresh water for ozone (9000 s/m). This
value will be adjusted in the AURORA model. Furthermore, we compared the dry deposition
module of AURORA with other dry deposition models described in literature. Mas of the
described models parameterize the surface resistance for gaseous components above sea water
(Schlunzen and Meyer, 2007, Klein et al., 2002). IMTable 24, an overview is given of the surface
resistances above sea found fahe main components in the model compared to the value that is
used in the original formulation, 2.54*10%(H+*T*u ). The comparison shows that the surface
resistance above sea water for N©and NO currently used in AURORA is somewhat too high and
this istherefore adjusted accordingly in the model.
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Table 24. Improvement of the surface resistance abovmarine areas

Gas Hi Re Re Source
(T=280K, (literature)
u-=0.5m/s)
Os 0.01 18000 1000 Gallagher et al., 2001 (observation)
NO:2 0.01 18000 7000,10000 Schlunzen et al., 2007, Klein et al., 2002
(model)
NO 0.002 90000 7000 Schlunzen et al., 2002 (model)
HNO 3 1.1014 0 0.10 Schlunzen et al., 2007, Klein et al., 2002
(model)
HNO 4 2.104 0.009
NHs 2.104 0.009 0,10 Schlunzen et al., 2007, Klein et al., 02
(model)
SO 1.105 0.018 0,10 Schlunzen et al., 2007, Klein et al., 2002
(model)
H202 1.105 0.018
HCHO 6.103 0.03

3.3. High-resolution calculation of concentration and deposition maps for the Belgian
Continental Shelf with AURORA

3.3.1. Introdu ction and short model description

AURORA is nested in the concentration fields calculated with Bel[EUROS. To reach a
sufficiently high resolution with AURORA (i.e, 3 km x 3 km) high-resolution emission data is
used. For shipping emissionsthe results ofthe shipping emission model developed in Work
Package 2 are used. Lanbased emissions are set up using the Emission mapping tooMAP
developed by VITO (Maes et al., 2009). This tool downscales national emission inventories (e.g.
by IASA of EMERCEIP, see above) using a set of proxy data, such as the CORINE land use
information.

The air quality modelling system AURORA was designed to simulate the transport, chemical
transformations and depositions of atmospheric constituents, at the urban to regiorsale. It can
be applied both in hindcasting and forecasting mode and can evaluate the effects of emission
reduction scenarios, scenarios related to spatial urban structure, mobiligtc., on air quality. The
AURORA model consists of several modules. Themission generator calculates hourly pollutant
emissions at the desired resolution, based on available emission data and proxy data to allow for
proper downscaling of coarse data. The actual Chemistry Transport Model (CTM) then uses the
hourly meteorological input data and emission data to predict the dynamidehaviour of air
pollutants in the model region. This results in hourly threalimensional concentration and twe
dimensional deposition fields for all species of interest. The AURORA model can be driveoy
meteorological output provided by the ARPS (University of Oklahoma), ECMWF and MM5
models. To calculate down to the resolution of the urban scale the model has nesting capacities,
i.e., it allows the user to specify lateral boundary conditions based omutput from coarser
resolution model runs.

For solving the advection the AURORA model uses the Walcek (2000) schemevhich ensures
monotonous advection in X, y and z directions. The model only accounts for vertical diffusion
through turbulence using asolution based on the semimplicit Crank-Nicholson diffusion scheme
with damping of oscillations in the vertical direction. The dry deposition which is solved together
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with the diffusion is parameterized as a downward flux as described in the previous ahpter. Wet
deposition is modelled using speciesdependent washout coefficients and allows for accumulation
to saturation in the rain drops during the washout process.

AURORA has a choice of three different chemical mechanisms for the gas phase: (1) @lV-
99 mechanism which is an extension of the CBV (Gerry et al., 1989) mechanism with isoprene
chemistry, (2) CB5 (Yarwood et al.,, 2005)which compared to the CBIV-99 mechanism
incorporates terpene oxidation and an improved description of the nitrat radical chemistry at
night and (3) CB5 extended with oxidation reactions that result in the formation of senolatile
organic compounds which can condense to form secondary organic aerosols. Finally, for the
formation of secondary inorganic aerosols # model uses the ISORROPIA model (Nenes et al.,
1998) for calculating the equilibrium between the gas and aerosol phase for the inorganic
compounds and a kinetic description of the desorption/adsorption process for the sexulatile
organic compounds.

3.3.2. Overview of input parameters for the model calculations

Generally, the influence of the meteorological conditions on air quality iconsiderable Hence,
inter-annual variations in air pollutant concentrations for several consecutive years are usually
(much) more driven by interannual changes in meteorology than by the inteannual changes of
the emissions. From that perspective, it is not unusual in air quality modelling to combine
meteorological conditions and emission data from different yearor emission data for different
regions or sectors from different years in one calculation. Sometimeghe limited availability of
input data even makes these kinds of combinations difficult to avoid. However, they are also
especially useful if more general caclusions have to be drawn with respect to the contribution of
certain emission sources to air pollutant concentrationsr deposition, as in this study. In these
b rdr+ hs hr hlongs ms sn trd ° 9qdogdr gens s hud
results that are not biaseddue to possibly exceptional meteorological conditions. In Belgium, the
xd q 1//6 v 'r bg g bsdghydc ax bnmchshnmr sg' s b
used meteorological data for the year 2007 for all modetalculations in this study.

For the calculation of the base year (reference year) of this study, meteorological data for 2007
has been combined with shipping emission data for 2009 for the North Sea, both in the
BelEUROS and the AURORA model. For thecenarios 2012 and 2020, the same meteorological
data for 2007 have been used together with shipping emission projections for 2012 and 2020. By
doing all simulations with the same meteorological input the changes observed can be attributed
to the emissions.Also land-based emission projections for 2012 and 2020 were used for the
scenarios.Table 25 gives an overview of the used input data.

Table 25. Overview of the used meteorological and emission input data for the base year aritie
two scenario years

Parameter Base year Scenario 2012 Scenario 2020
Meteorology 2007 2007 2007
Shipping emissionson BCS 2009 2012 2020
Shipping emissionson other sea areas 2010 2012 2020
Land-based emissions 2010 2012 2020

3.3.3. Modelling of heavy metals and PAHs with AURORA

For the modelling PAHs and heavy metals (Cd and Pp)we incorporated an approach
developed in a previous study using the OPS model (Viaene et al., 2010). The particle phase in
OPS ismodelled using 5 size sectionsTable 26).
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Table 26. Lower and upper diameter of the five size sections considered for the particle size
distribution in the model and the geometric average of these two limits

Section Lower (um)  Upper (um) Averagediameter (m)

1 (0.0215) 0.95 1.43E07
2 0.95 4 1.95E06
3 4 10 6.32E06
4 10 20 1.41E05
5 20 (40) 2.83E05

In general PAHs are found both in the gas phase and bound on particles. The partitioning
between these two phases depends on the saturatgdpour pressure. This implies that in principle
PAHs can migrate between the gas and the aerosol phase, depending on the ambient temperature
and pressure where with increasing temperature and lower pressure the gas phasdasoured In
this modelling exercise we neglected this dynamic distribution and assumed that the initial
distribution between the two phases is kept after emission. Taking the overall uncertainty of the
PAH emissions into account, this approach seems to be justified. The distribution dfet total
emitted PAH®Mass over the two phases is presented ifiable 27 together with the distribution
over the 5 aerosol size fractions considered. The heavy metals (Pb and Cd) are oniyodelled as
aerosols.

Table 27. Particle distribution over the gas phase and the Berosol size fractions considered for
the aerosol phase

Pollutant Formula Gas phase % Particle mass % in each fraction

< 095 0.954 4-10 1020 >20

pm pm pm pm pm
Cadmium o cd 0.0 57.4 21.3 141 36 3.6
Lead Pb 0.0 62.1 17.8 14.1 3.0 3.0
benzo[a]pyrene B[a]P 9.0 46.5 25.1 17.4 55 55
benzol[b]fluoranthene B[b]F 8.0 39.9 23.7 18.9 8.8 8.8
benzo[k]fluoranthene BIKIF 6.0 41.5 35.5 15.2 3.9 3.9

Measurements have shown that the land surface generally saturated with B[a]P and B[b]so
that these two PAHs do not deposjtbut they are rather emitted from the surface. The model code
was, therefore extended to allow for different surface resistance (rc) values over land and water. In
order to awid deposition above land, the rc for B[a]P and B[b]F was set to a high value (99999)
which results in negligible deposition of these twapollutants (Table 28)

The initial and boundary concentrations of all pollutants were assumed to be constant. Asth
domain boundary in the model having the largest influence on the resultsiue to the predominant
wind direction is the western domain boundary above the United Kingdom (UK) in the 7 km
resolution calculations, the boundary concentrations were based onfiormation from the UK. For
sgd O@Gr + bnmbdmsqg shnmr enq sgd qtqg k rhsd
Prevoudoros et al. (2004) and the annual report for 2010 on the UK PAH monitoring and analysis
(Brown et al., 2011). For Cd and Pb Vaes were based on mapsHKigure 53) for the average
concentration over UK in 2008 as published online by the Department of Environment, Food and
Rural Affairs (DEFRA). The final values used for the fixed boundargncentrations of Cd, Pb and
the PAHSs are listedn Table 29.
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