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Abstract. Ship emission estimates diverge widely for all based emissions, the model transport and wet deposition are
chemical compounds for several reasons: use of differenat least as important as the signal from ships. In the Western
methodologies (bottom-up or top-down), activity data and Mediterranean, the regional EMEP emission inventory gives
emission factors can easily result in a difference ranging fromthe best match with most measurements, followed by Eyring
a factor of 1.5 to even an order of magnitude. Combiningfor NO, and ozone and by EDGAR for black carbon. Given
three sets of observational data — ozone and black carbothe uncertainty of the measurements and the model, each of
measurements sampled at three coastal sites and on boardtbe three emission inventories could actually be right, im-
a Mediterranean cruise ship, as well as satellite observationplying that large uncertainties in ship emissions need to be
of atmospheric N@ column concentration over the same considered for future scenario analysis.

area — we assess the accuracy of the three most commonly
used ship emission inventories, EDGAR FOJligier et al,
2005, emissions described lisyring et al.(2005 and emis-
sions reported by EMEPVgstreng et a).2007). Ourtoolis 1 Introduction

a global atmospheric chemistry transport model which sim-

ulates the chemical state of the Mediterranean atmospher8hip emissions and their impacts on environment became
applying different ship emission inventories. The simulateda “hot” issue in the past decade for atmospheric research
contributions of ships to air pollutant levels in the Mediter- and air pollution and climate policy. Recent publications
ranean atmosphere are significant but strongly depend on then health impacts of particles emitted by shi@oibett et
inventory applied. Close to the major shipping routes rela-al., 20073, acidification and eutrofication of water and soil
tive contributions vary from 10 to 50% for black carbon and in coastal regions caused by sulfur and nitrogen deposition
from 2 to 12% for ozone in the surface layer, as well as from(Derwent at al. 2005, climate cooling owing to the high

5 to 20% for nitrogen dioxide atmospheric column burden. sulfur content of marine fuefevasthale et 412006 Lauer

The relative contributions are still significant over the North et al, 2007, climate warming caused by the emissions of
African coast, but less so over the South European coast b€sHGs Stern 2007) and absorbing black carbobgck et al,
cause densely populated regions with significant human ac2009, to name just a few, contributed to our knowledge of
tivity contribute relatively more to air pollution than ships, present environmental impacts of this steadily growing emis-
even if these regions attract a lot of ship traffic. The obser-sion source. They also raised public awareness and put a
vations poorly constrain the ship emission inventories in thegrowing pressure on policy makers to find an international
Eastern Mediterranean where the influence of uncertain lanégreement on ship emission regulations, as ship emissions
are known to be one of the least regulated anthropogenic
sources Eyring et al, 2005. In Europe, where the land

Correspondence tcE. Marmer based emissions of sulfur have been successfully reduced
BY (elinamar@gmx.net) since 1980’s, the ships are the only growing source of sul-
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fur emissions. Unless more action is taken, by the year 202@Kouvarakis et al.200Q Lelieveld and Dentene000 and
sulfur and nitrogen emissions from ships threaten to exceedignificant contribution of the very dense ship traffic connect-
all European land sources combin€tAFE, 2005, with a ing the Atlantic and the Indian Oceans is to be expected. In-
similar situation in the USAARB, 2006. International ship-  land seas with intense transit and local ship traffic and high
ping is a major source of sulfur emissions in Asia because thgopulation density are especially affected by ship emissions,
rapid growth of Asian economies results in a correspondingas found i.e. over the Mediterraneabgrmer and Lang-
growth of shipping tradeStreets et a].1997, 2003. Last mann 2005 and the Marmara Se®¢éniz and Durmusijiu,
year, the International Maritime Organization (IMO) unani- 2008. The second not less important reason is the fact that
mously adopted amendments to the MARPOL Annex VI reg-here we have a unique set of observational data from con-
ulations to reduce SQ NOy and particulate emissions from tinuous on-board ship measurementsi¢hev et al. 2009.
ships (MO, 2008. The revised Annex VI will enter into In addition, the observations obtained from the OMI satel-
force in July 2010, the emission reduction measures will belite over this area are for the first time used to constrain ship
phased in over the following decade. In support of the policy,emissions.

research is required to investigate how the implementation of Finally we present a new global ship emission inventory
these regulations, combined with the predicted future gromthEDGARvV4 aimed to consolidate the advantages and disad-
of ship traffic and the geographical expansion of waterwaysvantages of the regional and global inventories.

and ports are going to affect the atmospheric composition.

Several future emission scenarios have recently been devel-

oped (i.e.Granier et al. 2006 Eyring et al, 2007 Cofala 2 Ship emission inventories

et al, 2007. Starting point for these scenarios are various

global and regional emission inventories, which largely differ We have examined six different ship emission inventories fo-
in their ship emission estimates in total and for different com-cusing on the Mediterranean Sea (F1g. before choosing
pounds. These differences are caused by different methodhree of them for closer evaluation. All inventories include
ologies as well as uncertainties in the emission factors. Fothe emissions of nitrogen oxides (NQsulfur oxides (S¢),
instance, European inventories tend to give a higher estimatearbon oxide (CO) and non methane volatile organic com-
for the European regions than the global inventori#garig pounds (NMVOCs). While in global inventories carbona-
et al, 2008, mainly because domestic shipping is not rep- ceous particles such as black and organic carbon (BC and
resented in the activity data on which the global inventoriesOC) are included explicitly, the regional inventories give the
are based. Verification of the consistency of ship emissiongarticulate emissions as RN (Table1). For this study we
inventories with observations is a difficult task due to lack of have applied the speciation based Anersson-Skgld and
observations over the open sé&abaldo et al(1999, Davis Simpson(2003)), attributing 40% of the total Pl to OC

et al.(200]), Lawrence and Crutzefd999 andKasibhatlaet and 20% to BC (the remaining 40% assumed to be inorgan-
al. (2000 have included ship emissions of $@nd/or NQ ics). This speciation varies across the literature, from 11%
into global atmospheric models to evaluate them with air-OC and 5% BC Eyring et al, 2005 over 30% OC and 15%
craft measurements over the Pacific and the North AtlanticBC (Lack et al, 2009 to 49% OM and 6% BCWang et al.
While including SQ from ships have improved the model 2008.

performance with respect to the observations, ship emissions The global emission inventories EDGAR FT 20@iyier

of NOy seemed to be overestimat&eirle et al.(2004 have et al, 2005 with OC and BC emissions basedBand et al,
quantified shipping emissions of N©ver the shipping route  2004), later referred to as EDGAR, arkgyring et al.(2005,
connecting Sri Lanka and Indonesia using GOME satellitelater referred to as Eyring, both compiled for the year 2000,
data. Data from SCIAMACY, a remote sensing instrumentare available on a°Xx 1° horizontal resolution and their spa-
with finer resolution, was used to verify ship emission esti- tial distribution is based on AMVER dat&(dresen et al.
mates over the Red Sea Rjchter et al(2004. Both stud-  2003. Despite the same resolution and spatial patterns, there
ies found a good agreement for N@ith existing invento- is a large disagreement in terms of the emission totals in
ries in the respective regionBranke et al(2008 combined  the Mediterranean Sea (Tahlg SO and NG emissions
data from both instruments in the Indian Ocean to verify all reported by Eyring are a factor of 1.6 and 2.2 higher than
published NQ ship emission inventories and found the bestin EDGAR, respectively. This difference can be explained
agreement with the highest estimates. by the difference in the methodology (see Appendix—

We evaluate three widely used ship emission inventories -ih EDGAR a top-down approach is applied, which is based
EDGAR FT 2000 Qlivier et al, 2009, Eyring et al.(2005 on bunker fuel statistics from International Energy Agency
and EMEP Vestreng et al.2007) — by implementing them  (IEA); Eyring et al.(2005 have applied the so called activ-
in a chemistry transport model TMXf(ol et al., 2005 and ity based top-down approach which is based on the infor-
comparing the results with available observations. Our focuamation on ships and engine typéddyd’s Register of Ship-
is on the Mediterranean Sea, first of all because its atmoping, 2002. This activity based top-down approach results
sphere appears to be one of the most polluted in the worldn higher emission estimate for g@nd NG..
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Table 1. Ship emissions for the Mediterranean Sea from different
inventories.

EDGARFT EDGARv4 EYRING EMEP IIASA CONCAWE

Tglyr 2000 2000 2000 2004 2000 2005
int total

SO, 0.309 0.380  0.470  0.492 1199 1.280 0.826
NOx 0.406 0.626  0.760  0.902 1.745 1.820 1.448
NMVOC  0.0008 0.020 0.024 0.130 0.058 0.0620 0.0510
BC 0.012 0.0015 0.0018 0.002 0.027 n.s. n.s.
ocC 0.0038 0.005 0.006 0.0056 0.053 ns. ns.
PM; 5 n.s. n.s. ns. ns. 0.132 ns. 0.091

Fig. 1. The Mediterranean Sea in the model resolution is indicatedihe total NMVOC emissions. which explains the difference
yellow. Green line indicates Western Cruises (April-October 2006’between Eyring and all regional inventories

26 cruises). Blue line indicates the Tunis-Palma leg. Red line indi- ] . Lo
cates Eastern Cruises (January—March 2006, 3 cruises). Three ob- One of the main advantages of the global inventories is

servational sites ES10 (Cabo de Creus, Spain, 42.3N, 3.3E), MTO eir global cove_rage. Fgrthermore, the top-down apProf"‘Ch
(Giordan Lighthouse, Malta, 36.1 N, 14.2 E) and Finokalia (Greece,used fo'r global inventories aIIO\(vs a much faster em'SS'P”
35.3N, 25.7E). calculation than the more detailed hence time consuming
bottom-up approach used by the regional inventories. On
the other hand, the resolution of the regional inventories is
usually finer and their spatial distribution much more accu-
rate. Since international fuel statistics do not include the fuel
consumed for domestic ship traffic — from harbor to harbor
within the same country — it has not been represented by the
global inventories. The domestic ship traffic can be signifi-
cant for the inland seas like the Mediterranean, which is sur-
) ; ) %+ rounded by 22 countries. Applying bottom-up approach on
2007 with twice as much BC as in EDGAR, the emission 5 4nha| scale would not only be much too costly, but would

i 1
factors are given as a range from 0.18 gkgo 1.1gkg also be limited by the global unavailability of detailed ship
depending on the fuel type, getting closer to the recently,,, ement data.

obtained emission factors ranging from 0:86(23) gkg?*

On the contrary, EDGAR reports higher values than
Eyring for black carbon. The averaged emission factor for
black carbon in EDGAR is 1.02gkd and is based on
Bond et al.(2004. In Eyring et al.(2005, this emission
factor is given as 0.18gkd and is based oSinha et al.
(2003. In the regional inventory EMEPVEstreng et aJ.

1 X In order to consolidate the advantages of global and re-
t0 0.97€-0.66) gkg ™~ for different vessel typed.@ck etal,  yisna| inventories, a new EDGAR version 4 (EDGARV4)
200§. In Eyring and EMEP ca. 2 times more OC than BC ¢,h4| emission inventory has been compiled. It is using top-
is emlt_ted (please note that in EMEP we artificially partition down approach like all the previous versions of EDGAR, but
PMzsn 20% BC and 40% OC). In EDGAR_’ on the contrary, yhe calculation takes into account 15 different vessel types
the OC emissions make 1/3 of the BC emissions. and distinguishes between harbor and sea activities. Further-
The regional European inventories, ENTE®Hall etal, e it combines AMVER and ICOADS ship activity data
2002, EMEP (Vestreng et a).2007), CONCAWE (2007 gets wang et al, 2008 largely improving the spatial resolu-
and IIASA (Cofala et al. 2007, all share the same spa- jon from 1°x1° to 0.1°x0.1°. Additionally to the interna-
tial distribution and the same methodology and hence deyjgng| fuel statistics, the national fuel data is used to account
liver comparable emission estimates for all compounds. Theq the domestic ship traffic, its contribution ranging from
methodology applied here is a bottom-up approach and it is; 7_»794 of total emissions, depending of different assump-
based on the distance each ship covers, the information prg;ons (AppendixA).
vided by the Lloyd's Intelligence UnitlMIU, 2004. Re- In all investigated inventories a temporally constant emis-
gional inventories give a much higher emission estimate forgjon flux was assumed. i.e. the emissions are constant
the Mediterranean Sea for all compounds (except NMVOCS)throughout the year. More details on methodology, distri-

as compared to the global inventories not only because of,iion and coverage of different inventories can be found in
different methodologies but also due to the inclusion of dO'AppendixA.

mestic shipping in the regional inventorieg/dng et al.
2008. The ship emissions of NMVOC are most uncertain.
In EDGAR a very low NMVOC emission factor has been as-
sumed (Appendipd) resulting in two orders of magnitude
lower emissions as compared to all the other inventories.
Only in Eyring the evaporation of hydrocarbons during load-
ing and handling has been considered, making some 50% of
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3 Modeling set-up Table 2. Ship emissions in the Western (from 6 W to 15 E) and the

) o Eastern (from 16 E to 36 E) Mediterranean.
3.1 Ship emissions

For the model simulations in this study we have implemented EDGAR FT EYRING EMEP

the two global inventories (EDGAR and Eyring) and one Emissions WEST EAST WEST EAST WEST EAST
regional inventory (EMEP) embedded into EDGAR on the [T9/1]

global scale, to simulate the contribution of ship emissionsto NO 0.229 0177 0509 0.393 0.938 0.806

air pollution, attempting to evaluate the inventories by com- NMVOC ~ 0.0004 0.0003 0.077  0.053 0.030  0.026
paring the simulated ozone and black carbon surface concen-2¢ 0007 0.005 0.0012 00009 00142 0.0123
trations with measurements sampled on-board a cruise ship

and at three coastal sites, and the simulated atmosphegic NO

columns with those obtained from satellite data. For a more

detailed evaluation we have separated the Mediterranean igienerally performed among the better global models regard-
2 regions — the Eastern Mediterranean, referred to as EMNG 0zone and oxidized nitrogen depositions, probably due
(6W to 15 E) and the Western Mediterranean' referred to aéo its relatively fine horizontal resolution. TM5 also pal’tiCi-
WM (16 E to 36 E). For the substances analyzed in this work,Pated in the recent regional EURODELTA exercise and was
the NQ,, NMVOCs and BC, the emissions for these areasfound to perform reasonably well with regard to ozone sur-
are shown in Tabl&. It should be noticed, that the East- face concentrations in Europe, with high correlations in sum-
West distribution in EDGAR and Eyring is nearly 40/60 for mer and wintergan Loon et al.2004. A good agreement of

all CompoundS, while in EMEP it is close to 50/50. This simulated surface NQNIth EMEP measurements in winter
discrepancy is probably due to the domestic shipping whichand summer was found ffe Meij at al.(200§ while black

is not considered in the global inventories and according tocarbon was found to be underestimated by the model espe-

EMEP predominates in the Eastern part. cially during winter by a factor 2.5 on average.
Gas phase chemistry is calculated using the CBM-IV
3.2 Other emissions chemical mechanismGery et al, 1989ab) modified by

Howeling et al.(1999, solved by means of the EBI method

Only ship emissions have been varied in the different mode(Hertel et al, 1993. Dry deposition is calculated using the
runs, all other emissions — natural and anthropogenic — havECMWF surface characteristics and the resistance method

been kept unchanged. The emissions are summarized in AgGanzeveld and Lelieveld995.

pendixB. The aerosol compounds are considered only by mass and
include sulfate, nitrate and ammonium, black and organic
3.3 Chemistry transport model TM5 carbon, sea salt and dust. Black carbon is assumed to re-

side in the accumulation mode with a mass mean radius of

The TM5 is an off-line global transport chemistry model 0.14um for wet and dry removal. In cloud-free model grid-
(Krol et al, 2009 and is driven by ECMWF ERA-40 re- cells BC is considered hydrophobic and does not take up wa-
analysis meteorological data. It has a spatial global resoter. In grid-cells containing clouds a constant interstitial mass
lution of 6°x4° and a two-way zooming algorithm that al- fraction is assumed and the rest is scavenged with the same
lows regions to be resolved at a finer resolution®vt 1°. To efficiency as sulfate.
smooth the transition between the globak@° region and We have performed six different model simulations (Ta-
the regional 1x1° domain (Mediterranean Sea in the presentble 3) for the meteorological year 2006. In each simula-
application), a domain with a°%2° resolution (Northern  tion, all land based emissions have been kept unchanged (see
Hemisphere in the present application) has been added. I8ect.3.2). In order to calculate the impact of ship emissions
the current version, the model has a vertical resolution ofon the atmospheric concentration, we have performed a sim-
34 layers, defined in a hybrid sigma-pressure coordinate sysdlation which did not include any ship emissions at all; this
tem with a higher resolution in the boundary layer and aroundexperiment is referred to as NON. Two global ship emission
the tropopause. The height of the first layer is approximatelyinventories have been implemented, EDGAR FT 2000 — the
50m. simulation referred to as EDG — and Eyring — the simula-

The model transport has been extensively validated usingion referred to as EYR. The regional EMEP ship emission
222Rn and SF6 Reters at a].2004 Krol et al, 2009 and inventory was selected for the forth experiment. Since we
further validation was performed within the EVERGREEN run our model on a global scale, this inventory was embed-
Project Bergamaschi et 3l2006§. TM5 has participated in  ded into the global EDGAR ship emission inventory. We
a number of recent global model comparisons, such as Phaefer to this experiment as to EMEDG. In order to analyze
toComp Dentener et al.2006 Stevenson et gl2006 and  the role of NMVOC from ships for the surface ozone forma-
AEROCOM (inne et al, 2006 Textor et al, 200§. TM5 tion, we have run a sensitivity study with the same ship emis-
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The instruments are placed in a cabin at the front of
the ship, 47 m above sea-level. Ozone is measured by a
Thermo C49 ozone analyzer, equivalent BC was measured by

Table 3. Input to the various model runs.

NON No ship emissions . a 2-wavelength aethalometer from Magee Scientific (model

EDG fi?ﬁssejzzggg@“v'er etal, 2003 AE 21). The stated precision of the ozone analyzer is 1 ppbv,

_ the observed zero-drift between calibrations was 1 ppbv and

EYR Eyring et al.(2009 the span-drift was between 0 and 3%. Thus for the ozone
for the year 2000

concentrations measured over the Mediterranean Sea the typ-
EMEDG EMEP ship emissions for Europe ical uncertainty is approximately 2 ppbv.
for the year 2004\estreng et a).2007) While the aethalometer measures black carbon as the at-
globally embedded in EDGAR FT 2000 tenuation of light divided by an absorption cross section,

EMEDG-noVOC  like EMEDG but no _ the source characterization studies that form the basis of the
NMVOCs released from ships emission inventories mainly rely on determinations of “el-

EMEDG.H like EMEDG but ship emissions emental carbon”Bond et al, 2009. Elemental carbon is
released between 30-100m determined by a thermo-optical method and defined oper-

ationally. Several studies show close to linear correlations
between black carbon and elemental carbon concentrations,
sions as in EMEDG for all species but without any NMVOCs however the proportionally factor shows large variations be-
released from ships. This sensitivity experiment is referredtween different sampling sitesl§ong et aJ.2004. The
to as EMEDG-noVOC. In all experiments described above,aethalometer measurements of BC on Costa Fortuna were
ship emissions have been released into the first vertical moddlarried out using the value of the absorption cross section
layer and distributed between 0-30 m, while in real world provided by the manufacturer; the method was compared
ship stacks can reach as high as 50m. In the EMEDG to thermo-optical determinations of elemental carbon during
experiment we have tested the sensitivity towards the emistwo campaigns; for aerosols over the sea, the methods were
sion height by distributing all ship emissions between 30 andfound to agree within a range of 25%.
100 m above surface. The global emission inventories refer The aethalometer being an optical method has the dis-
to the year 2000, EMEP refers to the year 2004, while theadvantage, that other absorbing material than black carbon,
model simulations represent the year 2006. With an annua$uch as mineral dust, can contaminate the measurements. To
growth rate of 2.5%Endresen et 312003, 16% more ship filter our data from the suspected dust contamination we used
emissions would be released for EDGAR and Eyring, and@ method described yavalli et al.(2009. Most dust events
5% for EMEP in 2006. The resulting surface concentrationstook place during winter months when the ship has been on
for BC and NQ can be easily calculated, but not for ozone Cruise in the Eastern Mediterranean. This finding can be con-
due to non_"nearity (See Seg[_Z) This assumption would firmed by the results from satellite observatioRgjadimas
result in a 1.2% higher BC concentration for the EMEDG at al, 2008 showing high frequency of dust events in the
simulation, 1.3% for EDG and 0.4% for EYR. For NQhe  Eastern Mediterranean during winter.
concentration would increase by 2.2% for the EMEDG sim- Meteorological data (surface pressure and air temperature)
ulation, by 2.4% for EDG and by 5% for EYR. We did not were provided from the automatic measurement station on
correct for these differences but they will not affect the con-the ship. Information on the position, speed and direction of
clusions drawn below. the ship were available, identifying situations where contam-
ination from the emissions of the ship itself might interfere
with the measurements.
4 Observations The cruise ship is mostly sailing during the evening/night
and stays in harbors during the day; exceptions are the routes
Tunis-Palma and Alexandria-Messina, where both day and
ight hours are included. For our purpose we only consider
he open sea measurements removing the data collected in
harbors from 2 h prior to arrival to 2 h after the departure.
The TM5 model samples ozone, black carbon and the me-

4.1 On-board ship observations

A set of monitoring instruments has been installed on boar
of a Mediterranean cruise ship Costa Fortuna with regu-
lar weekly routes in the Western Mediterranean during late

Zﬁrrliag,viiﬁ?;rrnggliﬂgvfzg ;ngolggtgifi?telr; '\.I{lﬁiiltf;ﬁ?ea%orological data every 30 min simultaneously with the cruise
g " 9.5). ship. We have compared the ozone and black carbon mea-

paign was launched in fall 2005 and is still on-going. Mea-
. . surements separately averaged over all Eastern and all West-
surements of ozone, black carbon and the aerosol size dis-

oo . . _ern cruises with the model results from each of the experi-
tribution are performed every 10 min and the meteorological
. ments.
data are logged every 15 min.

www.atmos-chem-phys.net/9/6815/2009/ Atmos. Chem. Phys., 9, 68352009
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4.2 Satellite measurements BC emissions and surface concentration
. . . ) . ) ) 400 - y = 2477,5x + 319,16
The OMI instrument is a nadir viewing imaging spectro- ., R? = 0,9996
graph that measures the solar radiation backscattered by th,\i,, 3901 _%
Earth’s atmosphere and surface over the entire wavelengtts °* 7
range from 270 to 500 nm with a spectral resolution of about § *° | o7
0.5nm. The 11% viewing angle of the telescope corre- § 3¢9 7
sponds to a 2600 km wide swath on the surface, which en-§ 350 —
ables measurements with a daily global coverdgme(sma g 3401 =7
et al, 2007). The error of a single OMI retrieval is best 3 330 - e
referred to as 1.910'5 molecules cm2+30%, for detailed & 320 &=
error analysis please s@&»ersma et al(2004 2007). The 310 4 ‘ ‘ ‘ ; ; \
TM5 has sampled the NOatmospheric column simultane- 0 0,005 0,01 0015 002 0025 003

BC ship emissions Tg/year

ously with the satellite overpass at 13:30 LT. The OMI pixels
(from 13x24 kir? in nadir up to 26¢135 kntf at the edges Fig. 2. BC ship emissions and the mean modeled 2006 BC sur-

. o i
of .the swa}th) hav% befenhmte.rgola:)ed to tﬁ&;bgrld, red face concentration over the Mediterranean Sea. Grey NON, yellow
quiring at least 50% of the grid to be covered by OMI data. gyR brown EDG, light blue EMEDG, and dark blue EMEDG-H.

The grid boxes not meeting this criterion were marked as
cloudy and filtered. The same grid boxes were also filtered
from the TM5 samples as well to assure better comparabil-

ity. Thus if OMI has seen more than 50% of the grld box pmg route and does not exceed 10% (BD In EMEDG,
as “cloudy”, this grid box has been excluded from the eval-the simulation with highest BC emissions, the contribution is
uation, because the clouds screen theM€low, which can  35-509% close to the main shipping routes in the Eastern and
not be retrieved. Here we focus on summertime observationghe Western part, about 15-25% over large distances over the
when cloud free conditions prevail. Each grid cell contains North African coast during summer, while at the Southern
500 to 1000 cloud-free OMI piXQ'S thus the random error is European coast the contribution is less than 15%. Compar-
significantly reduced by the spatial averaging. The monthlyjson of the mean measurements obtained during all Eastern
mean NQ columns for June, July and August 2006 resulting and all Western cruises with the mean of simultaneously sam-
from the experiments NON, EDG, EYR and EMEDG have pled model BC concentrations shows a slight overestimation
been compared with satellite measurements. of the simulated BC of the cruises in the WM (April to Oc-

tober, Table4). Even the simulation without ships gives a

higher BC concentration than the observed one. which seems

to be related to the uncertainty of land based emissions of
5 black carbon, typically a factor of Bpnd et al, 2004. If we
look separately at the results for the leg Tunis-Palma de Mal-
lorca (TP, Fig.1), which crosses the highly frequented ship-
ping route at 37 N, the agreement largely improves and we
5.1 Black carbon find the best agreement with EMEDG (Talde In vicinity

of the emission sources, the properties of black carbon corre-

In this version of TM5 black carbon is treated as bulk mass,spond better to those assigned to it in the model, before inter-
e.g. we do not consider particle size and number distributionnal mixing with other particles and aging can have an affect
Black carbon does not participate in chemical reactions, oncen its hydroscopicity and wet deposition. The underpredic-
emitted it is advected by turbulence and large scale eddieion of BC during the EM winter cruises (January to March)
and is removed by dry and wet deposition, thus acting as aould result from too high deposition of BC in the model.
passive tracer. Therefore we expect a linear model responsghere is a pronounced annual cycle in the simulated BC sur-
of black carbon surface concentration to varying emissionsace concentration with a maximum in July and a minimum
(Fig. 2). Releasing the emissions at higher levels 30—100 min March. To a great extend the annual cycle in the model
as in the experiment EMEDG-H rather than 0-30 m reducesds driven by precipitation and wet deposition of BC (F.
the mean surface concentration by 3.6%. This difference idt is difficult to conclude about the BC annual cycle over the
slightly larger in summer with relatively stable atmospheric Mediterranean based on the on-board measurements, since
conditions (WM cruises) than in winter (EM cruises). The the ship travels in different regions during the different sea-
relative contribution of ship emissions to the surface BC alsosons, but from the BC measured at Finokalia, a site on Crete
varies quite significantly for different emission inventories. Island in the Eastern Mediterranean, no pronounced annual
In EYR, the simulation with lowest BC emissions, this con- cycle could be detected. A comparison of BC observations
tribution is limited to the Western part close to the main ship- at this site with model simulations shows that during winter,

5 Results

All comparisons with observational data show that the TM
model can simulate the level of air pollutants over the
Mediterranean Sea reasonably well.
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TM5 contribution of ships to BC surface concentration [%], JJA 2006 Surface black carbon 2006
1000 4 ‘ ‘
900
800 ~
700 - B OBS
e« 600 - EEDG
£ s00- 1l OEYR
< 400 O EMEDG
300 + ENON
200 -
100 -
0 -

EM Finokalia WM Finokalia
cruises 1/1-3/3 cruises 16/4-31/10
11-3/3 26/4-31/10

Fig. 5. On-board ship measurements and measurements at Fi-
nokalia (35.3 N, 25.7 E) compared with model simulations for BC,
mean surface concentration and standard deviation.

Fig. 3. Simulated contribution of ships to the surface black carbon,

2006 summer mean (June, July, August). Table 4. Observed and simulated mean black carbon surface con-

centrations and standard deviation, averaged over the cruises. The
best simulation is highlighted in boldface.
mean BC surface column [ug/m2] MED

Mean and EM WM Tunis-Palma  All cruises
st. dev. of Jan—-Mar06 Apr-Oct06 Apr—Oct06  Jan—Dec06
surface BC 4 cruises 26 cruises 26 cruises 34 cruises
ngni3

observed 376351 516375 320205 465382

EDG 235267 594£512 269154 434477

EYR 224+265 561512 224r141 404:474

EMEDG 261+277 660+531 330+188 474+503
EMEDG.H 255+270 634519 316172 4524490
NON 221+264 5544513 2144140 398t473

contribution reached 2—-4% over the Sea in EDG. The maxi-
o = Mo sp Gl N Dee mum contribution of 12% (EYR simulation) can be found in
mean precipitation kg/m? i X X g X
summer over the Strait of Gibraltar, which links the Mediter-

Fig. 4. Annual cycle of the simulated BC surface concentration rar_]ean Sea to the Nor_th Aﬂam'c Ocean (F8y. The re-
over the Mediterranean and precipitation, 2006. BC concentration/ation between the emissions of the precursor gaseg NO
NON in grey, EDG in red, EYR in yellow and EMEDG in blue. (NO2+NO) and NMVOCs, and surface ozone is highly non
Precipitation in black. linear: Linearity can be found between the N@missions
and the NQ concentration levels (FigZ). The relation be-
tween the NQ emissions and the surface ozone is not that
the surface BC is underestimated by the model, while it issimple: initially, increase of NQemissions results in an en-
overestimated during summer (Fig). Looking at the av- hanced surface ozone concentration, in the EMEDG simu-
erage value for all cruises, the EMEDG simulation provideslation, however, we find lower surface ozone as compared
the best agreement with observations. Considering the unceto EYR despite higher NQemissions (Fig8). Our anal-
tainty of the optical method, estimated at 25% (see Set}t.  ysis shows that when the threshold value of 1.2 Tgykar
all the inventories produce results within the uncertainty lim- NOx emissions is exceeded, the surface ozone goes down. In

Feb

Jon
NON

its. this analysis we need to consider the impact of hydrocarbons,
which show a highly non-linear behavior. In the NON sim-
5.2 Ozone ulation, without any emissions over the Mediterranean, we

find the highest mean NMVOC surface concentration of all
Ship emissions contribute to a much lesser degree to the susimulations, 17.8 ppbv(C). From NON to EMEDG-noVOC
face ozone as compared to BC. During the summer 2006, thisve have added ship emissions of all the components except
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of the NMVOC:s, only to find the lowest mean NMVOC con-
centration of all simulations, 17.2 ppbv(C). Despite the fact
that the VOC ship emissions are either zero (in NON and
EMEDG-noVOC) or differ by over two orders of magnitude
(between EDG and EYR), their effect on the surface concen-
tration ranges only within 3%. Our analysis of the very com-
plicated photochemical patterns between yNOIMVOCs
and ozone shows a relationship between the NMVOG/NO
ratio and the ratio of ozone production rate to the ozone loss
rate (Fig.9). At low NMVOC/NOy ratios the relation of
ozone production to ozone loss remains low and it grows with
the growing ratio. After reaching the maximum at a threshold
ratio of NMVOC/NC,=8, it begins to decrease. Because of
this very high sensitivity of ozone levels to the emissions of
NOy and especially NMVOCs, the importance of obtaining
more accurate amount of NMVOC ship emissions is essen-
tial in order to study and understand their possible impact
on the ozone levels especially in such polluted areas as the

Fig. 6. Simulated contribution of ships to the ozone surface concen-Mediterranean Sea.
tration, 2006 summer mean (June, July, August).

2,7 4

2,54

2,3 1

2,1

NOXx surface concentration ppbv

NOx emissions and surface concentration
y =0,5271x + 1,6793
R? = 0,9991

0,5 1,0 1,5
NOXx ship emissions Tg/year

2,0

In terms of ozone measurements, the best agreement is
achieved over the WM during the “summer” (April to Oc-
tober) cruises. The observed mean ozone of 48.9 ppbv is
best simulated in EMEDG, the EYR simulation gives slightly
higher value and EDG slightly lower. Without ship emis-
sions, the simulated mean ozone over the WM decreases by
2ppbv (Table5). Much higher mean value has been ob-
served (42.7 ppbv) during the EM cruises (January—March)
than the model predicts (maximal simulated value 38.2 ppbv
in EYR). Lelieveld et al.(2002 and Gerasoupoulos et al.
(2005 identified transport from the European continent as
the main mechanism that controls ozone levels in the East-
ern Mediterranean. Therefore we can not simply translate
this underestimation into the shortcomings of the local emis-
sions. Inaccuracy in land based emissions of the ozone pre-
cursors, simulated vertical mixing and transport could be ad-

Fig. 7. NOx ship emissions and the mean modeled 2006 N@-

X . ditional sources of uncertainty. Averaged over all cruises,
face concentration over the Mediterranean Sea. Grey NON, yello Y 9

EYR, brown EDG, light blue EMEDG.

Ozone surface concentration ppbv

45 -
44,5 -
44 1
435 -
43 -
425 -
42 4
4154

NOx Emissions and surface ozone

y = -2,0256x> + 4,8651x + 41,77
R? = 0,9472

o3

0,4 0,6 0,8 1 1,2 1,4 1,6 1,8
NOXx ship emissions Tg/year

WEyring inventory presents the bests results. Fidura and b

shows the comparison with observations at three coastal sites
(Fig. 1), averaged over the same time period as the Eastern
(1 January—3 March 2006) and the Western (26 April-31 Oc-
tober) cruises. At the western Mediterranean site Cabo de
Creus (ES10)Kjaeraa and Hjellbrekk008 and the east-

ern Mediterranean site Finokalia, the model performs better
during summer than during winter. During summer, EYR
simulation gives the best agreement for Cabo de Creus, in
agreement with the results for the WM cruises. For Finokalia
the summertime ozone is best simulated with EMEDG.

At the central Mediterranean site Giordan Lighthouse
(MTO1) (Fjaeraa and Hijellbrekke2008 the summertime
surface ozone is overestimated by all simulations. During
winter we find an underestimation by all simulations at all
three sites. Seasonal variation of ship emissions, not included

Fig. 8. NOy ship emissions and the mean modeled 2006 ozone surin our in\/entoriesl could possib|y improve the model perfor-
face concentration over the Mediterranean Sea. Grey NON, yellowmance regarding surface ozone (see Sct.

EYR, brown EDG, light blue EMEDG, dark blue EMEDGoVOC.

Atmos. Chem. Phys., 9, 6816831, 2009
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NMVOC/NOx Concentration and Ozone Production/Loss
y = -0,0258x> + 0,4156x + 0,4935

R? = 0,9985 . .
o 2181 Table 5. Observed and simulated mean ozone surface concentration
® 2,16 and standard deviation, averaged over the cruises. The best simula-
§ 2,14 - \ tion is highlighted in boldface.
= 212
S 210 ¢ ;
3 2‘08 | Mean and st. dev. EM WM All cruises
K 2’06 | of surface Ozone Jan-Mar06 Apr-Oct06 Jan-Dec06
Y 2'04 i ppbv 4 cruises 26 cruises 34 cruises
S 5 AN
8 igs ] » observed 4276 48.9-11 44711
’ ‘ ‘ ‘ ‘ ‘ EDG 36.9:6 48.112 42.8+11
6,0 7,0 8,0 9,0 10,0 11,0
NMVOC/NOx surface concentration EYR 38.2L7 49.5+12 44.2:12
) ) ) EMEDG 36.47 48.9+13 43.1+13
Fig. 9. The mean NMVOC/NQ concentration ratio and mean NON 35546 46,7411 41.2:11

Ozone Production/Loss rate ratio over the Mediterranean Sea, an-
nual mean 2006. Grey NON, yellow EYR, brown EDG, light blue
EMEDG, dark blue EMED&oVOC.

5.3 NGO, column burden

Surface ozone, 1/1-3/3 2006

The advantage of satellite measurements for validation of

ship emission inventories is their spatial coverage. As com- 50

pared to the ship observations we have a good coverage

of continuous measurements which enables us to compute

mean values over reasonably long time period. What we 49 | mOBS

can observe from the satellite is the total atmospheric bur- WEDG
) ) . 2 s | OEYR

den rather than the surface concentration which might let® 35 T EMEDG

us wonder whether such local surface sources as ships ca | ENON

leave a signal on these observations. Figutéa shows

the average OMI N@ tropospheric columns (gridded to 25 1

0.1253 x0.125) over the Mediterranean Sea for June-August

2006. The most prominent feature here is the elevated NO 20 — = ——

(by 1.0x 10 molecules cm? relative to background levels)

along the main shipping route extending from the Street of Sriacu beane, /F0ZMe

Gibraltar to Egypt. In order to make the data comparable 65

to the model results, we interpolate it from the original res- &5

olution of OMI (see Sect4.2) to the model resolution of

1°x1°. This interpolation causes a smearing of the signal %5 mOBS

and it nearly disappears over the Eastern part of the Sea but %0 BEDG

can still be well recognized in the Western part (Figb). £ QEYR

The total atmospheric Nburden over the Mediterranean 40 EEgﬁDG

Sea is overpredicted by the model, the NON simulation gives 35

the best quantitative agreement with the satellite observa- 30

tions (Table6). We compare the burden over the particular 25
area of the main shipping routes in the Eastern and Western 20
Mediterranean as can be seen from space (Etjj. While

for the Eastern part EDG, the simulation with lowest,NO Fig. 10. On-board ship measurements and station measurements
emissions, gives the best results for the summer measn NOcompared with model simulations for surface ozone, mean surface
burden, it is significantly higher over the Western Mediter- concentration and standard deviatia) 1 January—3 March 2006,
ranean, and is best reproduced by the EMEDG simulationEM cruises andb) 26 April-31 October 2006, WM cruises. Sta-
For the Western Mediterranean we find a good agreemen‘ions: Cabo de Creus (ES10), Giordan Lighthouse (MT01) and Fi-
with measurements for both, NGand ozone, and in both Nokalia (cruises and site coordinates see Ejg.

cases it is the EMEDG simulation that produces best match-

ing results.

WM CRUISE ES10 MTO1 FINOKALIA
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a. OMI resolution

Table 6. Mean NQ atmospheric column and standard deviation,
summer 2006 as observed from the OMI satellite and simulated by
TM5 over the shipping route in the WM (0—13 E, 36—37 N) and the
EM (15-33 E, 31-36 N) and the mean over the whole Mediterranean

Sea.
Mean NG column WM EM Mediterra-
10°moleculescm?  shipping  shipping  nean
route route Sea
2 OoMI 1.39+0.4 1.16t0.2 1.2%0.6
12 EDG 1.14+0.3 1.18+0.2 1.32+0.6
b. 1x1 Degree interpolated EYR 1.28:0.3 1.2A#0.2 1.38:0.7
0 EMEDG 1.44+0.4 1.48:0.3 1.490.7
NON 1.02+0.3 1.1#0.2 1.2740.6

more, the global inventories apply international bunker statis-
tics, in which the fuel consumed for the domestic shipping
is not included. The national fuel statistics have been taken
into account in the new EDGARV4 inventory, but the spatial
information for the domestic shipping has not yet been pro-
Fig. 11. NO, columns over the Mediterranean, sea grid-boxes only,vided. Comparing the emission totals we find that at least
seasonal mean, JJA 200@) as retrieved from the OMI satellite, 20% of the emissions in the Mediterranean account for the
original resolution(b) satellite data interpolated on the model grid domestic traffic. All regional inventories are based on indi-
1x1degrees. vidual ship movements, providing a better fleet coverage, but
this information is not available on a global scale, thus this

NO, column burden, summer 2006 method can not be applied globally. Seasonal variability of
ship traffic has not been included in any of the inventories; all
emissions are assumed temporally constant which presents
an additional uncertainty.

NE 18 1] I T So what did we learn from the measurements about the

% . AR ship emission inventories? Our findings show that ship emis-

3 DEY sions have a significant impact on air pollution over the

.": 149 DEgEDG Mediterranean region. The evidence for this impact is the

S 124 [ [ 8 ship signal which is recognizable from the satellite N®©-

= ) | trievals especially over the Western Mediterranean. Over
—‘ ' the Eastern Mediterranean, we find a spatially narrow sig-

_ ‘ . o nal in the satellite N@ retrievals which is not reproducible
Hedterranean mean WM me SaiPping  EMmat shipping by the £ x1° model resolution applied in this study. With
Fig. 12. NO, columns averaged over the Mediterranean, the West-EDGARVA".We now have a mu_ch fl.ner resolved _em|SS|on in-
ern and Eastern shipping routes as seen by satellite, seasonal me\éﬁmor_y which should be gpplled in @ model with a corre-
and standard deviation, JJA, 2006. sponding 0.1x0.1° resolution in future.

Combined uncertainties in the spatial and temporal varia-
tion of ship activity, land based emissions, modeled transport
6 Conclusions and discussion and sinks of air pollutants (e.g. wet deposition of BC) deter-
mine the variation in agreement among the observations and
All ship emission inventories analyzed here give different es-the model. To illustrate this we present our results in four cat-
timates for all compounds; these disagreements mainly resuktgories — Western Mediterranean summer, Western Mediter-
from different methodologies, activity data and emission fac-ranean winter, Eastern Mediterranean summer and Eastern
tors. The emission factors present the highest source of unMediterranean winter. We compare N®atellite retrievals
certainty for black carbon, which vary by a factor of 5, and for Eastern and Western Mediterranean summer (June, July
even more for NMVVOCs which vary by two orders of mag- and August). The ship measurements of ozone and black
nitude. Emission factors for NCGand SQ agree much better carbon are available for the Western Mediterranean sum-
among the inventories representing significant convergencener (April to October) and the Eastern Mediterranean winter
among independent studies during the past decades. Furthgdanuary—March). We have further analyzed all year ozone

Atmos. Chem. Phys., 9, 6816831, 2009 www.atmos-chem-phys.net/9/6815/2009/
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measurements from three observational sites in the Western All ship emission inventories analyzed in this work are
(Cabo de Creus), Central (Giordan Lighthouse) and Eastassumed to be temporally constant. In this study, summer-
ern (Finokalia) part, and all year black carbon measurementtime simulations of all compounds have shown better agree-
from an observational site in the Eastern Mediterranean (Fiment with measurements as compared to winter. Differ-
nokalia). ent seasonal patterns are given by global ship activity data

For all pollutants, we find the best agreement betweersets ICOADS and AMVER and need more investigation
the model and the observations in the WM during the dry(Dalsgren et a).2008. Including the temporal variability
summer. For N@, EMEP, emission inventory with high- in ship emission inventories could possibly improve the sim-
est NQ emissions, produces best results in the Westerrulations of ozone and BC during winter. We decided not to
Mediterranean which is corroborated by the good agreemenperform further sensitivity studies on this item due to the ex-
of EMEDG (the corresponding simulation) ozone with mea- pected low signal and in order not to expand the length of the
surements during Western cruises. For the western observananuscript.

tional site Cabo de Cruise it is the EYR simulation (Eyring  Considering the uncertainties in the measurements and the
inventory) which agrees best with the observed ozone. Simmodel, we can say that all ship emission estimates lay within
ulated ozone concentrations for EMEP and Eyring emissionthe uncertainty range. While more stack measurements and
inventories are very similar. While 1.8 times more NO detailed fleet statistics can further improve our knowledge on
is released in EMEP than in Eyring in the Western part, ship emissions, the difficulty to construct an accurate emis-
2.6 more NMVOCs are released in Eyring than in EMEP. sjon estimate will remain a challenge for this highly uncer-
Due to complicated non linear photochemistry and the sentain emission source. Given the expected growth of ship
sitive relationship of NQ, NMVOCs and ozone, we are un- traffic and the expansion of waterways and ports, scenario
able to give preference to one of these inventories based ogalculations are needed to determine the impact of emission
ozone and N@ measurements only. Ship stack measure-reduction policies on air quality and climate. For these cal-
ments of NMVOCs can greatly contribute to better determineculations, the whole range of existing inventories needs to
the emission factor for this group of compounds leading tope considered in order to determine the propagation of these
an improvement of NMVOC ship emission estimates. Fur-yncertainties in the future scenarios.
thermore we recommend measuring NMVOC on-board the
cruise ship along with ozone and M@he NG, analyzer has
been installed on board in 2008). Better knowledge of the )
NMVOC emissions and ambient concentrations over the se&PPendix A
can improve our knowledge on the impact of ship emissions o . ]
on surface ozone. Black carbon is slightly overestimatecdniP émission inventories — methodologies and
during the Western cruises, as well as at the eastern site F§Mission factors
nokalia during the dry season. Even without ship emissions,
the simulated BC concentration exceeds the observed one dalobal and European regional inventories are calculated
average. For the Tunis-Palma leg, which is largely dominated>ased on different methodologies.
by local ship emissions there is a very good agreement with Global emission inventories are calculated applying the
simulated BC, also here the best results are achieved witltop-down approach. Top-down approach is defined as break-
EMEP. ing down a system to gain insight into its compositional sub-
The emissions in the Eastern Mediterranean are not consystems. In our context it means that the emissions are cal-
strained with the measurements used in this study. During theulated based on the total fuel consumption. Geo-spatial in-
EM summer, very low N@ has been observed as compared formation is not included here. The total fuel consumption
to the simulations. The EDG inventory with lowest N€hip  is either based on energy statistics data (classical top-down,
emissions shows the best agreement. Surface ozone is undé&ftDGAR FT, DiagramA1l) or estimated from the fleet ac-
estimated during the EM cruises. Itis also underestimated fotivity (activity based top-down, Eyring, Diagram3). The
all sites (eastern and western) during winter. There are twonew EDGARv4 inventory (Diagram2) applies a technol-
possible explanations for the underestimation of BC duringogy split accounting for different ship types and sea and port
the cold wet season in the Eastern part — either the modedctivities. The calculated global ship emissions total is al-
deposits too much BC by the wet deposition, or it could belocated to each grid cell proportional to the value of each
attributed to missing emission sources — marine or land -grid represented by spatial proxies of the ship activity pat-
during winter. The overestimation during summer and theterns from the AMVER (Automated Mutual-Assistance Ves-
underestimation during winter could also be caused by arsel Rescue System) data sBnh@resen et 31.2003 or on
incorrect temporal variability of BC from biomass burning, the combined AMVER/ICOADS (International Comprehen-
which is an important source in the Mediterranean regionsive Ocean-Atmosphere Data Set) data(g et al. 2008.
(e.g. Palumbo et a).2006 with a temporally irregular oc- In regional inventories, the bottom-up approach is applied
currence. (DiagramA4).”
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Diagram Al. EDGAR FT-Approach. Diagram A3. EYRING-ApproachEYRING-ApproachByring et
al,, 20095.

IEA: Bunker fuel statistics Step 1: Fleet statistics

based on international shipping statistics from Lloyd's
(90,000 ships divided into 132 sub-groups)

l l For all sub-groups l l
Implied emission factors for each pollutant (NOx, SOx, CO,, HC, PM) _Accumulated Power-based ) Engine load factor
- installed engine specific fuel oil Average engine based on duty cycle
power consumption running hours profile
AMVER global distribution data ‘ Step 2: Total fuel consumption (280 Mt in 2001) ‘

‘ Power-based emission factors for each pollutant (NOx, SOx, CO,, HC, PM) ‘

|

Step 3: Global emissions ‘

|

‘ Step 4: Vessel traffic densities to distribute emissions over the globe ‘

1x1 degree global emissions ‘

Diagram A2. EDGARv4-Approach.

IEA: Bunker fuel statistics Diagram A4. ENTEC-Approach\\vhall and Stavrakak2008.
Vessels Load Factors Routes Moves
Power of ME and ME & AE engines Load In 50x50 grid Provided by
Technology split in 15 vessel types and 2 modes of operation AE engines (kW) factor and Operational cells LMIU database

(sea and port) time

'Speed of vessel (km/h) per

Technnology specific emission factors for each pollutant (NOx, SOx, CO,, HC, PM) \’;estse'TVPeOFTimein
orl

Distance (km)
Travelled by
Vessels at Sea

Effective kW
Power of ME and

Combined AMVER 1x1/ICOADS 0.1x0.1 global distribution data AE engines

Energy (kWh) Emission factors
Output by Vessels (9/kWh)
by Vessel Type

0.1x0.1 degree global emissions .

|

Emissions (g)
By grid cells

In regional inventories, the bottom-up approach is applied
(DiagramA4). In a bottom-up approach the individual base
elements of the system are first specified in great detail. - gistribution based on combined AMVER/ICOADS
These elements are then linked together to form the main activity data (ang et al, 2008.
system. Thus, the emissions are calculated based on infor-

mation from individual vessels and its movements. (c) Activity based — total fuel consumption based on fleet
activity data, spatial distribution based on AMVER Ship
Al Methods Reporting System Datd&qdresen et §12003.

Al.1 Top-down (TableAla)
Al.2 Bottom-up (Table Alb)

Based on fuel consumption.
Emissions calculated by engine type/engine speed/fuel type

(a) Bunker fuel statistics provided by the International and vessel movements, for vesselS00 GT, data on vessel
Energy Agency (IEA), spatial distribution based on characteristics provided by Lloyd's Register Fairpl&RF,
AMVER Ship Reporting System Dat&fdresen etal. 2004 . Top-down approach for smaller vessels and fishing
2003. vessels.

(b) Bunker fuel statistics provided by IEA and national fuel (a) Provided by Lloyd’s Marine Intelligence Unit MIU ,
statistics to account for the domestic ship traffic, spa- 2004 for four discrete months in 2000 to reflect

Atmos. Chem. Phys., 9, 6816831, 2009 www.atmos-chem-phys.net/9/6815/2009/
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Table Ala.Global ship emission inventories.

6827

GLOBAL EDGAR FT EDGARv4 EYRING
Base year 2000 2000 2000
Method Al.la DiagramAl Al.1b DiagramA2 Al.1c DiagramA3

Fleet coverage domestic and
international shipping

cargo and passenger

international shipping

cargo and passengerl00 GT

Domain and global global
resolution Px1° 0.1°x0.1°
Additional NMVOC emissions NMVOC emissions
comments from fuel only from fuel only

international shipping

cargo and passergd GT
global
1°x1°
NMVOC emissions
from fuel (51%)
and loading (49%)

Table Alb. Regional ship emission inventories.

EUROPEAN ENTEC EMEP IIASA CONCAWE
Base year 2000 2004 2000 2005
Method Al.2a DiagramA4  Al.2b DiagramA4  Al.2c DiagramA4  Al.2d DiagramA4
Fleet coverage domestic and domestic and domestic and domestic and

international international international international

>500GT >500GT >100GT n.s.
Domain Mediterranean Sea
and resolution A2 A2 A2 50x 50 ki,
10x 10 kn?
in the 12-mile zone

Additional NMVOC emissions NMVOC emissions NMVOC emissions NMVOC emissions
comments from fuel only from fuel only from fuel only from fuel only

seasonal variations in shipping activity, the results mul-

Table A2. Implied emission factors for the Mediterranean Sea.

tiplied by 3. In-port times derived from a questionnaire

: ! o g/kWh NOx SO, NMVOC BC OC PM,
survey of ports. Separate analysis for ferries and fishing >
vessels EDGARFT 153 13845 0.027 0.225 0.072

: EDGARv4  14.1 8.0 0.48 0.04 0.1
. EYRING 165 9.1 25 0.04 0.1

(b) Based on (a), assuming a growth factor of 2.5% peryear gnTec 9.25 9.46 0.29 ns.  ns.  ns.

(Endresen et 312003. EMEP 9.25 9.46 0.29 ns. ns. ns
IIASA 9.25 9.46 0.29 n.s. n.s. n.s.
CONCAWE  8.93 756 027 0.50

(©

Same as (a), using additional literature data on port

surveys, resulting in an increase of 20% in average
port times as compared to (a). Top-down approach’ residual? diesel.
for smaller (100-500 GT) vessels, assuming additional
10% of emissions in the coastal 12-mile zones. More

detailed spatial resolution of emissions, distinguishingA2 EMEP domain and resolution (Table A1b)

national, international, by flag state and within 12-mile

Zones.

(d)

Approx. 40 W-60 E lat, 30 N—90 N lon, North-East Atlantic,
North, Baltic, Black and Mediterranean Seas, &.6.5°.

Same as (a), but up-dated for 2005, manual addition

of approx. 100000 passenger vessel movements usin@omestic navigation in EDGARv4

time tables. Different methodology for determining the

relative percentages of RO (residual oil) and MD (ma- Some of the fuel being used at open sea is related to inland

rine diesel) in total fuel consumed.

www.atmos-chem-phys.net/9/6815/2009/

transportation for example from one harbor to another har-
bor in the same country. This fuel is excluded from the IEA
statistics on international bunker fuel but included in national
bunker statistics. Globally, the variety of ship types in do-
mestic navigation is large and is dependent on the geography
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6828

Table B1.Natural emissions.

NATURAL ANNUAL REFERENCE
EMISSIONS GLOBAL
Talyr
DUST 1.68e+003 Ginoux et al.(2001, 2009
SEA SALT 4756.87 ON-LINE
Vignati et al.(2009,
dev. fromGong et al(2003
in 2 modes
DMS 10.0887 Tg(S)/yr  calculated on-line
VOLCANIC SO,
degassing by 25.0 GEIA
continuous volcanoes Aqdres and Kasgnod 998,
Volcano height based on
Halmer et al(2002
degassing by 4.0 GEIA
explosive volcanoes Halmer and Schminck@000
NATURAL NH 3 2.43 Bouwman et al(1997)
OCEANIC NHg 8.1536 Bouwman et al(1997)
AGRIC. NH3 52.6 Strengers et a{2004)
NAT. A. AGRIC.
SOIL NOx 5.8 Tg(N)/yr Yienger and Lev{(1995
SOA 19.1 Tg(OM)/yr  Guenther et al(1995,

conversion factor 0.15

of countries. For most countries no detailed split between
vessel types and amount of fuel consumed is available. As
first estimate until better statistics become available all do-
mestic fuel consumption has been assigned to freight traffic
with emission factors according talsgren et al(2008.
Furthermore, in the region of interest, we do not know to
what extend the fuel has been consumed in the Mediter-
ranean Sea rather than for inland shipping (lakes and rivers),
and for some of the countries, in other adjacent seas. There-
fore we give a range from 50% to 90% assigned to the
Mediterranean Sea, resulting in a contribution of the domes-
tic ship traffic to the emission totals of 17% to 27%, respec-
tively (Tablel).

Appendix B
Other emissions

Only ship emissions have been varied for the different model
simulations. All other emissions have been kept the same for
all simulations (Table81-B3).
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Table B2. Anthropogenic emissions.
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ANTHROPOGENIC ANNUAL REFERENCE
EMISSIONS GLOBAL
Talyr
INDUSTRIAL
Cco 37.6 Dentener et al(2006
NMVOC 39.3
NOx 33.7
SO, 87.6
BC 3.3
POM 3.1
NH3 0.5 Strengers et a(2009
DOMESTIC
CcoO 238.4 Dentener et al(2006
NMVOC 28.8
NOx 4.9
SO 9.5
BC 3.34
POM 13.6
NH3 5.8 Strengers et a(2004
TRANSPORT
CO ROAD 185.9 EDGAR FT 2000
CO OFF-RD 12.8 Olivier et al.(2005
NMVOC ROAD 33.7
NMVOC OFF-RD 4.6
NOx ROAD 28.4
NOy OFF-RD 5.9
SO, ROAD 3.7
SO, OFF-RD 1.96
BC ROAD 0.7 Dentener et al(2006
BC OFF-RD 0.5
POM ROAD 0.9
POM OFF-RD 0.5

Table B3.Biomass burning emissions.

BIOMASS ANNUAL REFERENCE
BURNING GLOBAL

Tglyr
(e{0) 507.5 Global Fire
NMVOC 31.3 Emissions Database
NOx 2.3 (van der Werf et a).2009
SO, 2.8
NH3 6.0
BC 35
POM 37.2
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