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Abstract. Measurements of the ambient aerosol, variousgaseous components showed an increase p{8@rage EF:
trace gases and meteorological quantities using a mobile labz.7 gkg 1) and NQ, (average EF: 53 gkg) while Oz de-
oratory (MoLa) were performed on the banks of the Lower creased when a ship plume reached the sampling site. The
Elbe in an emission control area (ECA) which is passed byparticle number size distributions of the vessels are generally
numerous private and commercial marine vessels reachingharacterized by a bimodal size distribution, with the nucle-
and leaving the port of Hamburg, Germany. From 25-29ation mode in the 10—20 nm diameter range and a combustion
April 2011 a total of 178 vessels were probed at a distanceaerosol mode centered at about 35 nm while partislégim
of about 0.8—-1.2 km with high temporal resolution. 139 ship were not found. “High particle number emitters” are char-
emission plumes were of sufficient quality to be analyzed fur-acterized by a dominant nucleation mode. By contrast, in-
ther and to determine emission factors (EFs). creased particle concentrations around 150 nm primarily oc-
Concentrations of aerosol number and mass as well asurred for “high black carbon emitters”. Classifying the ves-
polycyclic aromatic hydrocarbons (PAH) and black carbon sels according to their gross tonnage shows a decrease of the
were measured in PMand size distribution instruments cov- number, black carbon and PAH EFs while EFs 0£L,SRO,
ered the diameter range from 6 nm up to 32 um. The chemiNO,, NOy, AMS species (particulate organics, sulfate) and
cal composition of the non-refractory submicron aerosol wasPM; mass concentration increase with increasing gross ton-
measured by means of an Aerosol Mass Spectrometer (Aerarages.
dyne HR-ToF-AMS). Gas phase species analyzers monitored
various trace gases 050, NO, NG, COp) inthe airand a
weather station provided wind, precipitation, solar radiation
data and other quantities. Together with ship information forl Introduction
each vessel obtained from Automatic Identification System
(AIS) broadcasts a detailed characterization of the individ-Gaseous and particulate emissions from marine vessels gain
ual ship types and of features affecting gas and particulaténcreasing attention due to their significant contribution to
emissions is provided. the anthropogenic burden of the atmosphere, the change of
Particle number EFs (averages2+16#kg 1) and PM the atmospheric composition and the impact on local and re-
mass EFs (average 2.4gKg tend to increase with the gional air quality and climate (Corbett and Fischbeck, 1997;
fuel sulfur content. Observed PMcomposition of the ves- Endresen et al., 2003; Eyring et al., 2005a, 2010). Increased
sel emissions was dominated by organic matter (72 %), sulNOyx levels caused by ship emissions can be seen along
fate (22 %) and black carbon (6 %) while PAHs only accountthe shipping routes via satellite measurements (Beirle et al.,
for 0.2 % of the submicron aerosol mass. Measurements 02004). In addition, these emissions have a significant im-
pact on the ozone chemistry and increase hydroxyl radical
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concentrations thereby having an influence on the oxidaemissions were characterized in this ECA next to populated
tion power of the atmosphere (Lawrence and Crutzen, 1999)areas. Emission factors (EFs) were determined for individ-
Ship emission-related black carbon, a major light-absorbingual vessels for particle number and black carbon, polycyclic
species and sulfuric acid, an efficient light-scattering speciesaromatic hydrocarbons and chemical P8pecies as well as
both formed during combustion processes are suggested tihe trace gases sulfur dioxide and nitrogen oxides. In addi-
have an important impact on the earth’s radiation budget (Ention particle size distributions were measured for each ship
dresen et al., 2003; Petzold et al., 2008; Eyring et al., 2010)separately. By using ship information data gathered via Au-
Cloud condensation nuclei (CCN) in ship exhaust indirectly tomated Identification System (AIS) broadcasts, we are able
affect global radiative forcing, visible in satellite images as to extract vessel characteristics that affect gas and particulate
so-called “ship tracks”, regions downwind of ships character-emissions. The number of vessels sampled allows the cate-
ized by increased solar reflectivity due to marine stratiformgorization of ships into different types and the identification
clouds (Hobbs et al., 2000; Durkee et al., 2000; Dusek et al.pf relationships between EFs and ship properties.

2006).

Due to the large variety of impacts a broad interest exists
in emissions from marine vessels. However, only sparse lit-2
erature is available on the large range of ship emissions thaé
depend on engine type and technology, operation conditions”

and the diffgrent kinds of fuel types. The available experi- o ship emission measurement campaign was conducted
mental studies can be separated in: near the Elbe river mouth in Northern Germany (Fig. 1a) be-
— Laboratory engine studies (Lyyranen et al., 1999;ween 25 and 29 April 2011. 178 commercial .and p_rivate
Kasper et al., 2007; Sarvi et al., 2008). vessels were probed during the 5 days of sampling, with 139
of the measured ship plumes being of sufficient quality to
— On-board studies performed on a ship in operationbe considered in the analysis. The remaining ships could not
(Cooper, 2001; Agrawal et al., 2008; Fridell et al., 2008; be evaluated because plumes overlapped, e.g. when vessels
Moldanova et al., 2009). from both directions pass the Elbe and their plumes reach the
measurement site at the same time. The measurement sites
(25 April 2011: 535022’ N, 9°1812" E; 26 April 2011 and
'27 April 2001: 535047’ N, 9°1716" E; 28 April 2011 and
29 April 2011: 5344'17' N, 9°240" E; Fig. 1b) were located
near Freiburg/Elbe between Cuxhaven and Hamburg on the
banks of the Elbe, chosen to be located directly downwind of
— Stationary measurements affected by ship plumes (e.gthe ship tracks. As the wind directions during the study pe-
harbors) (Lu et al., 2006; Agrawal et al., 2009; Healy et riod varied between N-NO (see trajectories in Fig. 1a) three
al., 2009; Ault et al., 2010; Jonsson et al., 2011). different measurement sites were chosen to prevent local pol-
) o ) o lution to interfere with the ship plumes. During the study rel-
Since a significant fraction of the emissions even from 4461y clean air from the Baltic and North Sea was trans-
ocean-going vessels occurs close to land, such emissions, teq to the measurement sites. The Elbe is daily passed

may have a strong impact on air quality in coastal and port,, n;merous ocean-going vessels entering and leaving the

regions (Corbett et al., 1999). For this reason, global regu—port of Hamburg, the second largest freight port of Europe.

lations exist to restrict commercial marine vessel emissions]-he measurements were conducted in an emission control

(IMO, 2009). Addition'ally, so-called emission cont.rol areéas area (ECA) where the ship fuel sulfur content is legally fixed
(ECA) have been defined to reduce local and regional ship},t 1o exceed 1 % by weight since 1 July 2010. At the mea-

related pollution. Having a potentially important role as air g,rement sites, the Elbe is about 2km wide. For this rea-

pollutant and on climate an improved understanding of thég,n most vessels were probed and identified at a distance of
emissions, a detailed characterization of the chemical com

about 0.8 and 1.2 km, reflecting the main shipping lanes (up-

position and processing of particles and their dependence 0gyream/downstream the Elbe). During the 5 days of sampling
characteristic vessel parameters is desirable. However, litergjijar meteorological conditions existed (no rain, similar

ature is only sparse as recently summarized in Jonsson "Eémperatures, RH) with an average wind speed of 6% s
al. (2011). . . . The plumes were measured directly downwind the Elbe. For
In this study, highly time-resolved stationary measure- s reason, dependent on the meteorological situation and

ments of air pollutants were performed on the banks of theha gistance between ship and sampling site the ages of the

Lower Elbe which is passed by a large number of oceaNyegistered plumes vary between 1-5 min.
going vessels of different types entering and leaving the port
of Hamburg. Using a mobile laboratory, chemical and phys-

ical aerosol properties as well as trace gas properties of ship

Experimental methods

1 Measurement campaign

— Studies tracking individual ship emission plumes by us-
ing aircrafts or ships (Hobbs et al., 2000; Osborne et al.
2001; Sinha et al., 2003; Chen et al., 2005; Petzold et al.
2008; Lack et al., 2009; Murphy et al., 2009; Williams
et al., 2009; Moldanova et al., 2009).
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64 ] . ~ E.C.) registered black carbon concentrations in;Pénd
~~ K polycyclic aromatic hydrocarbons on particles were mea-
o2 of ”\_3)/ . sured by the PAH-Monitor (PAS 2000, EcoChem. Analytics,
‘ ot ";5\,” feSni size range: 10 nm-1 um). Additionally, for measuring various
60 - ? ] “'//rf : trace gases MoLa is equipped with the Airpointer (Recordum

<

D

GmbH) which monitors S CO, NO, NG and G mixing
ratios and the LICOR 840 gas analyzer (LI-COR, Inc.) that
measures C& The WXT 510 weather station (Vaisala) pro-
vided meteorological quantities (ambient temperature, rela-
tive humidity, air pressure, wind speed, wind direction and
‘ rain intensity) — for further information see Drewnick et
b al. (2012).
) N During the ship plume measurements the roof inlet of
é '0 1'5 x 2'5 MoLa was used which is designed for stationary measure-
longitude / deg E ments. Alongside the inlet line, an extendable mast with the
540 \ meteorological station was fixed, both reaching a height of

58 —

latitude / deg N

56 —

April 25, 2011
* | April 26,2011

54 —

April 27, 2011
April 28/29, 2011

52

7m above ground level. In order to capture as many data
points of the ship plumes as possible, high time resolution
of the measurements is essential. Most instruments have a
time resolution of 12 s or less, besides the AMS and MAAP
instruments that measured in 1 min time intervals (Table 1).
Since _durir?g t_he (_axpected short plum_e intercepts_ no reason-
— Elbe able size distribution measurement with the AMS is possible
—hpemglanes | 0 and not to lose measurement time, the AMS was operated in
88 90 92 94 96 98 MS mode only, measuring aerosol mass spectra without size
longitude / deg E . . . . .
information. Further information on the mobile platform for
Fig. 1. Map showing the location of the measurement sites includ-aerosol research (MoLa), its instrumentation and their time
ing 48 h backwards trajectories calculated for every hour and eactiesolution can be found in Drewnick et al. (2012).
measurement day using HYSPL(&). As the wind direction range
was N-NO, the measurement sites were located downwind the EIbe2.3  Data quality assurance
The zoom-in at the lower right shows the positions of the measure-
ment s_ites (green sq_ua_res), the measured local wind directions &Although the sampling inlet of MoLa was optimized for min-
each site, and the shipping lanes on the Elije imal transport losses and sampling artifacts, characteristic
particle losses for all instruments were estimated using the
Particle Loss Calculator (von der Weiden et al., 2009). In the
2.2 Instrumentation size range where the majority of data were measured particle
losses are small (see Table 1). For this reason, the occurring
During the campaign, a comprehensive set of aerosol angarticle losses were neglected as the measurement results
trace gas instruments was used, implemented in the mobilevere not significantly influenced and the ambient aerosol was
laboratory MoLa, a mobile platform for aerosol research measured widely unbiased.
(see Table 1). This included an ultrafine water-based Con- Several AMS calibrations were conducted during the
densation Particle Counter (CPC 3786, TSI, Inc., 2.5 nm-study. A calibration of the lonization Efficiency (IE) of the
3um) for particle number concentration measurement andon source was performed before the beginning of the cam-
an Environmental Dust Monitor (EDM 180, Grimm) mea- paign and after its end. Several distinct instrument param-
suring PM, PM2 s and PMy. Size distributions in the size eters and the instrument background were determined us-
range from 6 nm until 32 um were measured using a Fastng measurements through a High-Efficiency Particulate Air
Mobility Particle Sizer (FMPS 3091, TSI, Incdmoep= 6— (HEPA) filter. Every second day, the detector gain was cal-
523 nm), an Aerodynamic Particle Sizer (APS 3321, TSI, ibrated. To account for particles that cannot be detected as
InC., daero=0.37-20um) as well as an Optical Particle they bounce off the vaporizer before evaporation or due to in-
Counter (OPC 1.109, Grimnagpt = 0.25-32 um). Concen- complete transmission through the AMS inlet system a Col-
trations of non-refractory (NR) submicron aerosol specieslection Efficiency (CE) factor has to be determined (Huff-
were detected by means of a High-Resolution Time-of-Flightman et al., 2005). This CE factor was estimated by compar-
Aerosol Mass Spectrometer (HR-ToF-AMS, Aerodyne Res.,ing the sum of the AMS species (organics, sulfate, nitrate,
Inc.) using the medium mass resolution mode (“V-mode”). ammonium and chloride) concentrations and the MAAP
A Multi Angle Absorption Photometer (MAAP, Thermo black carbon mass concentrations with the EDM1Riass

53.8 —

53.7 4

latitude / deg N

53.6 B measurement sites
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Table 1. Summary of measured quantities, size ranges and the corresponding particle losses, time resolution and detection limits for the
instruments implemented in the mobile laboratory (MoLa). Particle losses within the given size range boundaries are lower than those

provided here; therefore the given losses are upper limits.

Measurement Measured Quantity Size Range/ Time Detection Limits/Accuracy
Instrument (Particle losses) resolution
AMS Aerosol Mass Size-resolved aerosol 40 nm (6 %) — 1 min sulfate: 0.04 pg
Spectrometer chemical composition 600 nm (2 %) nitrate: 0.02 pg m3
(vacuum aerodynamic ammonium: 0.05 g m3
diameter) chloride: 0.02 ug m3
organics: 0.09 ug m
MAAP Multi Angle Black carbon particle  10nm (4 %) — 1 min 0.1ugm3
Absorption Photometer mass concentration 1um (0.2 %)
PAH-Sensor Total PAH mass 10nm (11 %) — 12s 1ng m3
Polycyclic Aromatic concentration 1pum (0.3%)
Hydrocarbons Sensor
CPC Condensation Particle number 2.5nm (15 %) — 1ls N/A
Particle Counter concentration 3um (0.8)
EDM Environmental Particle mass 0.25um (0.2 %) — 6s 0.1-1500 pg s, Repro-
Dust Monitor concentration 10 um (24 %) ducibility: 5%
(PMy; 2.5.10)
FMPS Fast Mobility Particle size distribu- 6nm (9 %) — 1s N/A
Particle Sizer tion based on electrical 523 nm (0.1 %)
APS Aerodynamic Par- Particle size distribu- 0.37 um (0.1 %) — 1ls N/A
ticle Sizer tion based on aerody- 20 um (45 %)
namic sizing (Daero
OPC Optical Particle  Particle size distribu- 0.25pum (0.05 %) — 6s N/A
Counter tion based on light 32 um (0.002 %)
scattering cross (Dopt)
section
Airpointer 03, SOy, COand NO, N/A 4s 0O3: <1.0nmol mot1
NO, mixing ratio NOy: 8's SOy < 1.0nmol mott
CO: < 0.08 pmol mott
NOy: < 2.0 nmol mot!
LICOR LI840 CG, and HO mixing N/A 1s CO: 1 pmol mot?
ratio (accuracy)
H,0: 0.01 pmol mot1
Met. Station Wind speed & direction N/A 1s N/A

temperature, RH, rain
intensity, pressure

concentrations. When using the typical CE factor of 0.5 for2.4 Analysis of plume events to determine emission

the AMS measurements a satisfying mass closure was gen-

erally found. However, occasionally the AMS plus MAAP
specified aerosol concentrations are lower than the EDMFor an objective and more efficient handling of the compre-
PM; mass concentrations. This difference is likely due to seahensive data set of chemical, physical and gas phase char-
salt, which cannot be measured with the AMS with high ef- acteristics from 139 individual ship exhaust plumes, a data
analysis tool (Fig. 2) was custom-programmed. The analy-
sis tool supports the characterization of the ship emissions
as it calculates emission factors for each ship and measured

ficiency.

Atmos. Chem. Phys., 13, 3603618 2013
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Fig. 2. Cutout of the ship analysis tool which calculates emission factors for each ship and measured quantity showing particle number con-
centration (CPC) time seri€a). Emission factors were calculated using manually selected start and end points in the number concentration
time series for each ship plunfle). For the other quantities a constant delay and broadeairtgid column of the table on the right) with

respect to the number concentration measurement was applied for calculating the average concentrations. The background was subtracted |
using a linear fit between the background intervals 1 before and 2 after the ship plume, both hand-selected for each plume afi).quantity

quantity using the C®balance method which assumes that

all of the carbon in the fuel is emitted as g(Hobbs et AX (pgm3)

al., 2000). Therefore, this approach of calculating emissionEFc(gkg™) = Camary e (1)
factors of the pollutants accounts for dilution of the exhaust ACOz (mgnr3) "COy(gmor )

plume.

The uncertainties of the emission factors were calcu-
grams or number of x emitted per kilogram of fuel burned lated by n21eans of Gau325|ah error propagathn as follows:
\/(a (AX))* + (0 (ACOp))“. Size-separated particle number

(gkg ! or#kg™). Itis defined as the ratio between the av- vV 7 {~ : ,
erage excess concentration of specieax)(in pug n3 (1) emission factors (dg{dlogDp) were determined by using
Eq. (2) for each of the particle size bins individually:

or #cnm 3 (2) in the measured emission plume above the am-

The emission factor of the species x (ks provided in

bient background level and the average excess €Dcen- 1 AX (#cm3) 2
tration (ACOy) in mg n3. In addition, the ratios of molar ERc(#kg™) = ACO; (mgm?) Clgmor b we- 1012 (2)
masses of C® (44 gmol 1) and carbon (12 gmot) con- 9 "CO,(gmol T

vert the CQ to carbon concentrations. The mass fraction of Determination of emission factors using the plume analysis
carbon in marine diesel fuel is; = 0.865 (Lloyd’s Register,  tool
1995). Thus, the emission factor in grams of a certain species

per kg fuel burned is: — Firstly, the average concentrations of all measured

guantities of each ship plume were calculated. Depen-
dent on the instrument, ship emissions were registered

www.atmos-chem-phys.net/13/3603/2013/ Atmos. Chem. Phys., 13, 3&538 2013
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with different but constant delays and broadenings asof CH;, NMOC and PC is assumed to be relatively small.
shown in the time series in Fig. 3. These effects resultTherefore the assumption that most of the carbon is emitted
from the transport times through the sampling line thatas CQ is a good approximation providing an upper limit for
slightly differ for the individual instruments and the in- the EFs.

ternal measurement time constants of the instruments.

Therefore, the Samp"ng and the measurement time2-5 Different types of ShipS studied and classification

are not identical and this delay must be corrected for. into vessel classes

As shown in Fig. 3, the number concentration was the =~ | . ) . .

first variable that quickly increased apparently without ShiP_information including ship name, commercial type,
instrument-related delays and it was always enhanced€ndth. breadth, deepness, speed, position, gross tonnage and
when a ship passed the site. Therefore, the average nungndiné power was collected from Automated _Identlflcauon
ber concentration of each ship plume was determined>YStém (AIS) broadcasts. AlS is a globally implemented
from the start until the end point of the associated peak,ldentlflcatlon system mandatory in all vessels larger than 20

both defined manually (Fig. 2b, blue lines). These start™ length or gross tonnage larger than 300. Specific data of
and end points of each plume in the number concen£ach vessel are broadcasted continuously and serve for the

tration data were used as a reference to which the offPrevention of collisions between vessels. The system allows
set and broadening of all other quantities were referreddentification of the individual ships passing the measure-

to. The offsets and broadenings for each quantity werdnent site and thus assigning the specific ship characteristics
identified using several very distinct plume events angto each of the registered plumes and to classify the measured

are shown in the third column of the table in Fig. 2a. VESSelS into different types. _
Some measured quantities which did not exhibit an off-  USINg AlS, the vessels were separated into 7 types (con-
set and broadening are explained in Sect. 3. tainer ships, tankers, ferries & RoRos, cargo ships, reefer &

bulkcarriers, riverboats and others). However, the character-
— Secondly, the C@balance method implies the removal istics of the individual vessels (size, speed, gross tonnage and
of the background from each ship plume and quantityengine power) within each of the classified ship types differ
individually to calculate the excess concentrations. Thestrongly resulting in large variations of the emissions. By de-
background concentrations of the measured aerosol anghiled analysis, we found the gross tonnage which is a mea-
gas phase species were subtracted using a linear fit b&ure for the ships volume to be the most distinct factor in
tween the manually defined background intervals 1 andgrouping different kinds of vessels. For this reason, vessels
2 (pre- and post-plume, green lines in Fig. 2a and b). were classified in

By referring the excess of the emitted speatesto ACO, - — “Type 1" vessels which exhibit gross tonnages less than
and therefore to the quantity of fuel used, plume dilution 5000,

can be neglected under the assumption that the ratio of the

emitted species x to COs conserved during plume expan-  — “Type 2" vessels are characterized by gross tonnages

sion. For this reason, we assume that the same dilution of ~ from 5000 up to 30 000 and
x compared to the chemically inert tracer gas JC&Xists.

This method is limited by all field measurements as transfor-
mation processes cannot be completely excluded. For non-

conservable emissions, where quick particle coagulation, deadditionally, two vessel types were identified according to

position and chemical processing occur downwind of thetheir particle number and black carbon EFs as follows (see
ship exhaust emissions Petzold et al. (2008) utilized the ternFig, 4):

“emission indices”. However, according to Hinds (1999) co-
agulation processes of emissions after leaving the stack did — “high PN emitters” represent those vessels which corre-
not occur to any significant degree. For this reason and as ~ SPond to the 10 % highest particle number emitters (grey
we cannot identify which species are not conserved the term  P0X) while
“emission factor” will be retained in this study. It should be
noted that relatively fresh emission plumes were probed dur-
ing this study. Dependent on the meteorological situation and
the distance between ship and sampling site the ages of th&lthough only a limited number of ships for some of the ves-
registered plumes vary between 1-5 min. sel types were measured, the aim of this study to cover a
A further limitation of the method is that in addition to spectrum of ship types and volumes for evaluating the as-
COy, carbon is emitted as carbon monoxide (CO), methanesociated dependencies in the emission factors was achieved.
(CHjg), non-methane organic compounds (NMOC) and par-Within individual ship types a large range of ship vol-
ticulate carbon (PC). A CO enhancement was not registeredmes/lengths exists. For this reason, the gross tonnage is a
during any of the ship plume encounters. The occurrencekey parameter for characterizing the variety of vessels. The

— “Type 3" vessels exhibit a gross tonnage level larger
than 30 000.

— “high BC emitters” are characterized being one of the
10 % highest black carbon polluters (brown box).

Atmos. Chem. Phys., 13, 3603618 2013 www.atmos-chem-phys.net/13/3603/2013/
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Fig. 3. Cutout of the time series for relevant concentrations showing 9 ship plumes. Here the third plume event consists of two different
ship emission plumes which are overlapped and were therefore not further evaluated. Shown are aerosol measurements like the size-resolve
and total number concentration (FMPS, CPC), black carbon (MAAP), PAH (PAS) and non-refractory species (AMS: organics, sulfate,
ammonium, chloride) concentrations as well as gas phase measurements BICROCO, and G; (Airpointer, Licor).

gross tonnage is a measure for the ships volume and depends
on the ships length by a power function as also mentioned by
Hulskotte and van der Gon (2010). The ships gross tonnage
was found to be directly proportional to the engine power
(Pearson correlation coefficieRt= 0.97). Within the avail-
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N
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Lo o b by n by by

minimal overlap
of high-emitters

2

¥
able ship-related variables from the AIS data ship size (i.e. % 80 [
gross tonnage) and the related engine power were the vari- c !-—]:——
ables that showed the clearest relationship with our measured 2 %
emission factors. Indeed, ship size/gross tonnage and engine g 20 - ==k
power are not the only crucial variables that determine the ; = 3 *r':‘ﬂ e
EFs. Engine type, the propulsion system and engine load are a 8 i er%mers
expected to play an important role as well. However, since o B et .
these variables were not (or only for a small fraction of ships) 0o oa e o og
available from the AIS data no relationship between the mea- BC emission factor / g |<g'1

sured EFs and these variables could be investigated. Likely,

the mixture of combinations in engine and propulsion typeFig. 4. Scatter plot of particle number versus black carbon emission
and engine load within the probed vessels leads to additionahctors for the individual vessel types (“Type 1": orange, “Type 2":
scatter in the data, indicated in the figures by the partly largegreen, “Type 3" blue). While the grey box highlights the highest
error bars. 10% of PN emitters, the brown one reflects the 10 % highest BC
emitters. Only a small overlap (3 vessels) exists with high-emitters
of both pollutants which were therefore not considered in the analy-
sis. High PN or BC emitters are among the smaller vessels. Markers
which represent gross tonnage values larger than 30 000 (blue) show
a proportionality of PN and BC EFs. Some vessels are black-coded
as no gross tonnage values exist for vessels smaller than 20 m length

) ) ] » or gross tonnage values below 300. Error bars were determined by
The ship plumes registered by MoLa can be identified asmeans of Gaussian error propagation.

more or less pronounced peaks in the time series of sev-

eral variables (Fig. 3). Those measured quantities for which

a significant enhancement over the background level was obef Detection (LOD) is different (see Table 1) the number of

served when a ship passed the site were considered in the fuships for which EFs could be determined varies. The cutout
ther analysis. For this reason, as for every quantity the Limitof the time series (Fig. 3) shows 9 ship plumes. An individual

3 Results

3.1 Identification of plume-related species

www.atmos-chem-phys.net/13/3603/2013/ Atmos. Chem. Phys., 13, 3&538 2013



3610 J.-M. Diesch et al.: Gaseous and particulate emissions from various marine vessel types

plume lasted for about 5 min, dependent on the characteristimdividual vessels were observed (Ff= 5.7¢+14#kg L,
broadening of each quantity that was caused by the differEFmax= 1.4e+17#kg!; see Fig. 4). The emitted particle
ent instrumental time constants. For the third event in thenumber concentrations mainly depend on the kind of fuel the
depicted time series two plumes were registered simultanevessels used. As sulfuric acid is known to be an efficient par-
ously. Therefore they cannot be separated and further evaluicle nucleation precursor (Schneider et al., 2005), the sulfur
ated. Additionally, the signals are not perfectly synchronouscontent in fuel is a key variable influencing the particle num-
in time as the aerosol transport times through the samplinder emissions. The average particle number EF for all vessels
line slightly differ for the individual instruments. encountered is.Be+16+ 1.9¢+16#kg ™! (Table 2).

Figure 3 shows several typical characteristics of the mea- Black carbon EFs:a completely different relationship
sured plumes. In the top panel the size-resolved particle numto the vessel characteristics was observed for black car-
ber concentrations are displayed showing dominant modebon (BC) EFs. While also a large range of BC emissions
in the 10-120 nm size range when ship exhaust was samEFmin < LOD, EFmnax= 0.84 gkg !; see Fig. 4) were mea-
pled. A sharp increase was also observed in the total numbesured for various ships, generally BC values increased with
black carbon, PAH, S& NOy, CO, and the particulate or- decreasing vessel speed. A lower vessel speed is poten-
ganic and sulfate mass concentrations which are directly aftially associated with a less complete combustion process
fected by ship engine exhaust. In addition, apparently somdor which reason BC is formed. Therefore, we assume BC
of the emitted species indirectly affect particulate ammoniumEFs depend mainly on the operating conditions of the en-
and chloride which were observed to increase in several ofjine. The average BC EF determined for all vessels in this
the plumes. Finally, @ was indirectly affected which of- study is 015+ 0.17 gkg (Table 2).
ten rapidly decreases from background concentrations at the Figure 4 shows a scatter plot of particle number and BC
plume onset due to reaction of ozone with NO formingZNO EFs for all ships probed during this study. The grey box high-
(Lawrence and Crutzen, 1999). lights the 10 % highest particle number emitters (10 vessels

No significant increase compared to the background lev-as EFs of 99 ship emission plumes could be calculated for
els was found in the particle size distributions of the APSboth, PN and BC emitters), the brown box highlights the
and OPC. Apparently the impact of the ship plumes on thel0% highest BC emitters (10 vessels). While the highest
aerosol in the size range larger than 250 nm is either veryl0% of PN emitters account for 23 % of the total average
small or simply not reflected in the data due to the poorparticle number EF, the highest 10 % of BC emitters cover
counting statistics in this particle size range. This is likely 37 % of the total black carbon EF. Only a minimal overlap
also the reason for the fact that no enhancement in thesPM among the two types of high-emitters exists — three vessels
and PMwas observed due to the ship emissions. EDMPM are characterized by both, high particle number as well as
instead did not increase when a ship passed the site as partiigh BC EFs. The lack of overlap can be explained by the
cles smaller 250 nm cannot be measured by this instrumerdifferent processes leading to high particle number or high
but were determined by approximation based on size distriBC emissions: new particle formation is less favored when
butions in the 250 nm—-32 um size range. Finally, for CO nohigh black carbon concentrations exist as the larger surface
significant variations due to the plume were observed, reflectarea causes loss of condensable species onto pre-existing

ing very small CO concentrations within the emissions. particles. Therefore, high black carbon emissions suppress
new particle formation by scavenging freshly formed par-
3.2 Characterization of emissions ticles and absorbing condensable vapors resulting in lower

particle number concentrations — and vice versa (Kerminen
In this section the typical emission factors (EFs) for the mea-et al., 2001). However, considering all vessel plumes particle
sured variables and particle size distributions for all mea-number EFs tend to increase with increasing BC EFgfcF
sured vessels are presented while a detailed characterizatiqBC[gkg™]) [# kg!] = 1.9¢+16+ 3.4e+16 BC[gkg 1],
for separated types of vessels is discussed in the next sectio®. = 0.32) likely because generally a more incomplete com-
The EFs (in terms of quantities emitted per kg of fuel burned)bustion process leads to higher particulate as well as BC
of all quantities averaged for all vessel plumes measured duremissions.
ing the campaign are summarized in Table 2. An overview of ~Sulfur dioxide EFs:SO, emissions depend on the sul-
the correlations between EFs and vessel characteristics tdur content of fuel burned and therefore on the type of fuel
gether with the Pearson correlation coefficie$dre listed  used. A higher fuel quality requires lower fuel sulfur con-
in Table 3. Although the obtained correlation coefficients aretent resulting in reduced SOemissions. From the aver-
partially low, trends observed within this study for the quan- age SQ EF of 7.7+ 6.7 gkg ! (Table 2) and the S EF
tities are visible and depend on a variety of factors which will (0.54+ 0.46 gkg1), the sulfur content in fuel can be calcu-
be discussed. lated as follows:

Particle number EFsall vessel plumes were found to con-

tain particles in the 10-250 nm size range (Fig. 7). However,
large differences of the particle number EFs between the
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Table 2. Overview of ship characteristics and Emission Factors (EFs) for the different types of vessels investigated in this study. Averaged
ship data from the AIS system (speed, gross tonnage (¥ @57 m°’), volume, length, engine power), observed mode maximum, sulfur (S)
by weight in fuel and EFs (in # per kg fuel or g per kg fuel) are tabulatellfur by weight in fuel was calculated as described in Sect. 3.2.

Type 1 (39 vessels) Type 2 (59 vessels) Type 3 (41 vessels) high PN (7 vessels) high BC (7 vessels) all plumes (139 vessels)
<5000 tons 5000-30 000 tons > 30000 tons
speed/knots 136 14+ 3 13+ 2 14+ 3 9.1+3 13+ 4
gross tonnage 205t 1205 13983+ 6189 70190+ 29816 6925+ 4884 9618+ 8037 27214+ 32813
volume/m 4580+ 3163 32178+ 13935 124006t 45000 13984+ 11024 15266+ 16470 42632+ 53341
length/m 80+ 22 158+ 26 286+ 49 121+ 30 101+ 52 153+ 88
engine power/kW 2738 2251 11055+ 5238 39064+ 23033 6608+ 4047 6273+ 5167 15545+ 18 206
mode maximum/nm 28 16 42+6.2 44+ 6.6 29+9 26+ 12 35+ 15
sulfur (S) by weight in fuel*/% 0.22-0.21 0.46+ 0.40 0.55+ 0.20 0.51+0.34 0.30+0.23 0.38+0.34
particle number EF/# k@l 3.38+16+3.10e+16 264e+16+1.48+15 196e+16+6.96e+15 595 +16+1.94e+16 246e+1649.77¢+15 255+16+1.91e+16
black carbon EF/g kg! 0.21+0.23 0.14+0.16 0.12+0.08 0.12+0.14 0.53+0.19 0.15+0.17
nitrogen oxides (N@) EF/gkgt 43+ 29 57+ 28 65+ 23 57+ 23 43+ 11 53+ 27
nitrogen monoxide (NO) EF/gkgt 8.6+ 6.0 18+ 12 25+ 11 12+ 35 9+ 6 16+ 12
nitrogen dioxide (NQ@) EF/g kgr1 35+ 25 38+ 21 40+ 17 45+ 24 34+ 7 37+20
NO/NO, 0.314+0.29 0.66+ 0.82 0.67+0.32 0.36+ 0.22 0.27+0.18 0.55+ 0.59
sulfur dioxide (SQ) EF/g kg’l 45+4.1 9.3+ 7.9 11+ 4.0 10+ 6.9 5.9+ 4.5 7.7 6.7
sulfate (SQ) EF/gkg ™t 0.28+0.38 0.58+ 0.39 0.92+0.39 0.99+ 0.82 0.20+0.28 0.54+ 0.46
organics (Org) EF/g kgt 1.0+13 21+19 26+1.4 28+22 0.8+ 0.6 1.8+1.7
PAHs EF/g kgl 0.0080+ 0.0065 0.0044t 0.0030 0.0034t 0.0017 0.0096 0.0036 0.0074t 0.0090 0.0053 0.0047
PMyorg+so,+BC)EF/9 kgt 16+17 26+15 3.7+ 1.7 4.0+ 3.2 15+1.1 24+18

Table 3. Overview of the parameterizations of EF dependencies onwhen considering the measurement uncertainties only one
vessel characteristics or dependencies between each other togethggssel exhibited slightly enhanced fuel sulfur contents.
with the Pearson correlation coefficient®)(observed during this As shown in Fig. 5a the particle number EFs tend to in-

study. crease with increasing SCEFs (Efcpc (EFso, [gkg™])

: - [#kg™] = 1.7¢4+16+ 1.0e+15 EFsg, [gkg™1], R = 0.41),
correlations coefficients and thus with higher fuel sulfur contents (& (sulfur[%])
y=a+ bx a b R [# kg™1] = 1.7¢+16+ 2.0e+16 sulfur[%)], R = 0.41). This

Y 1 results likely from the oxidation of sulfur species in fuel to
EEEEE(E;[SQO‘:?Q kg_[f])kg# kgrl] i?jﬁg iiﬁg g:ii SO, and SQ which reapts to sulfu_ric acid #5Qy), the main
EFcpe (sulfur%)) [# kg~ 1] 170416 2.0416 0.41 precursor for new parycle formation. o
EFpw, (sulfur[%]) [gkg™Y] 0.19 6.1 0.80 Nitrogen oxide EFsin contrast to S@, emission factors of
EFpan (EFsclg kg-1]) [gkg™1] 0.003 0.02 057 NOy (average value: 53 27 gkg 1, see Table 2) apparently
EFcpc(EFpm, [0 kg-1]) [#kg™Y]  1.7e+16 3.0+15 0.30 depend exclusively on the power of the ship engine. More
EForg (sulfur[%)]) [g kg1 0.06 4.4 0.85 powerful engines operating at higher temperatures emit more
EFsq, (sulfur(%]) [gkg™1] 0.06 0.3 0.67 NOx (Sinha et al., 2003). As nitrogen oxide reacts with ozone

(O3) to NO,, the higher the NO concentrations emitted by the
vessels, the lower the measuregl@@ncentrations. However,
further downwind ozone precursors like hydrocarbons and
NOy will form additional O; photochemically.
EF[SO, (kg kg—l)] L Chemi_cal particle composition:s_hip engine exhaqst_
———S(@ mol™) 3) aerosol is composed of combustion particles consisting
SOz (gmol™) mainly of organic matter (OM), sulfate and black carbon
EF[SO, (kgkg™1)] . _(BC). Ash, a further exhau;t component which was not reg-
SO, (g moI*l) -S(gmol™) | - 100 istered during the campaign, accounts generally for a few
percent to PM (Petzold et al., 2008). Additionally, in some
plumes particulate ammonium and chloride were measured

counts for the S@related sulfur in the fuel contributes 95 % (s_ee Fig. 3)- ppssmly formed by reacuqng of exhgust SPecies
with pre-existing sea salt and ammonia in the air. However,

of the total fuel sulfur content, as expected. In agreement, ot of the sulfate species in the plumes are existent as sul-

with the marine fuel regulations in the North and Baltic Seasq ¢ 4cig making the submicron aerosol acidic. It should be
(ECA, MARPOL Annex VI, 2010) which requires vessels to noted that diesel engines are protected against corrosive ex-

g\tj;r:;g\év-:ﬁllffll;rr il:)iltgr?tt |trc1) ;ﬁge;g d;ﬁnizmisbilo\’\gf;t’;C;haust gases by maintaining high gas flows and temperatures
. 0 - : . . .
implying fuel sulfur is mainly emitted as and sulfur

aged for all vessels (see Table 2). Two vessels did not stand Pying y SOS0s

on the rules and exhibit larger levels (see Fig. 5a). However,

%S by weight= [

Typically in the measured plumes the first term which ac-
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containing aerosol particles are mainly formed after release

oo™ a Type 1 from the stack (Lack et al., 2009).
. - gggg Analysis of the submicron aerosol (average 1PEF for
‘"9 | m vessels <20 mor300GT all vessels: 22+1.8gkg!, see Table 2) shows that sul-
¥ 100 fate EFs (Ekq, (sulfur[%0]) [g kg~1] = 0.06+ 0.3 sulfur[%)],

S 80 ﬂ. + R =0.67) as well as OM EFs (Eﬁg(sulfur[%]). [g kg1

8 . HA = 0.06+ 4.4- sulfur[%], R = 0.85) are strongly linearly cor-

s 2 related with the fuel sulfur content (see Fig. 5b). While the
@ O, e ':'._&_. . relation between fuel sulfur content, $@nd SQ is ob-

E zo%ﬁ o ey vious, the increase of the organics EF with increasing fuel
Z ot sulfur content can be explained as follows: in the cylinders
a0 o 20 3 of the engine a fraction of the lubricating oil for neutraliz-

[
0.0

SO, emission
T

factor / g kg™
T

0.5 1.0 15 2.0

% S by weight in fuel

ing acidic products to prevent corrosion is consumed. The
higher the fuel sulfur content the more lubricating oil is
needed (Lack et al., 2009) and consequently emitted. Addi-
tionally, the quantity of lubricating oil use likely depends on

b g S the engine type and performance. Therefore, OM EFs (aver-
o B 30 g age value for all vessels: 1481.7 gkg !, see Table 2) for
Q2 . 2'5 z individual ships likely depend on on the engine type and
s s g -3 the amount of unburned fuel, i.e. the efficiency of combus-
£ 5 - 20 o tion. In contrast to studies which were not performed in an
S o "t 15 O A P
9 84 e s ECA (Lack et al., 2009; Moldanova et al., 2009) we found
3 5 . 10 § OM but not sulfate (average EF: 0.540.46 gkg!) to be
= 8, 05 2 the most abundant submicron aerosol species (see Fig. 6).
ZE @ o 0.0 g- While OM accounts for 72 % averaged over all vessels sul-
0 ,E.‘ 1 - fate amounts to 22 % of the PMnass. The fraction of black
0 10 20 3'0 20 carbon EFs to total PMamounts to 6 % considering all ves-
SO, emission factor / g kg™ sels. In summary, PMemissions depend on fuel sulfur con-
| T T T | tent with EFpp, (sulfur[%]) [g kg™1] = 0.19+6.1- sulfur[%)],
00 fyOSSb 1.0 hei 1];5 | 20 R =0.80, see Fig. 5b) and potentially on the engine type
o > by weightn fue and engine operating conditions. Further insights into the
<lc 1 Type 1 AMS mass spectral signatures indicate typical fragments of
I el diesel exh ic and sulf hich result f
o m Type3 iesel exhaust organic and sulfate matter which result from
2 B_vessels <20m or 300 GT unburned fuel and lubricating oil.
* Polycyclic aromatic hydrocarbonsPAHs are aromatic
g ® compounds formed frequently during incomplete combus-
«E *0 tion processes. As some PAHs are classified as human car-
S 7 cinogens, PAHs are important to be considered. Generally,
g 20 a more incomplete combustion process leads to increased
2 ° S EFs of PAH and BC. For this reason, PAH EFs positively
o

0

2 4

14

correlate with BC EFs (Bfan (EFsc [gkg™1]) [gkg™1]

=0.003+0.02- EFRsc[gkg1], R =0.57). Due to different
volatilities of these compounds their presence in the particle
Fig. 5. Correlation of the particle numbéa) and the submicron  phase depends also on the exhaust temperature (Moldanova
aerosol mass (PM emission factorgb) with sulfur dioxide emis- et al., 2009). However, with an average EF of £.3.7

sion factors which are associated with the weight percentage of fuejng kg1 for all vessels, PAHs account on average for 0.2 %
sulfur. Additionally, the particle number versus PMmission fac- ¢ the total emitted submicron aerosol mass.

tors are showic). While graphg(a) and(c) are colored dependent -y icje size distributionsthe particle number size distri-

on the vessel type (“Type 1": orange, “Type 2": green, “Type 3”: buti . .

. . ution EFs of the measured ship emission plumes covered
blue, those not registered by the AIS system: black), the gitaydb the size range from 6 to 250 nmp(see Ei 7)p The relativel
color-coded with the organic mass concentration emission factors, 9 g. 7). y

The graphs indicate that with increasing fuel sulfur content, the par-freSh ship exhaust particle number size distributions are char-

ticle number as well as PMmass emission factors increase. Error acterized by either uni- or bi-modal structures. One mode

bars were determined by means of Gaussian error propagation. IS centered at around 10 nm, the second one at 35nm; in
addition increased particle concentrations are found around
150 nm (brown, Fig. 7) particle mobility diameter. However,

PM, (OM+sulfate+BC) emission factor / g kg"1
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Type 1 |Type 2| |Type 3| |high PN emitlersl |high BC emittersl |aII plumesl
14% 5% 3% 3% 6%
18% 21@ 26!) 25%@ 35%052%22%@
68%
° 74% 1% 2% o 2%
-1 -1 -1 -1 -1 -1
1.6 gkg 2.6gkg 3.7gkg 4.0 g kg 1.5gkg 2.4 g kg

Fig. 6. Averaged chemical PMcomposition for the classified “Type 1", “Type 27, “Type 3” vessels, high PN/BC emitters and for all plumes
calculated using total and chemically specified{PBFs. The PM composition of all vessel plumes includes organics (green), sulfate (red)
and black carbon (black) while organic matter is the most abundantffeigtion. Sulfate species represent the second most abundant aerosol
fraction beside for the high BC emitters.

1 the combustion aerosol mode contains combustion particles
10" 5 — %ﬁ:é with a non-volatile core of elemental carbon, OM and ash,
) s = ;iygﬁ]e;'N emitters lower variations in the level of particle number EFs were ob-
2 17 ;::; == high BC emitters served, because non-volatile PM does not depend strongly on
/)% == all plumes engine load (Petzold et al., 2008).
= / /// The particle number EF decreases for particles larger than
é” vV 4 100 nm and is typically 3 orders of magnitude lower in rela-
T 5/—’ N tion to the combustion aerosol mode (Fig. 7). The intensity of
5 ] this “exhaust particle contribution” increases with decreasing
0 ‘ speed of the vessels implying a more incomplete combustion
L I .‘ \ ,\ - process and a simultaneous increase of black carbon. As only
BT R 1) Lot a small number of high black carbon emitters was measured,

di D, / X B
tameter By f nm the average particle number EFs for all plumes in Fig. 7 (red)

Fig. 7. Averaged size-resolved particle number emission factors indid not show this contribution.
the 6 up to 523 nm size range for the three types of ship plumes, high
PN/BC emitters and for all plumes measured during the campaign3.3 Characterization of the different vessel classes
Error bars represent the variability (standard deviation) within the
ship plumes for each size bin. Table 2 summarizes averaged AlS data and chemical, physi-
cal as well as gas phase EFs which are explained in the fol-
lowing for all vessel classes. As three vessels are character-
as shown in Fig. 7 for all vessel plumes (red), the majorityized by both, high particle number as well as black carbon
of plumes exhibit the bimodal size distribution only with av- EFs they were neither considered as “high PN emitters” nor
erage mode diameters at 10 and 35 nm. Larger than 250 nnihigh BC emitters”.
no significant increase of the particle number concentration Comparison of number and black carbon EBee Fig. 4):
compared to the background aerosol was found. “High PN emitters” are characterized by high number and
The intensity of the first mode, the nucleation mode variestypically moderate black carbon EFs. “High BC emitters”
strongly dependent on the type of vessel. The strong variashow a completely different behavior — they exhibit high
tions in particle number EFs of the nucleation mode can beblack carbon and moderate particle number EFs. Higher
explained by the different kind of fuels the vessels used andlack carbon concentrations imply a larger surface area
the different engine types (efficiency of operation and com-where potential new particle formation precursors preferen-
bustion). The formation of p5Qy, the most important new tially condense onto instead of nucleating. Additionally, high
particle formation precursor, depends on the sulfur content irblack carbon emissions inhibit the growth of freshly formed
the fuel and the engine operation conditions. The efficiencyparticles as they are scavenged while coagulating. For this
of coagulation and condensation of freshly formed particlesreason, “high BC emitters” exhibit moderate particle num-
before emission from the stack differ for the individual ves- ber EFs only and vice versa. While “Type 1” vessels exhibit
sels for which reason nucleation mode particles vary in sizdargest BC and PN EFs, with increasing gross tonnages of the
from 10-20 nm. “Type 2" and “Type 3” vessels, PN and BC EFs decreased,
The second mode, the so-called combustion aerosol moden average. For “Type 3” vessels, particle number and black
(Petzold et al., 2008) centered around 35nm is present icarbon EFs are proportional within the measurement uncer-
most size distributions of the measured vessel plumes anthinty and relatively low in contrast to “Type 1” and “Type
exhibits the largest particle number EFs values (Fig. 7). As2” vessels. Lower particle number and black carbon EFs
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can be explained by a more complete combustion whichity, engine type, efficiency of combustion, cooling and di-
implies higher combustion temperatures. High BC EFs in-lution of the exhaust or the design of the exhaust system
stead are found for those vessels with typically lower vesselikely affect size distributions, general differences between
speeds and therefore possibly a more incomplete combudhe different vessel types can be identified in Fig. 7. Smaller
tion. In contrast to “high PN emitters” and “high BC emit- “Type 1" vessels, “high PN emitters” and “high BC emit-
ters” that both are characterized by small average gross torters” emit particulate matter composed of freshly formed par-
nages, lengths and engine powers, “Type 3” vessels with aticles likely from sulfuric acid nucleating in the expanding
average length of 286 m reflect the largest ocean-going vesplume (mode around 10 nm) and combustion aerosol parti-
sels passing the Elbe. For this reason, the engine systentdes (mode around 35 nm). Larger fuel sulfur contents imply
of these ships likely differ from those of the smaller “Type higher sulfate and organic EFs for which reason both modes
1" and “Type 2" vessels. Additionally, the exhaust system are more pronounced for “high PN emitters”. In contrast,
of the “Type 3” vessels is larger therefore we suggest that'high BC emitters” exhibit clearly enhanced concentrations
due to an increased residence time of the aerosol in the shifor particles larger than 100 nm compared to the other ves-
exhaust system transformation (coagulation and condensasel types. This enhancement of concentrations could possibly
tion) processes occur increased. These processes likely reriginate from large soot particles which were deposited on
sult in smaller particle number EFs compared to “Type 1” walls of the exhaust tube system and are then re-entrained
and “Type 2" vessels. into the exhaust gas stream. “Type 2" and “Type 3" ves-

Comparison of S@and NQ. EFs: the average EFs of sels show a totally different behavior with a less pronounced
both, SQ and NQ, gas phase species are higher for “high nucleation mode and no increase for particles larger than
PN emitters” and “Type 3” vessels compared to “high BC 100 nm, reflecting both, the lower number and BC EFs. The
emitters”. Additionally, with increasing gross tonnage levels average plumes for all vessel types, exhibited the combustion
(“Type 17, “Type 2", “Type 3") SG& and NG (NO, NO; and aerosol mode~ 35 nm) likely including a non-volatile core
NO/NO,) EFs increase (Table 2). S@missions depend on of EC, OM or ash. With increasing gross tonnage levels im-
the sulfur content in the fuel which also has an impact onplying “Type 1”, “Type 2" and “Type 3" vessels, larger mode
the particle number concentrations by production of sulfuricdiameters were found (Table 2).
acid (Fig. 5a). Additionally, as shown in Fig. 5a, PN EFs did
not only depend on the fuel sulfur content but also on the ) . ) . .
classified vessel types. In contrast, NOIO, NOy) is gener- 4 Discussion with respect to previous studies
ated by high-temperature oxidation processes with nitroge
in air. For this reason, NOEFs are combustion temperature-
dependent. The higher NGEFs and the NO/N@ratios of
the larger vessels are potentially due to higher combustio
temperatures within their engines.

Comparison of PM EFs: the particle number EFs tend

"he fact that the formation of new particles increases in line
with SO, emissions via the formation of SGand HSOy
indicates that the fuel quality, i.e. the sulfur content in the
r}uel, has an important impact on particle number EFs as also
mentioned in several other studies of passenger car and ship
. N ) . . emissions (Schneider et al., 2005; Chen et al., 2005; Lu et
E%F':”e[aslf _Vl"]')th[ #'”kcr?'j‘]s'igl %'\j'rEl';i éF(')g;L fg EEFEPC al., 2006; Petzold et al., 2008). For this reason, limiting the
9 kgm] gR ﬂ 0.30) asgthe s_h|p emissioné are charac'relrizedfue' sulfur content can result in a direct reduction of the
by similar size distribution shapes or rather similar ratio of particle number emissions. However, as already _pomted out
smaller/larger particles. PMEFs increase from “Type 1” by Lack et al'. (2009), we also assume tha}_be&de 'th fuel
’ type, the engine type and operation conditions (efficiency

over Type 2" 10 "Type 3 vessels (Fig. 5C. .and Table. 2). of combustion) and probably the engine and exhaust sys-
Regarding the averaged chemical composition (see Fig. 6 ; .
em play important roles. The average particle number EF

OM was found as the most abundant submicron aerosol frac- 1 : . o
tion for all types of vessels while sulfate is the second mostOf 2.55+16# kg for all vessels during this study is within

o . the range presented in the literature varying frode® 16
abundant fraction in PMwith ~ 22 %. In contrast, due to the 1 ) .
incomplete combustion conditions of “high BC emitters”, the to 6.2¢+164#kg " (Hobbs et al., 2000; Chen et al., 2005

black carbon fraction (35 %) is more abundant than the sul-l'ack etal., 2009, Murphy et al., 2009). A very similar aver-

fate fraction (13 %) for this type of vessels. Likewise to the age particle number EF as our average value was reported by

BC EFs, PAH EFs anti-correlate with the vessel size (small-‘Jonsson et al. (2011) who measured and evaluated particle

est PAH EFs for “Type 3" vessels) due to the strong deloen_number and mass EFs also in an ECA. However, our aver-

dence of this value on the combustion process efficiency. age SQ emission factor of 7.7 g kgt Wh'?h corresponds to
) . o . . . an average fuel sulfur content of 0.4 % is lower compared to
Comparison of size distributionsomparing the size dis-

tributions and EFs for particle components of the differ- those.m non ECA studies which probed ships burning heavy
. . ) fuel oil with an average fuel sulfur content of 2.7 % (Corbett

ent vessel types we found the size of the ship engine ex- .

. and Koehler, 2003; Endresen et al., 2003).

haust aerosol to show some dependency on the size of ves-

sel that was probed. Although several factors like fuel qual-
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We found a positive correlation between the particle num-the average Eic of 0.15gkg ! determined for all mea-
ber EFs, fuel sulfur and PMEFs. OM is the most abundant sured plumes during this study. We found that for enhanced
PM; fraction (average of 72 %): On the one hand, OM in- black carbon EFs, NOEFs drop by up to 50 %. Lower com-
creases with increasing @average contribution to P bustion temperatures lead to a decrease in NO; lHad
22 %) as more cylinder lubricating oil is needed to neutralizeNOy EFs (Sinha et al., 2003) and the NO/pNfatio because
corrosive sulfur species. On the other hand, OM emissionsinder these conditions the oxidation of nitrogen is less fa-
depend on the type of engine and the operation conditionsored. For this reason, a large range of NEFs (average
as unburned fuel increases the organic emissions as well @&Fyo, =53+ 27 gkg™?) from 20 to over 100 gkg' were
those of black carbon. The average contribution of black carreported in the literature (Hobbs et al., 2000; Sinha et al.,
bon to PM emissions was 6 %, similar to the 4% measured2003; Chen et al., 2005; Williams et al., 2009).
by Sinha et al. (2003). Our studies show that black carbon Vessels with a gross tonnage of less than 5000 (“Type 1”)
depends on the vessel speed and therefore likely engine loagkhibit the largest black carbon and particle number EFs.
and operation conditions, which might influence the degreeDue to the different setup of the ship engine system, its
of incomplete combustion. For this reason, not only the fuelperformance and exhaust tubes, emissions of larger vessels
sulfur content has a significant impact on total RMlso the  (“Type 3”) commonly differ strongly from those of smaller
engine type and operation additionally play important roles.vessels. For this reason, in addition to several other quanti-
The observed PM composition clearly differs from those byties the gross tonnage is an important factor distinguishing
Lack et al. (2009) who reported 46 % particulate,S89%  different kinds of vessels in terms of emission characteris-
OM and 15 % BC for 211 encountered commercial and pri-tics as also mentioned by Hulskotte et al. (2010). Compar-
vate marine vessels in the Gulf of Mexico. Due to the lim- ing “high PN emitters” with the largest ocean-going ves-
itation of the fuel sulfur to 1% by weight, in the ECA in sels characterized by gross tonnages of more than 30000
this study higher OM than sulfate EFs were measured. A{"“Type 3”), similar EFs for all particulate physical and chem-
a consequence of the reduced fuel sulfur contents, the reical as well as trace gas quantities were found. The only ex-
duction of sulfate EFs leads to a less acidic aerosol whichception is the average particle number EF of the large ves-
positively affects the environment and the aerosol chem=sels which amounts to only a third compared to those of
istry and therefore climate when considering the formationthe smaller ships. This difference is reflected in the average
of CCNs. However, total PM(EFpm;—ams+Bc) €Mission  size distributions with less distinct nucleation modes for the
factors of 3.3gkg? found by Lack et al. (2009) are com- larger vessels, on average. We suggest that the aerosol in the
parable with the 2.4 gkg observed during this study. In larger exhaust tube systems of the large ships has more time
comparison, Jonsson et al. (2011) who also conducted mede coagulate and thus to reduce the number concentrations
surements in an ECA in Scandinavia reported an averagef very small particles. PMmass EFs instead are similar
EFpMs.6-560nm) of 2.0 g kg determined for 734 individual ~ for “high PN emitters” and “Type 3” vessels and investi-
ships. For this reason, both, particulate mass and number EFgated size distributions did not show enhanced EFs of par-
are well comparable with those received under similar condi-ticles above 100 nm. This feature was also found by Hobbs
tions (Jonsson et al., 2011) and, as expected, they are lowet al. (2000), Murphy et al. (2009), Petzold et al. (2008) and
than the global average values of 5.9-7.6 gk¢Endresen  Kasper et al. (2007) who investigated size distributions of
et al., 2003; Eyring et al., 2005b). marine diesel engine emissions and measured major modes

When comparing black carbon and particle number emis4in the 10—-100 nm size range but hardly any particles larger
sions of the ships a totally different behavior of both featuresthan 250 nm. Also, the PAH EFs depend on the gross tonnage
was observed. Similar as shown by Ban-Weiss et al. (2009pf the vessels: While smaller vessels exhibit larger PAH EFs,
for individual heavy-duty trucks we found minimal overlap the decrease of PAH EFs with increasing vessel size can be
between both high black carbon emitters and high particleexplained by a more incomplete combustion process in the
number emitters due to the fact that increased black carsmaller “Type 1" vessels. For this reason, in contrast to all
bon emissions suppress new particle formation (Kerminerother EFs of the registered quantities (NO, NQOy, SO,
et al., 2001; Monkkonen et al., 2004). This relationship be-SOy, Org, PM) which increase with increasing gross ton-
tween the emission levels for both variables is also reflectedhages (i.e. from “Type 1" over “Type 2" to “Type 3" vessels)
in the associated size distributions. An increased availabilitythe number, black carbon and PAH EFs decrease when larger
of sulfuric acid tends to result in an increase of nucleationvessels were probed.
mode particles as also mentioned by Petzold et al. (2008).
In contrast, high black carbon emitters exhibit increased par-
ticle concentrations for particles larger than 100 nm as als& Summary and conclusions
mentioned in studies performed by Petzold et al. (2010).
Sinha et al. (2003) as well as Petzold et al. (2008) who an-Chemical, physical and gas phase species were measured in
alyzed black carbon mass EFs from cruising ships reported large number of commercial marine vessel plumes on the
an ERgc of about 0.18 gkg! which is slightly larger than  banks of the Lower Elbe in April 2011. During the 5 days of
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sampling 139 ship emission plumes were of sufficient qualityof the ship exhaust system. Other factors that are expected
to be analyzed providing emission factors. The informationto influence emission factors are engine type, load and per-
of Automated Identification System broadcasts for the vesformance. However, these relationships could not be shown
sels allows providing a detailed characterization of variablesin this study. Especially fuel sulfur regulations, as adopted
affecting gas and particulate emissions. within the emission control areas next to populated regions,
Total particle number EFs were found to increase with in- directly affect local climate, air quality and health.
creasing fuel sulfur content. Additionally, the exhaust system As there are many factors that influence ship emissions
appears to affect the particle number EFs. Smaller particleand still only few measurements of these under real world
number EFs were observed for larger vessels, possibly dueonditions, the work presented here is valuable for the inves-
to enhanced coagulation in the exhaust system of the largaigation of the influence of ship emissions on air quality in an
engines and the more efficient combustion process due temission control area. Additionally, the work presented here
higher combustion temperatures. For these reasons, the pds clearly useful for comparing emission factors with those
ticle number EFs depend on a variety of variables like fuelfrom non-ECA studies as data on ship emissions measured in
composition as well as engine type, operation and exhausECAs are still sparse. Although emission factors were eval-
system. uated for a range of vessels and measured quantities, due to
Similar dependences (on fuel sulfur content, engine typethe limited AlS information on e.g. engine type, engine load
and load) were found for the emission factors of particulateor propulsion system, the presented emission factors gener-
matter and particle chemical components which are domi-ally reflect emission factors for average ships of certain size
nated by OM, sulfate and black carbon. The EFs of the mostanges, useful e.g. for estimating global or bulk emissions for
abundant PM fraction, the organic matter are positively cor- ECAs. These results are not suitable for detailed case stud-
related with EFs of sulfate, which in turn depend on the fuelies, estimating e.g. emission changes when changing the fleet
sulfur content. In addition, OM is also dependent on enginecomposition.
type and load because it is strongly associated with unburned
fuel and lubricating oil. Black carbon emissions appear to
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