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Abstract. Black carbon (BC) mass emission factors ggF  plumes encountered was 0:8D.31 g BC (kg fuely 1, where

g BC (kg fuel)1) from a variety of ocean-going vessels have the standard deviation represents the variability between in-
been determined from measurements of BC and carbon dioxdividual vessels. The most frequent engine type encountered
ide (CO) concentrations in ship plumes intercepted by thewas the slow-speed diesel (SSD), and the most frequent SSD
R/V Atlantis during the 2010 California Nexus (CalNex) vessel type was the cargo ship sub-category. Average and
campaign. The ships encountered were all operating withirmedian Elgc values from the SSD category are compared
24 nautical miles of the California coast and were utilizing with previous observations from the Texas Air Quality Study
relatively low sulphur fuels (average fuel sulphur content of (TexAQS) in 2006, during which the ships encountered were
0.4%, 0.09% and 0.03 % for vessels operating slow-speedyredominately operating on high-sulphur fuels (average fuel
medium-speed and high-speed diesel engines, respectivelydulphur content of 1.6 %). There is a statistically significant
Black carbon concentrations within the plumes, from which difference between the BE values from CalNex and Tex-
EFgc values are determined, were measured using four inAQS for SSD vessels and for the cargo and tanker ship types
dependent instruments: a photoacoustic spectrometer andwaithin this engine category. The CalNex gd-values are
particle soot absorption photometer, which measure light ablower than those from TexAQS, suggesting that operation on
sorption, and a single particle soot photometer and soot partitower sulphur fuels is associated with smallerggalues.

cle aerosol mass spectrometer, which measure the mass con-

centration of refractory BC directly. These measurements

have been used to assess the level of agreement between

these different techniques for the determination of BC emis-1  Introduction

sion factors from ship plumes. Also, these measurements

greatly expand upon the number of individual ships for which Shipping is an important mode of transportation that has im-
BC emission factors have been determined during real-world?acts on climate, air quality and human health (Fuglestvedt
operation. The measured s have been divided into ves- et al., 2009). Carbon dioxide emitted from ships is a well-
sel type categories and engine type categories, from whiclnown greenhouse gas, while sulphur dioxide £5@
averages have been determined. The geometric average EF known to have an indirect radiative cooling effect through the

(excluding outliers) determined from over 71 vessels and 13g0rmation of particulate sulphate. Additionally, nitrous ox-
ides (NQ) emissions increase ozoneg)®roduction, which
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both is a greenhouse gas and contributes to the formatiomterplay between the increased fuel efficiency and any alter-
of particulate nitrate. Particulate matter (PM) emitted from ations to the EFs that might occur with reduced-speed oper-
ships, in particular PMs (PM with aerodynamic diameters ation.
less than 2.5um), has been consistently linked to cases of Black carbon (BC), which is the focus of this study, is a
pulmonary and respiratory diseases and implicated as a corstrongly light absorbing form of particulate matter (PM) that
tributor to premature deaths from these illnesses (Corbett eis produced from the incomplete combustion of fossil fuels
al., 2007). and biomass burning. Because BC can efficiently absorb so-
In order to reduce emissions of these pollutants and theitar radiation, it can have a strong warming influence on cli-
impacts, regulations and incentives at state, national and inmate, both globally and in localized areas (Bond et al., 2013;
ternational levels have targeted improvements in the qualRamanathan and Carmichael, 2008). In particular, pristine
ity of fuel used by ships and vessel speed reductions. Largdrctic regions where shipping traffic may increase could be
ocean-going vessels, especially those operating slow-spedughly vulnerable to BC deposits on ice and snow, exacer-
diesel (SSD) engines, commonly operate on heavy fuel oibating Arctic ice melt (Flanner et al., 2007). In addition, BC,
(HFO), which typically has a very high sulphur and trace as a key component of soot, is also thought to have substan-
metal content. Lower sulphur fuels (LSFs) such as maringtial negative consequences for health (Sydborn et al., 2001;
gas oil (MGO) or marine diesel oil (MDO) are usually used Janssen et al., 2012; Smith et al., 2009).
by smaller vessels and are substantially more refined than Given these impacts of BC on health and the environment,
HFO, likely also containing lower long-chain hydrocarbons, current efforts exist in some regions to reduce anthropogenic
ash and aromatics than HFO. It is possible that switching toemissions of BC from on-road vehicles, such as large trucks,
these fuel types might also have an influence on non-sulphuand certain types of off-road vehicles (e.g. California Air Re-
particulate emissions, including black and organic carbonsources Board, 2011b). However, emissions of BC associated
(Lack and Corbett, 2012). However, LSFs are typically morewith marine vessels and their potential reductions are only
expensive than HFO, making HFO the preferred fuel for therecently being considered in detail. In particular, the IMO is
shipping industry. focusing efforts on defining and measuring BC as well as on
Examples of regulations targeting fuel quality (specifi- gathering information on the impacts of and abatement op-
cally, fuel sulphur contentKs)) are those introduced by tions for BC produced by ship traffic (IMO, 2011). Previous
the International Maritime Organization Marine Environ- work suggests that BC emissions from ships make- @%b
ment Protection Committee (IMO MEPC), which designatesof global BC emissions, based on emission measurements
emission control areas (ECAs) and mandates global reducand models (Lack et al., 2008a; Bond et al., 2004; Eyring
tions in the allowableFs for ships, withFs reductions from et al., 2005). Measurements of emission factors for different
< 3.5% (by weight) by 2012 to <0.1 % in 2020 (IMO, 2008). sources, such as ships, are required for development of emis-
The goal of ECAs is to reduce emissions of NGO, and sion inventories, such as the US Environmental Protection
PM from ships (IMO, 2009). Similarly, in 2009 California Agency’s NONROAD model (US EPA, 2005). Existing BC
began regulating the sulphur content in fuels used by shipgmissions inventories have been developed from a variety of
travelling within 24 nautical miles of the California coast, data sources, but given the variety of vessel types and classes
lowering Fs to <1.5% (MGO) or<0.5% (MDO) in 2009, that operate in coastal areas and in the open ocean there re-
to <1% (MGO) as of August 2012 and t00.1 % for both  mains a need to determine BC emission factorss(BFor a
MGO and MDO by January 2014, with HFO usage not al- broad range of in-use ships that reflect the current shipping
lowed (California Air Resources Board, 2011a). Requiring fleet. Further, it is important to evaluate how well different
that vessels utilize lower sulphur fuels leads to dramatic retechniques for the measurement ofgckagree.
ductions in the amount of sulphur emitted by ships (e.g. Lack This study utilizes measurements of BC made using
et al., 2011). Although suchs regulations aim to decrease multiple techniques to determine BC emission factors, in
the emissions of specific pollutants (e.g..3Qhey may also g BC (kg fuel)t, for 71 individual vessels. This “target-of-
affect the formation and emission of other pollutants by in- opportunity” study sampled BC in plumes that were encoun-
fluencing the combustion process and/or the need to use Iuered while the ships operated in the regulated coastal wa-
bricating oil. Additionally, vessel speed reduction efforts are ters of California, USA, during the 2010 CalNex field cam-
aimed at reducing absolute regional emissions through an inpaign. The ships encountered were subject to California low-
crease in fuel efficiency, which reduces fuel consumption andsulphur fuel requirements, and thus the vessels encountered
often involves operation at lower speeds. However, the exwere operating on LSFs (confirmed through in situ measure-
tent to which speed reductions alter emission factors (EFsment of SQ relative to CQ within plumes). This is particu-
here in amount emitted per kg fuel consumed) that are assdarly important when considering the results for the larger
ciated with a given pollutant will depend on the type of fuel ocean-going vessels operating SSDs encountered, as pre-
in use, the vessel type and the pollutant under consideratiomious target-of-opportunity studies primarily observed such
(Cappa et al., 2014, Petzold et al., 2011; Lack et al., 2011)ships while operating on high-sulphur fuels (HSFs). The new
The actual change in absolute emissions will depend on theneasurements here are used to (i) add to the overall database
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of EFs for in-use ships; (ii) compare & values as deter- isokinetic conditions from this main flow, at 2.5Ilpm. The
mined using different BC measurement techniques; (iii) in- gas-phase species (g@nd SQ) were sampled from a sep-
vestigate relationships between ship speed angtE& de-  arate inlet through PFA Teflon tubing, with the inlet located
termine if such relationships can be established; and (iv) to~ 16 m above the sea surface and at a horizontal distance
establish whether changes in the quality of fuel utilized by of ~3m from the aerosol mast in the starboard direction
ships lead to measurable differences irsgfin the fleet av-  (Williams et al., 2009a). The gas-phase instrumentation was
erage compared to previous studies. housed in a container separate from the PM instrumentation.
Speed and other ship parameters concerning target vessels
were recorded from the advanced information system (AIS)
2 Experimental methods on board, an anti-collision system that can be used by ships
to aid in navigation.
2.1 Overview
2.2 Definition of black carbon
In May—June 2010, the R/¥tlantistravelled the California
coast from San Diego to San Francisco Bay as part of théBond et al. (2013) define BC as “a distinct type of carbona-
California Nexus (CalNex) campaign (Fig. 1). CalNex was ceous material that is formed primarily in flames, is directly
a multi-institution effort aimed at improving the understand- emitted to the atmosphere, and has a unique combination of
ing of climate change and air quality issues, both globally physical properties”. Both Bond et al. (2013) and Petzold et
and regionally in California, to support effective air quality al. (2013) describe BC as having the following physical prop-
management and climate change policy for the state (Ryererties: (1) strong light absorption throughout the visible spec-
son et al., 2013). A wide variety of particle- and gas-phasetrum, with a mass absorption coefficient (MAC) of at least
measurements were made aboard the RiMdntis here the 5m?g~1 at 550 nm; (2) refractory, with vaporization tem-
focus is on measurements of BC. Over the course of the camperature near 4000 K; (3) graphitic’sponded carbon with
paign, the R/VAtlantis intercepted 135 individual exhaust an aggregate morphology; and (4) insolubility in water and
plumes from 71 different ships. Ambient particulate mat- common organic solvents.
ter was sampled at a height of 18 m above the sea surface Black carbon is a component of soot and, depending on the
through a heated mast, for temperature and relative humidphysical property used to measure the material, is referred to
ity stabilization, that extended 5m above the containers inas equivalent BC (eBC), refractory black carbon (rBC), ele-
which the particle measurement instrumentation was housechental carbon (EC) or light-absorbing carbon (LAC). An ex-
(Bates et al., 2012). Twenty-one 1.6 cm outer-diameter (OD)}ensive review of the measurement methods available for EC,
stainless-steel tubes extended into the mast to subsample théC, eBC and rBC will be provided in a forthcoming review
particulate matter and distribute it to the various instruments(Lack et al., 2014). Relevant to this study, light absorption
The sampled particles were passed through a single stage inmeasurements characterize how black an ensemble of parti-
pactor with a 1 um aerodynamic diameter size cut prior tocles is and can be converted into estimates of eBC mass con-
measurement. Black carbon from efficient combustion usu-centrations by dividing by the MAC. Alternatively, methods
ally has a mode of 150 nm in mobility diameter, and so thissuch as laser-induced incandescence characterize rBC mass
impactor cut-off point should not subtantially affect the re- more directly, although they require appropriate calibration
sults. Here, particles were sampled from two of these tubesmaterials. Although eBC and rBC may not be fundamentally
one of which was directed to a particle soot absorption pho-equivalent, it is not unreasonable to think that they are nearly
tometer (PSAP) and the second to other BC-measurement irequivalent measures of BC (Slowik et al., 2007; Sheridan et
strumentation, namely a photoacoustic spectrometer (PAS), al., 2005). For simplicity, we will therefore refer to the emis-
soot particle aerosol mass spectrometer (SP-AMS) and a sirsion factors measured here for black carbon only ascEF
gle particle soot photometer (SP2). The PSAP was housedegardless of whether it is Egc or ERpc, although these
in the same container as the mast, while the other instrudistinctions should be kept in mind.
ments were housed in a second container located directly
behind the mast container. These instruments were used ®.3 Instrumentation
quantify the concentration of BC in the sampled plumes (see
Sects. 2.3.2 and 2.3.3) and, with measurements ¢f @€  2.3.1 Carbon dioxide
Sect. 2.3.1), are used here to determine BC emission fac-
tors associated with each intercepted plume. MeasurementSarbon dioxide concentrations were measured using a Li-
of gas-phase Sfowvere also made, from which the 2@mis-  Cor Model LI-7000 non-dispersive infrared (NDIR) absorp-
sion factor is determined an#ls is estimated (Williams et  tion instrument. Light is passed through a cavity contain-
al., 2009a). Particles were transferred to the second containéng the sample, where the GGbsorbs some of the inci-
through a 2.54 cm OD stainless-steel tube at 30 lpm. Flow tadent light. A detector at the other end of the cavity mea-
the PAS, SP-AMS and SP2 was subsampled under nearlgures the remaining light and the €@ixing ratio is derived
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Fig. 1. Maps showing RN\Atlantisship tracks foi(a) the entire campaigrib) southern CA near Los Angeles a(a) northern CA near San
Francisco, along with locations of ship plume interceptsc(only).

from the change in intensity. The instrument acquires datavided in the Supplement. The PSAP recabdgsat 1 Hz, but
at 1 Hz, with an accuracy af0.08 ppmv and a precision of as a running average over30 s, thereby smoothing the ob-

0.07 ppmv (Williams et al., 2009a). servations. Therefore, the 1 Hz @@ata have been smoothed
using a boxcar when comparing to the PSAP. The uncertainty
2.3.2 Light absorption and equivalent black carbon in baps from the PSAP is typically taken as20 % (Bond et
measurements al., 1999). This uncertainty is reasonable for particles when

the non-BC-to-BC mass ratio is small (Lack et al., 2008b),
Light absorption coefficients for particlesabs in Mm—1) which is typical for fresh ship emissions whéfa is small

were measured at 532 nm and 405nm using photoacoustit-ack etal., 2011). _ o _
absorption spectroscopy (Lack et al., 2006, 2011: Arnott et ASSuming that black carbon is the main light-absorbing
al., 1999). The PAS was calibrated by measuring the phoSomponent emitted from ships, thg,svalues can be used to
toacoustic response to ozone at both wavelengths, and re{d_etermme the concentration of equivalent BC as follows:
erencing the measured response to the absorption measured
concurrently by cavity ring-down spectroscopy (Lack et al., [eBC= babs ) 1)
2012). The sampling time for the instrument wag.5 s, al- MACgc, 5.
though the residence time in each PAS cell was closerto 20 s
given the sample flow rate of 0.5lpm. The instrument ac-where MAGsc is the wavelength-dependent mass absorp-
curacy is estimated as 7% at 532nm and 15 % at 405 nmtion coefficient for BC. This conversion assumes any coat-
with a precision of 1Mm? (at 2.5s) during CalNex. Be- ings that may be present on BC-containing particles do not
cause the residence time of the sample in the PAS is greatsubstantially increase the absorption (Bond and Bergstrom,
than the sampling time, the measured absorption is naturall2006; Cappa et al., 2012) and that absorption by non-BC PM
smoothed compared to the corresponding 1Hz @@a-  components is negligible. Both are reasonable assumptions
surements. Therefore, the G@ata have been smoothed us- for fresh ship emissions. During the several minutes between
ing a boxcar when comparing the PAS measurements witlemission and sampling the BC particles will not have ac-
the CQ measurements, where a boxcar calculates a movingumulated sufficient condensed material to significantly en-
average using an equal number of data points before and aftétance absorption, and more comprehensive measurements of
a central data point. PM composition of ship emissions during CalNex (Cappa et
A three-wavelength particle soot absorption photometeral., 2014; Lack et al., 2012) indicates that the BC: TC (black
(PSAP) was also used to measure particulate light absorpsarbon to total carbon) ratio for low-sulphur fuel s0.5.
tion at 467 nm, 530 nm, and 660 nm. The PSAP measures théhe value of MAGc at 550 nm for very fresh (i.e. recently
incremental change in light attenuation through a glass fibreemitted) BC is 7.5t 1.5 n? g (Bond and Bergstrom, 2006).
filter as particles are deposited onto the filter. The light ab-MACpgc values at other wavelengths are estimated as fol-
sorption coefficient of the deposited particles is determinedows:
from the Beer—Lambert Law after correction for instrument
response and scattering within and by particles on the filter, A\t
Further details of the specific correction scheme used are prd/ACBC.A = MACBC’550”m<ﬁ)>

)

Atmos. Chem. Phys., 14, 18811896 2014 www.atmos-chem-phys.net/14/1881/2014/



G. M. Buffaloe et al.: Black carbon emissions from in-use ships 1885

2.3.3 Refractory black carbon measurements ing CalNex 2010 the laser-only configuration was used, and
therefore only particles that contain rBC are vaporized and
Refractory BC mass concentrations and size distributionsdetected along with their associated non-refractory coat-
were measured using a single particle soot photometer (SP2ng materials (organics, sulphates, nitrates, etc.). Unlike the
Droplet Measurement Technologies, Inc.) and the soot parSP2, the particles are heated in vacuum, and thus there is
ticle aerosol mass spectrometer (SP-AMS; Aerodyne Renot the same fall-off in detection efficiency for small par-
search, Inc.). The SP2 detects thermal radiation (i.e. lasetticles. In other words, the detection efficiency of particles
induced incandescence) from individual black carbon parthat pass through the centre of the laser beam is indepen-
ticles as the particle is heated with a laser (1064 nm). Thealent of size. Specifie:/z in the mass spectrum correspond
SP2 is highly specific to BC, where the intensity of the emit- to rBC and can be used to quantify the rBC mass concen-
ted incandescence is proportional to the incandescent massation (Onasch et al., 2012). The SP-AMS was calibrated
i.e. the black carbon mass per particle (Slowik et al., 2007;using Regal Black particles, which have been shown to be
Gao et al., 2007). During CalNex, the SP2 was calibrated usa good surrogate for ambient BC particles (Onasch et al.,
ing size-selected fullerene soot particles, which have beer2012). The SP-AMS characterizes particles by their vacuum
shown to produce a similar response as diesel soot in thaerodynamic diametet/fva). For non-spherical fractal-like
SP2 (Laborde et al., 2012a). The SP2 detected rBC particleparticles the specific relationship betwe#fya anddp vep
that had rBC-only volume-equivalent diameteds (ep,sc) is size-dependent (DeCarlo et al., 2004). It should be noted
between 60 nm and 300 nm (with an assumed material denthat the SP2 measures size distributions of only the rBC
sity of 1.8 gcnT3). Based on the campaign average rBC sizeparticle component and thah,vep > dp.vep,sc, While the
distribution, it is estimated that <7 % of the rBC mass is SP-AMS dp, va measures both the rBC and non-rBC mate-
contained in particles >300nm. The CalNex SP2 concen+ial. The aerodynamic lens in use on the SP-AMS passes
trations were corrected for the observed non-unity detecparticles with 35 nm €, va <1000 nm with reasonable — and
tion efficiency (DE). The DE for this SP2 was measured well-characterized — efficiencies (Liu et al., 2007). The SP-
to be 0.7 for particles witla, vep sc above~100nm. Be-  AMS collection efficiency (CE) depends importantly upon
low ~ 100 nm, laboratory tests, conducted after CalNex, in-the overlap between the particle beam and laser beam, which
dicated that the DE was size-dependent, falling off steeply tds dependent upon the particle beam divergence, and in par-
where DE=0.15 atdp vep,gc =60 nm. This fall-off in the ticular how this differs for ambient particles from the calibra-
DE towards small particle sizes was previously identified bytion particles (Onasch etal., 2012). Here, a CE for divergence
Schwarz et al. (2010) and Laborde et al. (2012b) and is theof 0.4 is assumed, consistent with Cappa et al. (2013). The
result of rapid conductive cooling of the small particles that SP-AMS accuracy is estimated &80 % with a precision
keep them from reaching the high temperatures necessanyf +-0.03 ug nT3. The SP-AMS was operated in “fast” mode
for efficient incandescence. The SP2 rBC concentrations an@l Hz) during only a subset of the ship plumes encountered,
size distributions have therefore been corrected using a sizeand thus the number of BE determinations is smaller than
dependent DE (Cappa et al., 2014). Given that the concentréer the other instruments.
tion of rBC particles withdp vep sc <60 nm is not known,
the SP2 provides a lower limit on the actual rBC, and thus2.4 Emission factor determination
on the Elgc. The SP2 operated at 1 Hz with an estimated
accuracy of—20 % to+100 %, with the lower bound being Mass-based emission factors (g BC per kg fuel consumed)
determined by uncertainty in the calibration and the upperfor individual plume intercepts have been calculated from the
bound being determined by both the calibration and the adratio of the areas under the background-subtracted [BC] and
ditional uncertainty in the concentration of particles outside[CO;] in the plumes,Agc (in ugn3) and Aco, (ppmv),
of the detectable particle range. respectively. The plume intercept method has been previ-
The SP-AMS combines SP2 and standard AMS principlesously used to estimate emission factors from in-use vehicles,
to quantify and characterize rBC (Onasch et al., 2012). In ancluding ships (e.g. Lack et al., 2008c, 2009; Williams et
standard AMS, particles are focused through an aerodynamial., 2009b). The C@measurements are used to estimate the
lens into a particle beam that is impacted onto a resistivelyfuel consumption, thus allowing for determination ofdck
heated tungsten plate at 60D. The non-refractory partic- This methodology inherently accounts for dilution of species
ulate components (which exclude black carbon) are vaporwithin the plumes because G@& a conserved tracer on the
ized, ionized at 70 eV and detected by high-resolution par-minute timescales associated with emission to interception.
ticle time-of-flight mass spectrometry (HR-ToF-AMS) (De- Plumes were identified based on the relative ship positions
Carlo et al., 2006). The SP-AMS adds an alternative parti-and wind direction and speed, and by a noticeable increase
cle vaporization method that is also sensitive to only rBC-in [CO3], bapsor [BC] above background. The absolute val-
containing particles by thermal heating in the SP2 1064 nmues of [CQ)], bapsand [BC] vary from plume to plume. The
continuous laser. The SP-AMS can be operated with botHength of a given plume is variable and depends mostly on
the laser and tungsten vaporizer, or with just the laser. Durthe plume age and level of dilution prior to sampling. Typical
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Fig. 2. Comparison of Eg¢ values determined using BC measurements from four different instruments: the PAS, PSAP, SP2 and SP-AMS.
The yellow line is the 11 line, the dashed black line is the best fit constrained to go through the origin and the solid black line is an
unconstrained fit. All fits were performed using orthogonal distance regression, with the first instrument listed in each panel being presented
on they axis. Note the different scales for the figures in the top row compared with the bottom row.

plume lengths ranged from about 1 to 10 min. Three exam-mined based on the individual uncertainties in the BC mea-
ple plumes are shown in Fig. S2. A plume-specific detectionsurement. The relationship between the determinegdcEF
limit was established ass3+/N, whereo is the standard de- and the absolutelgc and Aco, values is assessed further
viation of the signal during the background period anhds in the Supplement (Fig. S3).

the number of points across the plume (Cappa et al., 2014).

Plume-specific background concentrations were determined

as the average concentration observed before and after thg Resylts

plume. The plume intercept method assesses only the in-

crease in concentrations above this background level, providg 1 BC measurement technique comparison

ing a unique characterization of the emissions separate from

the background. During CalNex, BC was measured using multiple tech-
Plume-specific Ec values, which are traceable back to niques, namely light absorption for eBC (PAS and PSAP),

individual vessels, were determined as follows: laser-induced incandescence (SP2) and mass spectrometry
1 Asc (SP-AMS) for rBC. Some previous studies have investi-
EFsc(gBC(kgfuel) ™) = o Juel. (3)  gated the comparability of the different measurement meth-
CO: ods (Kondo et al., 2011; Cross et al., 2010); however such

where assuming complete combustighy is the fuel con-  investigations were not performed for BC particles in “fresh”
version factor (1.62 fppmkg 1), which accounts for unit  ship plumes. It is therefore useful to assess the extent to
conversions for C@concentration in ppm to the mass con- which these different techniques provide equivaleng&F
centration of carbon, and the weight fraction of carbon in thevalues, as this is influenced both by instrument accuracy and
fuel (assumed to be 0.865 with a 1% uncertainty) (Lack etthe assumption that they all measure the same thing (i.e. that
al., 2009a; Williams et al., 2009a). For the PAS and PSAPeBC=rBC = BC).

where measurements were made at multiple wavelengths, The ERgc values from these four instruments are com-
weighted-average Ec values were determined for each in- pared in Fig. 2, where linear fits have been performed using
strument. Instrument-specific uncertainties have been detethe orthogonal distance regression method, which accounts
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plumes (black dot-dashed line). A size-dependent detection efficiency has been applied (see text for details). For comparison, scaled rBC
size distributions from Sahu et al. (2012) for urban plumes in CA are shown (dashed grey(thasd(d) show the corresponding rBC

size distributions averaged by ship engine category (and where the MSD category average excludes the Atlantis).

for uncertainties in both the andx data (Table 1). Both an cent road-side study of BC emissions (Liggio et al., 2012)
unconstrained fit and a fit constrained to go through the ori-and with results from a case study of emissions from the R/V
gin have been performed. Weighted Pearspfigalues were  Miller Freeman(Cappa et al., 2014). It should be noted that
also calculated for each comparison, where the uncertaintiesuch a large negative bias in the SP2 BC mass concentra-
of both instruments were used to weight the averagsd  tion is likely unique to the near-source measurements here.
y values in the calculation (see Supplement). Note that notAs the emitted plume continues to evolve, coagulation will
all instruments sampled all plumes that were encounteredmove the smaller particles into a larger-size mode, so long as
individual EFgc values for each ship by instrument type are they coagulate with other rBC-containing particles. Whether
given in Tables S1-S3 in the Supplement. coagulation is sufficient to ultimately limit the importance
The ERgc values from the PAS and PSAP agreed well, of this smaller mode to the total rBC measured by the SP2
with best-fit slopes of 1.06 (constrained) and 0.95 (uncon-and reduce this bias outside of plumes is beyond the scope
strained), and an® =0.85. The SP-AMS Egc values also  of this work. Overall, the results here suggest that the two
agreed well with both the PAS and PSAP, with constrainedlight absorption techniques (PAS and PSAP) and the mass
slopes of 0.89 (PSAP) and 0.76 (PAS) and unconstrainedgpectrometry technique (SP-AMS) can be used to accurately
slopes of 0.85 (PSAP) and 0.96 (PAS). These slope valuedetermine emission factors for BC.
may indicate a low bias in the SP-AMS relative to the ab-
sorption measurements, but this cannot be established ou > (BC size distributions
side of the instrument uncertainties. The SPZ&Nalues

are systematically lower in comparison to the other three-l-he SP2 measurements can be used to determine average

instruments by a factor of two, with constrained slopes of : : ; o
number-weighted and mass-weighted size distributions of

0.49 (SP2 vs. RSAP), 0.49 (SP2 vs. PAS), and 0.51 (SP2 V$he rBC component of particles withyvep between 60 nm

SP-AMS). As discussed above, the SP2 used during CaINeénd 300nm for each individual plume. As far as we are

had a limited detection range (60 nndsvep <300 nm). It aware, the CalNex measurements (including Cappa et al.,
IS _therefore suggesteq that th(_a Iow_erBEPTfaIues for the SP_2 014) provide the first rBC-specific size distributions from
anse.from a systematic negative bias qf th_e SP2 from MISS€Mharine vessels. Because the measurements here were made
contributions of particles outside of this size range, primar-¢.om instruments located aboard the RA#antis, over the

ily from particles withd, vep <60 nm. Log-normal fitting to :
. T : L course of the campaign there were numerous encounters of
rBC size distributions from the SP2 (Sect. 3.2) indicate thatindividual plumes from the R/AAtlantis many of which

0 13 H H ” H H H H M . . )
;10 A’:;ége mishl_ng_ mass 1S conta_wr]]ed in Iparftlcles with were freshly emitted (i.e. zero ageing). As such, we have
p.VED hm. This Is consistent with results from a re- qoq4rated out the R/MAtlantis for special consideration.
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Table 1. Linear fit coefficients from instrument comparisons, where fits were performed with the first instrument listedycextbeThe
uncertainties are fit uncertainties.

Instrument Pair Constrained Fit Unconstrained Fit

A: PAS vs. PSAP y =(1.06+0.03y y=(0.95+0.04) + (0.02+0.01)
B: SP2 vs. PSAP y=(0.49+0.02y y=(0.54+0.03} — (0.008+0.003)
C: SP2vs. PAS y=(0.49+0.02y y=(0.62+0.04) — (0.03+0.01)
D: SP-AMS vs. PSAP y = (0.89+0.08) y = (0.85+0.15) — (0.006+0.017)
E: SP-AMSvs. PAS  y=(0.76+0.07)y y = (0.96+0.17) — (0.03+0.02)
F:SP-AMSvs. SP2  y=(1.95+0.21) y=(1.66+0.32) + (0.02+0.02)

Normalized average size distributions are shown for all thereported here. The reason for the larggf/ep,med for the
ship plumes measured by the SP2 (excluding Rilntis) R/V Atlantiscompared to the other ships is not clear. How-
and for the R/VAtlantis specifically (Fig. 3). For compari- ever, it is noteworthy that, of all the ships sampled, the R/V
son, the campaign average rBC size distribution, which ex-Atlantishad the largest B, on average (Sect. 3.3).
cludes ship plumes, is also shown. To ensure that the rBC
size distributions for the plumes were observable well-above3.3 Emissions by engine and ship classification
background levels, only plumes with a total rBC number con-
centration > 100 particles cé or total rBC mass concentra- Ships encountered in this study have been classified accord-
tion >0.1 ug T3 were included in the average. It should be ing to their AIS vessel type codes and also classified by their
noted that the size distributions presented in Fig. 3 have beesngine type, similar to Lack et al. (2009a). The AIS vessel
corrected for the fall -ff in the instrument sensitivity with par- type classifications include fishing vessel, tug boat, tow boat,
ticle size below 100 nm. For reference the uncorrected sizgpassenger, pilot vessel, high-speed craft (HSC), tanker, cargo
distributions are provided in the Supplement (Fig. S1). and uncategorized ships. Cruise ships, which are part of the
Consideration of the number-weighted size distributionspassenger category, have also been separately categorized,
indicates the presence of at least two modes, one occurs has the R/N\Atlantis The three engine type classifica-
ring between~80nm and 150nm and one that peaks attions considered are slow-speed diesel (SSD), medium-speed
somedp, vep <60 nm. Interestingly, the median diameter of diesel (MSD) and high-speed diesel (HSD). The HSD engine
the larger mode in the number-weighted size distributionstype includes HSC, pilot vessel, and passenger ships. The
is larger in the all-ships and the Atlantis-only plume aver- MSD engine type includes tug boats, tow boats, and fishing
ages than itis for the campaign average. There are only slightessels. (The R/Mtlantishas been excluded from the MSD
differences observed between the rBC size distributions obaverage and is again treated as a special case.) The SSD en-
served for the vessels operating different engine types, witlgine type includes cargos and tankers. The number of ships
some suggestion of a larger contribution of small particles forencountered of a given vessel type category ranged from 3 to
HSD and MSD engines relative to SSD engines (Fig. 3). Fit-26, and the number of vessels encountered in a given engine
ting the number distributions to bimodal distributions yields type category ranged from 19 to 34.
for the larger modelp vep, med= 92 nm, 98 nm and 109 nm Emissions from the ships within the various vessel and en-
for campaign average, all ships (excluding Rf¥fantis) and  gine type categories are shown in Fig. 3 as box-and-whisker
R/V Atlantisonly, respectively. The corresponding values for plots. In all cases, the single-ship averages were determined
the mass-weighted distributions are 173.6 nm, 175.3 nm androm only the PAS, PSAP and SP-AMS measurements be-
179.5nm, respectively. (The best fits yield/avep,med for cause of the likely low bias in the SP2 measurements, dis-
the smaller mode in the number-weighted distributions ofcussed above. Because negativgERalues are not physi-
~ 30 nm for all three cases, although this is quite uncertain agally reasonable, the distribution of £ is non-Gaussian,
it involves substantial extrapolation below the measuremeninstead being approximately log-normal. Further, the&F
range.) This difference in size of the larger mode may re-values span nearly two orders of magnitude, so geometric
flect contributions to the campaign average from continentaktatistics associated with the encountered ship plumes are re-
sources (e.g. on-road vehicles) to the rBC burden in the nearported (Fig. 4 and Table 2), which should better represent
shore marine boundary layer. These rBC size distributionghe actual sampling statistics than the corresponding arith-
can be compared with that reported by Sahu et al. (2012) fometic averages (Parrish et al., 1998). The geometric statistics
rBC in urban (i.e. fossil-fuel-dominated) plumes over Cali- were determined by calculating the median, average, cut av-
fornia in June 2008, who observed an rBC mode diameteerage, standard deviations and boxplot ranges for lagfEF
slightly smaller than that observed here (Fig. 2). This is con-and then converting back to the linear scale. {EWalues
sistent with the smaller mode diameter for the campaign avfor each ship encountered by instrument are provided in Ta-
erage distribution compared to the ship plume distributionsble S1.) The cut average is the average calculated excluding
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Fig. 4. Boxplots of Efgc categorized by engine type and AlS vessel type. The open circles are the weighted aveyagieteFmined for

each vessel encounter. The boxes define the interquartile range, i.e. the middle 50 % of the data. Whiskers of the boxplots are 3 times the
interquartile range, and any emission factors lying outside these whiskers are considered “outliers”. The mgg&garEkhe vertical lines

with the same colour as the box; the geometric averagg-BFare the vertical, grey lines; and the geometric cut-averaga-EFare the

vertical orange lines. Where the average and cut average are equal, only the cut average is seen. The number of ship encounters is listed |
parentheses for each engine or vessel type.

outliers, which are defined here as theggvalues (in log-  ship category. Three cruise ships were sampled in this cate-
arithmic space) that fall outside log(3) times the interquar-gory, with an average Ec = 0.07+0.02 g BC (kg fuely®.

tile range. The all-ships average gd~from all the BC mea-

surements (excluding the SP2), weighted by the instrumentag 3 1 | jterature comparison and influence of fuel
uncertainty, was 0.3% 0.31 g BC (kg fuely!, and the SSD, quality on EFgc

MSD and HSD averages were 02®.26, 0.35+ 0.35, and
0.294 0.30 g BC (kg fuely?l, respectively. The correspond-
ing cut-average Eic values are 0.220.16, 0.2740.12 and
0.32+0.26 g BC (kg fuely! for SSD, MSD and HSD, re-

There have been a variety of measurements ofEFe-
ported in the literature for single vessels or single labora-
tory test engines. However, given that the measurements here

spectively, and are similar to the median values (Table 2). . ; ;
o ) encompass a large ensemble of different ships we primar-
The observed variability is a result of sampling over many .. "/~ . : . )
ily limit our comparison with the literature to other studies

individual vessels. Of all the vessel types, the tow boats have . . : .
. . L . - in which more than one ship or engine has been examined.
the greatest ship-to-ship variability in E&. This variabil- . . .
. . . . .Lack et al. (2009a) measured gd-using a light absorption
ity may be influenced by having sampled ships that were ei- )
. : : ..~ technique from aboard the R/Ronald H. Brownfor over
ther in use or that were not towing at the time of emission.

The R/V Atlantis also exhibited substantial variability in its 100 vessels operating in and around Galveston Bay and the

EFsc values, and additionally has an average&hat was Houston shipping channel during the 2006 Texas Air Qual-

much larger than that observed for most other vessels. Be':[y Study/Gulf of Mexico Atmospheric Composition and Cli-

. . . mate Study (TexAQS-GoMACCS, referred to as TexAQS in
cause sampling took place on the R antisbow with the is paper). They categorized the &% of sampled ships
stacks to the rear of the sampling inlets, and because R/\Ph Paper). Y 9 sampied Ships

i . : ! - . Into engine type and vessel type categories, similar to this
Atlantis was typically oriented to sample into the wind, in- . o
. ; study. An important distinction between Lack et al. (2009a)
tercepts of plumes from R/¥tlantistypically correspond to

. : X . and the current study is the fuel type in use by the encoun-
periods of manoeuvring (e.g. changing direction). As such, ) : .
- tered ships. Fuel sulphur content is estimated for CalNex
the observed variability may reflect that the sampled plumes .
. . . . and TexAQS from measurements of gas-phase &Qis-
include periods where the R/&tlantiswas decelerating, ac- . : .
. . . ._sion factors in the plumes under the assumption that all of
celerating or operating at steady state at the time of em'sfhe fuel sulphur is emitted as S@nd not particulate sul
sion, all of which likely influence the Edc and contribute to P P

the observed variability. The ship category that exhibited th hur (W_|Il|ams etal, 20Q9a). During TexAQS the encoun-
- . tered ships were not required to use LSFs, and measurements
least variability and the smallest averagesgEMvas the cruise

of the sulphur content of the emissions indicated that the
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Table 2. Geometric average B values categorized by engine type and AIS vessel type for CalNex and TexAQS, and arithmatic average
EFgc values for the lower Elbe study from Diesch et al. (2013). Uncertainties are 1 standard deviation.

Category No. of Intercepts Average Elgc Cut Averag@ EFgc Median Efgc
gBC (kg fuely ! gBC (kg fuely® gBC (kg fuely1

CalNex TexAQS | CalNex  TexAQS LowerElbd | CalNex  TexAQS | CalNex TexAQS

R/V Atlantis 19 14411 1.54+0.2 15

Uncategorized 8 0.54+0.48 0.50+0.24 0.48

Cruise ship3 3 0.07£0.02 0.08+0.002 0.08

Passengér 9 8 | 0.30+£0.41 0.32:0.20 0.22+0.25 0.32:0.20 0.47 0.29

Passenger+cruise 12 0.21+0.28 0.16+0.18 0.14

Pilot Vessel 5 0.33+0.28 0.33+0.28 0.27

High-Speed Craft 13 0.37£0.27 0.34+0.23 0.46

Tug? 6 54 | 0.39+0.40 0.74:0.66 0.34+£0.10 0.84:0.53 0.32 0.85

TowP 7 0.47+0.51 0.47+0.51 0.34

Fishind® 6 0.22+0.18 0.29+0.14 0.25

Tankef 8 30| 0.22+0.18 0.29+0.34 0.15+0.04 0.29:0.21 0.18 0.33

Cargd 26 11| 0.28+0.29 0.46+0.31 0.22+0.18 0.55+-0.14 0.23 0.48

HSD/Typei 30 8| 0.29+0.30 0.320.20 0.21+0.23 | 0.32+0.26 0.32:0.20 0.44 0.29

MSD/Type 3 19 54| 0.35£0.35 0.74£0.66 0.14£0.16 | 0.27+£0.12 0.84+0.53 0.31 0.85

SSD/Type 8 34 41| 0.26+0.26 0.33:0.36 0.12£0.08 0.21+£0.16 0.33:0.22 0.21 0.43

All Ships 91 103| 0.31+0.31 0.50+0.52 0.15+0.17 | 0.2840.21 0.59-0.35 0.28 0.54

2 Included in high-speed diesel avera@émcluded in medium-speed diesel averagacluded in slow-speed diesel averaﬂ;ezxcluding outliers® Lack et al. (2008, 2009);
f Diesch et al. (2013¥ vessels > 30000 tons, from Diesch et al. (Zofa)essels 5000-30 000 tons, from Diesch et al. (201@&ssels < 5000 tons, from Diesch et al. (2013).

averageFs for SSD vessels was 1460.7 % (Lack and Cor-  sulphur below a certaiti’s limit, although this requires fur-
bett, 2012). In comparison, the averafiefor SSD vessels ther study.
during CalNex was only 0.4 0.3 %, significantly lower than Considering MSD vessels, direct comparison of the ves-
that observed during TexAQS. This observation indicates thasel type averages is difficult because the MSD category from
the vessels sampled during CalNex were utilizing LSFs withLack et al. (2009a) was comprised entirely of tug boats,
Fs much lower than the regulatory limit at the time. For the which here only made up 30 % of the sampled vessels. Com-
HSD and MSD vessels encountered during TexAQS, whichparison of just the tug boat category indicates that the average
tend to use LSFs over HFO, the averdggwas 0.4+ 0.4 % EFsc values are different, and the cut averages even more
and 0.4+ 0.6 %, respectively, whereas tiie for HSD and  so, with cut averages of 0.340.10 g BC (kg fuet?) for Cal-
MSD vessels during CalNex was lower at 0:08.01% and  Nex and 0.84t 0.53 g BC (kg fuet?) for TexAQS. However,
0.09+ 0.10 %, respectively. Given that the me&anbetween  only 6 tugs were sampled during CalNex compared to 54
the two studies are substantially different, particularly for thein TexAQS, and thus sampling statistics in this category are
SSD vessels, differences in the observegd&kFalues may  weak for the new measurements reported here. Also, emis-
provide an indication of whether the change in fuel quality sions from tugs are highly dependent upon whether or not
results in a measurable change in the ensembig E&lues.  they are actively pushing or towing another vessel, making it
A direct comparison of the ship type and engine type cat-difficult to compare this kind of vessel. Anecdotally, few tugs
egories from CalNex and TexAQS is presented in Fig. 5 andvere observed to be actively pushing or towing during Cal-
Table 2. Both geometric average and cut averages are reNex, consistent with an overall lower gEfor this ship type.
ported for all of the categoriésBeginning with HSD ves-  Also, the tug boats were generally seen in the Los Angeles
sels, the average and cut-averaggd&Falues are quite sim- and Long Beach harbours, where it was difficult to identify
ilar, with a cut average of 0.320.26 g BC (kg fuely® for individual plumes.
CalNex and 0.32-0.20gBC (kg fuely! for TexAQS. Al- Turning to the SSD category, the differencefigwas sub-
though the averaggs differs between the HSD vessels sam- stantial between the two studies and indicates the use of very
pled during TexAQS and CalNex, the lofs in both stud-  different fuel types (i.e. MGO/MDO vs. HFO). For this cat-
ies suggests use of MGO or MDO, just with different levels egory, Elgc values for CalNex ships are lower than those
of sulphur removed. The similarity in the averageggRor from TexAQS, both for the geometric average and cut aver-
HSD vessels may therefore reflect a negligible effect of fuelage (Table 2). The difference is more apparent in the cut av-
1 ok otal — erage, with Egc = 0.21+0.16 g BC (kg fuely® for CalNex
Lack et al. (2008, 2009) reported arithmetic averages, not 9805 1d 0.33- 0.22 gBC (kg fuely ! for TexAQS. Thep value

metric averages, which explains the difference in the TexAQSEF from a two-sample test was 0.019 for the log-transformed
values reported here. ’
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This result is consistent with Lack et al. (2011), who
sampled emissions from a single vessel, the Ridfgrethe
Maersk a commercial in-use cargo vessel, as it transitioned
its fuel from HFO Fs=3.15%) to MGO §s=0.07 %)
while concurrently slowing from 22 knots to 12 knots. They
observed a decrease in gd-of 41 % after the fuel switch.
Since the R/\MMargrethe Maerskvas simultaneously chang-
ing speed and fuel type, this decrease ingE€annot be
definitively attributed to the change in fuel. However, given
the results here, the change in fuel quality seems likely to be
the primary governing factor for the change indgk

Our conclusion regarding the influence of fuel quality on
EFsc is also consistent with results from Deisch et al. (2013),
who performed stationary measurements of emissions from
ships passing by their site along the lower Elbe in Germany,
travelling to and from the Port of Hamburg. Their field site
is located in a sulphur emission control area (SECA) region,
and the average derivets was 0.4+ 0.3 % for all ships and
0.55+ 0.2 % for larger vessels called “Type 3", with gross
tonnage >30000, and most likely comprised of SSD ves-
sels including cargos and tankers. Given the above discus-
sion, it is expected that Diesch et al. (2013) would have
observed Egc values lower than those from TexAQS and
reasonably similar to those observed here. Their all-ships
averagé EFgc was 0.15+0.17 gBC (kg fuely! and their
Type 3 average was BE =0.12+0.14 g BC (kg fuely?.

average EEc determined for each vessel encounter. The medianBOth are somewhat smaller than the SSD average andlcut av-
EFgc’s are the vertical lines with the same colour as the box, the€rage here (0.26 g BC (kg fuef) and 0.21 g BC (kg fuef)?,

geometric average g’s for a given category are indicated by the
vertical blue lines, and the geometric cut-averagg®&s are indi-

respectively). However, most importantly, the Type 3 aver-
age from Diesch et al. (2013) is substantially smaller than

cated by the orange lines. Where the average and cut average atRe TexAQS SSD averages (Table 2). One possible reason
equal only the cut average is seen, and where the median and avefor the lower average Edc from Diesch et al. (2013) com-

age are equal only the median is seen.

SSD cut Elgc values between the two studies. This demon-
strates that the TexAQS SSD Ed-and the CalNex SSD

EFgc are different at a 0.05 level of significance. Tanker
and cargo ships made up the majority of the sampled SS
vessels in both studies, but the fraction of each differed
with a tanker fraction of 21 % for CalNex vs. 73 % for Tex-
AQS. This is a potentially important difference since Lack
et al. (2009) found that B for tankers was slightly lower

than that for cargos, and thus differences in sampling statis

tics could affect the comparison. However, direct compariso
of the tanker and cargo categories individually indicates eve

ues from CalNex for both ship types being smaller than thos
from TexAQS. Thep values from two-sampletests of the
log-transformed Egc for tankers and cargo ships are 0.001
and 4.2x 102, respectively, demonstrating that the gcF

values for these vessel classes are different at the 0.01 lev

of significance. Taken together, these results for SSD vesse

strongly suggest that the change in fuel quality, characterized—;

by the decrease ifs, led to a decrease in the g

www.atmos-chem-phys.net/14/1881/2014/
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pared to the CalNex averages could be that the absorption
measurements they used had substantially lower time reso-
lution compared to their COmeasurements, 1 min vs. 1s,
which presents challenges in determining EFs from plumes
that often last only a few minutes. However, the difference

I:Snay also reflect real differences in the measuregdE¥al-

ues.

'’ Afew other single vessel or test-rig studies exist that have

examined the influence of changing fuel quality onggF
Petzold et al. (2011) evaluated a 400kW single-cylinder
test engine while operating on HFGF{=2.2 %), MGO

(Fs <0.1%) or a variety of LSF biofuels. They measured

"both BC and elemental carbon (EC) emissions. (EC is com-

Mhonly considered equivalent to BC, although the measure-
larger differences, with both the average and cut-average val y a ' 9

ment methods differ substantially; Petzold et al., 2013.) They
observed Epc values that were lower by a factor 6f2.5—

7 for LSF operation compared with HFO, consistent with
the results here. The EE results were not as clear cut,
inth most, but not all, EEc values lower for LSF operation

%Snd a greater dependence on the particular fuel considered

The averages from Diesch et al. (2013) are arithmetic averages,
not geometric averages.
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compared with their Egc (Petzold et al., 2011). Sarvi et lead to a reduction in emissions. Engine load was estimated
al. (2008) compared the emissions from a medium-speedor each ship from the measured speeds according to the pro-
diesel test engine operating in propulsion mode on HFO orpeller law, which applies to ships operating fixed-pitch pro-
light fuel oil (LFO, a lower sulphur fuel), using measure- pellers, and is given as
ments of the “filter smoke number” (FSN) as a BC proxy.
They found that the Bfsy was generally independent of the
fuel type, with EFsy slightly lower for operation on LFO
than on HFO under higher engine loads, but the opposite
true at lower engine loads (Sarvi et al., 2008). However, itWhereumeasis the actual vessel speed angh the estimated
is not clear how good a proxy FSN is for BC under con- maximum speed as determined by looking up the maximum
ditions where the amount of non-BC material (e.g. particu-vessel speed for each ship fronttp://www.marinetraffic.
late sulphate and organic matter) varies substantially, whictOm
is the case in their study. Finally, Khan et al. (2012) measured Figure 6 shows the Ec for each plume plotted against
EFec for a single SSD vessel operating on HFO or MGO. Af- the estimated engine load. No overall trend is discernible for
ter converting their reported EFs from g-EC kthh~ to g- the data set as a whole across all ship types, likely as a result
EC (kg fuel)y ! (using the reported Cemissions), the arith- of ship-to-ship variability and the fact that ship speed by it-
metic average Bi values for HFO and MGO operation self does not indicate whether a vessel is travelling at a steady
were 0.028 g-EC (kg fuet) and 0.013 g-EC (kg fuet}t, re- speed, accelerating or decelerating. The relationship between
spectively, consistent with the CalNex—TexAQS comparison.€ngine load and emission factor is likely confounded by the
An even larger difference is observed if only the EFs reportedSPecific type of engine, engine tuning, age, and possibly fuel
at the same engine load are considered (0.042 vs. 0.016 giuality. There is, however, some indication thatgEFde-
EC (kg fuel)1). creases with increasing engine load for cargo ships specifi-
The results reported here are in contrast to recent conclucally. It should be noted that 19% of the intercepts in this
sions made by the International Council on Combustion En-category are for a single ship, the RMargrethe Maersk
gines (CIMAC). Their report, which cites unpublished and Which was also reported on by Lack et al. (2011) and sam-
non-peer-reviewed work as their primary source, concludedled multiple times. However, the intercepts here all occurred
that changing from HFO to distillate fuels will not typically after R/VMargrethe Maerskad fully switched to operate on
result in reduced BC emissions and might, in fact, lead to ar-SF. There is some indication of an increase insEmvith
increase in Egc (CIMAC, 2012). They also cite as support speed for the fishing vessel class, although this category con-
for their conclusions results from Lack et al. (2008a, 2009a) Sists of only one ship sampled multiple times and is actually
who found a minimal dependence on fuel type orgEF @ research fishing vessel, as discussed further in Cappa et
However, the Lack et al. (2008a, 2009a) results were baseé!- (2013). The Ekc values for the R/\Atlantisdo not show
primarily on comparison of their observed LSFs(< 0.5 %) any clear dependence on engine load/vessel speed, which
EFsc values, which were primarily for MSD tug boats, to likely reflects that some of the sampled plumes correspond
their observed higher fuel sulphur E&values, which were 10 periods of deceleration, some to acceleration and some
primarily SSD vessels. As discussed above, the activities of0 Steady-state operation at the time of emission, thus con-
tugs may lead to particularly high BE values, making it dif- founding any clear relationship between speed and emission.
ficult to assess the influence of fuel quality when comparingThe EFsc values for the other vessel classes seem most con-
across engine/vessel type classes if tugs are included. Thastent with a negligible dependence on engine load/vessel
current study, which compares similar vessel types operatSPeed, although again the scatter is large.
ing on different fuels, and much of the literature using single  The difficulty in elucidating a clear relationship between
ships or engines (Lack et al., 2011; Petzold et al., 2011; Khargngine load/vessel speed andsgfrom the ensemble mea-
etal., 2012), indicate that the CIMAC conclusions may be inSurements is consistent with Lack et al. (2008a), who ob-
error and that switching to distillate fuels may indeed facili- Sefved a great deal of scatter in their ensemble measure-

3
Fioad(%) = 100- (””‘e""s) , 4)

Umax

tate reduction in BC emissions. ments, again most likely a reflection of the ship-to-ship vari-
ability (and in their case the large number of tugs in the MSD
3.3.2 Influence of engine load category). It may be that single-ship (or -engine) studies, are

able to do a better job of discerning possible trends between
The influence of engine load, or vessel speed, on the obEFsc and engine load, though even then there remains a wide
served EEc values has been investigated for the ensembld@nge of results. However, most single-ship studies find that
measurements here. The speeds of the encountered shipsEdc generally decreases or remains relatively constant as
the time of plume emissions were recorded from the AlS.engine load increases (Cappa et al., 2014).
Ships that have zero speed were typically anchored offshore,
not at harbour, which is important since at many California
ports ships at harbour operate on shore power, which would
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of the SSD category average, as well as the cargo and tanker
vessel type categories individually, with similar measure-
5 + EHSD ments from the TexAQS study — where such ship types were

# Cargo X Passenger O Tow O Fishing + R/V Atlantis
X Tanker < PilotVessel A High Speed Craft v Tug

typically running on high-sulphur fuels — and more broadly
with the published literature indicates that lowerggls are
obtained when such vessels operate on low-sulphur distillate
+ fuels.
This study substantially increases the number of in-use
ships for which Ekc values have been directly measured,
+ Vv and provides essential guidance on the quality of various
- + + + BC measurement techniques when used to characterize fresh
1 + + -i"' ship emissions. In addition, local and regional assessments
o of fleet emissions, such as the current study, are essential to
1%«31 &-Hi + refining inventories of ship emissions. While most data cur-
O V Q : . . : .
’&%@3 .qV g B Oy . 7] rently are derived from single ship and test engine experi-
l l l L l l ments, data collection on an ensemble of ships provides a
0 20 40 60 80 100 120 . . . . .
Estimated Engine Load (%) more robust view of regional fleet behaviour, which is essen-
tial for regulatory discussions on ship emissions.

MSD

SSD

EFgc, g-BC (kg fuel)”

Fig. 6. Individual vessel Egc values as a function of estimated

engine load. The markers correspond to ship type and the colours

correspond to engine type for individual vessels. Supplementary material related to this article is
available online athttp://www.atmos-chem-phys.net/14/
1881/2014/acp-14-1881-2014-supplement.pdf

4 Conclusions

Black carbon emission factors for over 70 different ships
were determined from in situ measurements during the CalAcknowledgementsThe authors thank the crew of the R/V
Nex campaign in summer 2010, off the California coast. TheAtIantls, without all of whom this study would not have been

sampled ships were operating on low-sulphur fuels as a I,epossible. This work was supported in part by the US Environ-
mental Protection Agency under a STAR research assistance

sult of recently imposed regulations |n'the area. Four er-a reement (RD834558), the NOAA Climate Program (including
pendent methods were used to determine BC concentrationxgeoaraz10124 and NAO9AR4310125), the California Air
from which Efgc’s for each ship plume sampled were de- pesoyrces Board, the Canadian Federal Government (PERD

termined: two light absorption techniques (PAS, PSAP), andprgject C12.007) and NSERC. It has not been formally reviewed
two incandescent techniques (SP2, SP-AMS). The resultingy the any of the funding agencies. The views expressed in this
EFgc values from the PAS, PSAP and SP-AMS are in gooddocument are solely those of the authors, and the funding agencies
agreement. However, BE values from the SP2 were about do not endorse any products or commercial services mentioned in
2 times smaller than the BE values from the other three this publication.

instruments. It is suggested that this is a result of the SP2

measuring BC particles that exist within only a limited range Edited by: Y. Cheng

of dp vep and of contributions to the total BC mass from par-
ticles outside this range.

Average Elgc's have been calculated for ships catego-
rized by engine type or vessel type. There is a fair amountarnott, W. P., Moosmilller, H., Rogers, F. C., Jin, T., and Bruch,
of ship-to-ship variability, especially between ships in the R.: Photoacoustic spectrometer for measuring light absorption
HSD and MSD categories. There is no clear indication of by aerosol: instrument description, Atmos. Environ., 33, 2845—
any systematic variation in BE with the vessel engine load 2852, doi10.1016/S1352-2310(98)00361¥999.
that can be discerned from the all-ships ensemble. HowBates, T. S., Quinn, P. K., Frossard, A. A., Russell, L. M., Hakala,
ever, there is some suggestion thatgEFdecreases with J., Petdja, T., Kulmala, M., Covert, D. S., Cappa, C. D., Li,
engine load for cargo ship types, but increases with ves- > M- Hayden, K. L., Nuaaman, 1., McLaren, R., Massoli, P.,
sel speed for a single research/fishing vessel. The geomet- Canagaratna, M. R., Onasch, T. B., Sueper, D., Worsnop, D.
. . . ’ . R., and Keene, W. C.: Measurements of ocean derived aerosol
ric averages between the different englne.categorles Were it the coast of California, J. Geophys. Res., 117, DOOV15,
all similar, with an aII-shlps average (excludlng the RXY d0i:10.1029/2012jd017582012.
lantis) of 0.31 g BC (kg fuely*. Considering the cut average Bond, T. C. and Bergstrom, R. W.: Light Absorption by Carbona-
(i.e. that with outliers excluded) the all-ships average was ceous Particles: An Investigative Review, Aerosol Sci. Tech., 40,
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