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Chapter 5

Comprehensive Simultaneous Shipboard and Airborne

Characterization of Exhaust from a Modern Container Ship at Sea

*This chapter is reproduced by permission from “Comprehensive simultaneous shipboard
and airborne characterization of exhaust from a modern container ship at sea.” Shane M.
Murphy, H. Agrawal, A. Sorooshian, L. T. Padro, H. Gates, S. Hersey, W.A. Welch, H. Jung, J.
W. Miller, D.R. Cocker, A. Nenes, H. Jonsson, R.C. Flagan, J.H. Seinfeld, Environmental
Science and Technology, Article ASAP, 2009. Copyright 2009 American Chemical Society
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5.1 Abstract

We report the first joint shipboard and airborne study focused on the chemical
composition and water-uptake behavior of particulate ship emissions. The study focuses
on emissions from the main propulsion engine of a Post-Panamax class container ship
cruising off the Central Coast of California and burning heavy fuel oil. Shipboard
sampling included Micro-Orifice Uniform Deposit Impactors (MOUDI) with subsequent
off-line analysis, whereas airborne measurements involved a number of real-time
analyzers to characterize the plume aerosol, aged from a few seconds to over an hour.
The mass ratio of particulate organic carbon to sulfate at the base of the ship stack was
0.23 £ 0.03, and increased to 0.30 = 0.01 in the airborne exhaust plume, with the
additional organic mass in the airborne plume being concentrated largely in particles
below 100 nm in diameter. The organic to sulfate mass ratio in the exhaust aerosol
remained constant during the first hour of plume dilution into the marine boundary layer.
The mass spectrum of the organic fraction of the exhaust aerosol strongly resembles that
of emissions from other diesel sources and appears to be predominantly hydrocarbon-like
organic (HOA) material. Background aerosol which, based on air mass back trajectories,
probably consisted of aged ship emissions and marine aerosol, contained a lower organic
mass fraction than the fresh plume and had a much more oxidized organic component. A
volume-weighted mixing rule is able to accurately predict hygroscopic growth factors in
the background aerosol but measured and calculated growth factors do not agree for
aerosols in the ship exhaust plume. Calculated CCN concentrations, at supersaturations
ranging from 0.1% to 0.33%, agree well with measurements in the ship-exhaust plume.

Using size-resolved chemical composition instead of bulk sub-micron composition has
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little effect on the predicted CCN concentrations because the cutoff diameter for CCN
activation is larger than the diameter where the mass fraction of organic aerosol begins to
increase significantly. The particle number emission factor estimated from this study is
1.3 x 10" (kg fuel)”, with less than one-tenth of the particles having diameters above 100
nm; 24% of particles (> 10 nm in diameter) activate into cloud droplets at 0.3%

supersaturation.

5.2 Introduction

Ship exhaust is estimated to represent an appreciable fraction of global NOy (21
Tgy™"), SOy (12 Tg y™"), and hydrocarbon emissions (1.96 Tg'y ™) (/). Ship emissions are
also thought to be a significant contributor to global particulate mass (PM, 1.67 Tg y),
though emission factors for PM remain highly uncertain (/-3). Particles emitted from
ships impact climate through both direct and indirect effects and are often emitted close
to populated coastlines where they impact air quality (2, 4, 5). In their 2003 study on the
global impact of ship emissions, Corbett and Koehler (6) state that error in the estimated
fuel consumption of the world fleet (based on estimates of the number, type, and activity
level of vessels in different regions of the world) is the most important uncertainty for
every type of ship emission except PM, for which the emission factor itself remains the
dominant uncertainty. Relatively little data exist concerning the composition of particles
emitted from ships and the ability of those particles to grow by hygroscopic water uptake
and act as cloud condensation nuclei (/, 3, 7). While it has been established that fresh
particulate emissions from ships consist of sulfuric acid, organics, and soot, estimates of
the organic mass fraction vary widely (8-7/0). Undoubtedly, much of the variation in the

particulate composition stems from the type of fuel used, but because heavy fuel oil
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(HFO) represents over 80% of the fuel consumed by the world fleet, emissions from HFO
clearly need to be characterized. Another source of variation in particulate emissions is
ship type, though the majority of worldwide emissions are from large cargo or container
vessels (6). Finally, engine type and load can significantly influence both particle
number and composition, though the amount of time ships spend entering and exiting
port with highly varying engine loads is a relatively small fraction of overall operating
time.

Emission studies conducted on engine test beds offer obvious advantages in that
engine load can be controlled, fuel characteristics are precisely known, and testing can be
conducted in a stationary, stable environment (8, /7). While these test-bed studies
provide important insight into the emission characteristics of different engines at various
loads, they need to be evaluated against measured emissions from engines in actual usage
at sea. To determine the relationship between test-bed results and in-situ emissions,
groups have begun to measure emissions inside the stacks of vessels under sail (12, 13).
Other groups have used airborne platforms to characterize particulate ship emissions in
the marine atmosphere (3, 7, 1/). However, when there is limited knowledge of the fuel
being used or the operating conditions of the vessel, it is difficult to relate airborne
emissions measurements to fuel consumption inventories. Corbett (/4) summarized the
gap in the current literature as follows, “By directly measuring what the engine emits at
the stack with pollution chemistry ‘seen by the environment’ in the aging plume, we may
improve large-scale inventories used in chemical transport models.”

We report here the first study with simultaneous in-stack and airborne

measurements of emissions from a container ship. Shipboard measurements give detailed
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gas and particle-phase emissions for a wide range of chemical species, while airborne
measurements are focused on particulate number, mass, composition, hygroscopic
growth, and CCN activity. We evaluate the relationship between shipboard and airborne
measurements and explore how these findings impact the characterization of emissions

from this important class of ships.

5.3 Methods
5.3.1 Container Ship
The ship, representative of a modern Post-Panamax class container ship

(Panamax = maximum size allowed through the Panama Canal), was 347 m long, with a
gross tonnage (GT) of 91,690 and a capacity of 8680 TEUs (Twenty-foot Equivalent
Unit). The main propulsion engine (ME) of the vessel was a 2-stroke, slow-speed diesel
engine (12k90MC, Build: Hitachi MAN B&W 12K90Mk mk 6 (1998)). The engine’s
rated power and speed are 54840 kW and 94 r/min with a maximum pressure at
maximum continuous rating (MCR) of 141 bar. During the study, load was stable with
ME running at 57% of maximum power, approximately 31.2 MW, and 81 revolutions per
minute. The ME operated on heavy fuel oil (HFO); selected properties are in Table 5.1,

and the ME exhaust included a heat recovery section after the on-board sampling section.

5.3.2 Shipboard Platform Measurements

A detailed description of the shipboard methods for sampling and analysis of
gases and particulate matter (PM) is given in Section 5.8.1 of the Supporting Information
and briefly described here. In-stack measurements conformed to the requirements of ISO

8178-1 (15). The sampling approach for PM and speciated hydrocarbons involved the
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use of a partial flow dilution system with single venturi and is shown in Figure 5.12 and
described in Agrawal et al. (/3). While ISO 8178-1 allows a transfer line of 5 m, no
transfer line was used in this study based on previous experience showing significant loss
of particulate mass in the transfer line. Concentrations of CO, and NOy were measured in
both the raw exhaust gas and dilution tunnel using the exhaust gas analyzer (EGA). The
dilution ratio in the dilution tunnel, determined from either CO, or NOy concentrations,
agreed within 5%, as specified in the reference method (/5).

Emission measurement of different gases, PM, s (particulate matter of diameter <
2.5 um) mass, size resolved PM composition, metals, ions, elemental and organic carbon,
selected hydrocarbon species, including polycyclic aromatic hydrocarbons (PAHs),
carbonyls, and n-alkanes, were performed off-line following standard methods (/5-19).
The SO, data are calculated from the sulfur level in the fuel as per ISO 8178-1 (15).
Other PM measurements were made with: a MOUDI, a thermophoretic sampler with
Transmission Electron Micrcoscopy (TEM) grids (model 3320C-CF, SPI Inc.), and
Dekati Mass Monitor (20). TEM grids were analyzed for non-organic elemental

composition using EDS (Energy Dispersive X-Ray Spectroscopy).

5.3.3 Aircraft-Based Measurements

The Center for Interdisciplinary Remotely Piloted Aircraft Studies (CIRPAS)
Twin Otter aircraft performed a series of passes through the exhaust plume of the
container ship on July 16, 2007. The ship-plane rendezvous occurred in the Pacific
Ocean 65 km west of the Central California Coast at 122° west longitude and 35° north

latitude. The Twin Otter remained in the vicinity of the ship for roughly 2.5 h,



250

characterizing the aerosol properties within the plume and background air. Plume aerosol

was measured at ages ranging from a few seconds to over an hour.

5.3.3.1 Aerosol Number and Volume

Aerosol number concentrations were measured by three independent condensation
particle counters (CPC’s), two TSI Model 3010 counters with a minimum detection
diameter of 10 nm, a saturation threshold of 10* particles cm™, and one ultrafine
condensation particle counter (TSI Model 3025) with a minimum detection diameter of 3
nm and a saturation threshold of 10° particles cm™. In the concentrated exhaust plume
just behind the ship, all three CPC’s were saturated; when this occurred, number
concentration data were obtained from the differential mobility analyzer (DMA) (D, = 10
— 800 nm) which is not subject to saturation until much higher concentrations because it
classifies the aerosol before optical counting. However, the time resolution of the DMA
is much slower (74 s) than the CPC’s (1 s).

Aerosol volume was determined by the DMA and an external passive cavity
aerosol spectrometer probe (0.1 — 3 um) (PCASP, PMS Inc., modified by DMT Inc.).
The response of the PCASP probe to different diameter particles was calibrated using
polystyrene latex spheres (refractive index = 1.58) and this calibration was used for all
data analysis. While the PCASP cannot measure particles below 100 nm, it offers the
advantage of 1 s time resolution. The PCASP nominally operates at ambient relative
humidity while during this flight, because of problems with the Nafion drier, the DMA

was operated at relative humidities between 40% and 50%
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5.3.3.2 Aerosol Mass, Chemistry, and Absorption

Sub-micron aerosol mass and size-resolved chemical composition were measured
by an Aerodyne compact Time of Flight Aerosol Mass Spectrometer (C-ToF-AMS).
Sub-micron water-soluble ions were measured by a Particle Into Liquid Sampler — Ion
Chromatograph (PILS-IC, Brechtel Mfg. Inc.). Aerosol optical absorption was measured
by a three-wavelength Particle Soot Absorption Photometer (PSAP, Radiance Research).

Details concerning the C-ToF-AMS can be found in Drewnick et al. (27). For this
airborne deployment the C-ToF-AMS was fitted with a pressure-controlled inlet (22), a
3.5 % chopper, the vaporizer was operated at 550 °C, and ion extraction occurred at a rate
of ~ 60 kHz. Detection limits for the instrument, calculated as three times the standard
deviation of the noise for filtered air, are < 0.05 ug m™ for all species measured, though,
in practice, detection is limited by counting statistics at low aerosol loadings. One
important issue concerning C-ToF-AMS data is the collection efficiency of particles
within the instrument (23). In this study, all C-ToF-AMS mass loadings were multiplied
by a factor of 2 (collection efficiency = 0.5) to attain agreement between the sulfate
measurements of the C-ToF-AMS and the PILS-IC during periods where there were no
rapid fluctuations in particulate mass loading. A collection efficiency of 0.5 has been
observed in numerous other field studies with the AMS (24) and in this study it gives
excellent agreement with both the PILS sulfate measurement and DMA derived mass
loadings, as described in Section 3.3.

The PILS-IC is described in Sorooshian et al. (25) with specifics related to
airborne operation given in Sorooshian et al. (26) . For this study, instrument uncertainty

was established as +7%. Collected aerosol in solution was delivered to a rotating
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carousel containing 72 vials, each of which contains material representing a period of ~ 5
min of flight, or alternatively, a distance of 15 km in flight (aircraft speed ~ 50 m/s).

The design of the three wavelength PSAP used in this study is described in
Virkkula et al. (27). The PSAP measures cumulative light absorption at 467, 530 and 660
nm as particles are collected onto a filter. All absorption measurements presented in this

paper have been corrected for scatter using the methods described in Virkkula et al. (27).

5.3.3.3 Aerosol Hygroscopic Growth and Cloud Condensation Nuclei Activity

Subsaturated aerosol water uptake was measured by a recently developed
instrument, the Differential Aerosol Sizing and Hygroscopicity Spectrometer Probe
(DASH-SP; Brechtel Mfg Inc.) while activation of cloud condensation nuclei (CCN) was
measured by a flow thermal gradient cloud condensation nuclei counter (CCNc, Droplet
Measurement Technologies Inc.) The DASH-SP is described in detail in Sorooshian et
al. (28). During this study, the DASH-SP provided simultancous measurements of
growth factor at different relative humidities (RH) for dry DMA-selected particle
diameters between D, = 150 — 200 nm; the time resolution for this size range inside and
outside of the plume was 1 - 10 s and 10 - 30 s, respectively. One humidifier was
operated dry (RH < 8%), and the other three were at RH settings of 74%, 85%, and 92%.
The uncertainty associated with growth factor measurements is +4.5%, and the
uncertainty in the RH measurement is +1.5%. The CCNc is described in detail in
Roberts and Nenes (29) and Lance et al. (30). For this study, the instrument was

operated at supersaturations between 0.1% and 0.4%.
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5.3.4 Theory for Predicting Subsaturated Hygroscopic Growth

Owing to its simplicity and frequent application, an assumption of independent
and additive water uptake by each individual chemical component of a particle was used
to predict hygroscopic growth in this study with composition measurements obtained

from the C-ToF-AMS (31, 32):

GFiea (@) = (Z&-GF,- (%)3]3 (1)

where GFieq 1S the hygroscopic growth factor of the mixed particle, GF; is the
hygroscopic growth factor of pure compound i, a,, s the activity coefficient of water, and
& 1s the volume fraction of pure compound 7 in the dry particle. In applying eq 1 we set
a,, = RH (33). Growth factors for the pure inorganic components were obtained from the
Aerosol Inorganics Model (34, 35). In the DASH-SP, particles are processed at an RH
very near zero before being re-humidified. Since ammonium sulfate does not deliquesce
until 79% (33), it is assigned a growth factor of unity at 74% RH. Because C-ToF-AMS
results indicate a hydrocarbon-like and presumably hydrophobic organic aerosol
component in the ship-exhaust plume, the growth factor for organic material is assumed

to be unity at all RH settings.

5.3.5 Theory for Cloud Condensation Nuclei (CCN) Closure

““CCN closure,’’ that is, comparison of CCN predictions based on knowledge of
particle size and composition with direct measurements of CCN concentrations, is an
evaluation of the extent to which CCN behavior can be predicted theoretically using

Koéhler theory (36). CCN closure calculations within the exhaust plume of the ship were
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performed at supersaturations ranging from 0.1% to 0.33%. Because the DMA was
operated at relative humidities ranging from 40%-50% during the study, measured
aerosol particles contained significant amounts of water, especially in the ship plume
where sulfuric acid was the most abundant species. Because prediction of CCN
concentrations requires knowledge of the dry size and composition of particles, an
algorithm was developed to calculate dry size distributions from the measured humid
distributions. First, size-resolved C-ToF-AMS data (averaged over the 74 s scan time of
the DMA) were shifted in diameter space until they aligned with the volume distribution
from the DMA. Once the mass and volume distributions were aligned, the non-refractory
particle composition of each DMA diameter bin was determined from the C-ToF-AMS
data (see Section 3.3 for a discussion of why the dry composition from the C-ToF-AMS,
measured versus vacuum aerodynamic diameter, can be aligned with the humid volume
distribution from the DMA, measured versus electrical mobility diameter). Next, with
knowledge of the composition of each DMA diameter bin, the ISORROPIA program (37)
was used to determine the amount of water that the particles in each diameter bin contain
at thermodynamic equilibrium at the operating relative humidity of the DMA. Finally the
particle volume without water was calculated (assuming volume additivity), particles
were rebinned into new smaller size bins, and the average composition of the new
diameter bins was calculated. Following this procedure, particle diameters within the ship
exhaust plume were found to be between 15 to 28% smaller when dry than when
measured by the DMA at ~ 45% RH. The percentage decrease in diameter was almost
exclusively determined by the mass fraction of organic (assumed insoluble) present in a

given DMA diameter bin. Data from the CCNc were also averaged to match the time
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resolution of the scanning DMA meaning one closure calculation can be performed every
74 s except when the CCNc instrument is switching between supersaturations.

Based on C-ToF-AMS and DASH-SP results to be discussed, the aerosol was
treated as an internal mixture when predicting CCN concentrations. Because the C-ToF-
AMS cannot measure refractory material, black carbon and ash are assumed to be
negligible in this closure study (impacts of this assumption are discussed in Section 4.4).
Two chemical composition scenarios were considered in the closure: a) bulk
composition, which assumes all particles have the same composition, and, b) size-
resolved composition, which assigns a specific composition to each particle size. In each
of these compositional scenarios, the measured sulfate molar ratio, SR = [NH4')/ [SO42'],
was used to estimate the composition of the inorganic fraction. When SR < 1, the sulfate
is assumed to be a mixture of NH;HSO, and H,SO4, when 1 < SR < 2, the sulfate is
assumed to be a mixture of NHsHSO,4 and (NH4),SO4, and when SR > 2, the sulfate is
considered to be solely (NH4),SOs. In the exhaust plume, the sulfate fraction consisted
mainly of H,SO4. Because ammonium levels were very low in the ship-exhaust plume
(SR ~ 0.1) the size-resolved ammonium measurements from the C-ToF-AMS were too
noisy to be used in CCN closure calculations. Instead, the mass ratio of ammonium to
sulfate from the bulk composition was assumed at all sizes. Particles were assumed to
have the surface tension of water and organics were treated as insoluble.

The effective van’t Hoff factor, vy (which includes an estimate of the osmotic
coefficient), is assumed to be 2.5 for ammonium sulfate, obtained from Pitzer activity
coefficients (38, 39) for ammonium sulfate CCN with critical supersaturation between

0.2 and 0.6%. Effective van’t Hoff factors for sulfuric acid and ammonium bisulfate are
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assumed to be 2 and 2.5 respectively (38-40). The critical supersaturation, s., for each

particle with dry diameter d, is calculated from Kohler theory (33),
M 3 M 3 1/2
5 = 256 WO s| P | d 2)
27 Rpr pS Mw gSUS

where R is the universal gas constant, 7 is the ambient temperature, o is the surface

tension of the CCN at the point of activation, M; is the molar mass of the solute, and M,,
and p, are the molar mass and density of water, respectively. The volume fraction of

solute, g, can be calculated as a function of the mass fraction of solute, mg, and its

density, p;,
s
S e ®
ms 1T ms
Ps Pi

where p; is the density of the organic (assumed to be 1.6 g cm™, as discussed
subsequently). A particle is counted as a CCN when its calculated s, is less than or equal
to the supersaturation of the CCNc. Predicted and measured CCN are then compared to

assess closure.

5.4 Results
5.4.1 Flight Tracks and Meteorology

Figure 5.1 is a photo taken from the Twin Otter aircraft during the study; the
plume was visible to the naked eye for a considerable distance downwind of the ship.

There was a steady 10 - 15 m s” wind from 311° NW which was blowing at a 10° angle
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to the ship’s path, as can be seen by the different paths of the exhaust plume and ship
wake in Figure 5.1. The flight track for the CIRPAS Twin Otter is shown in Figure 5.2.
Marker size is proportional to sulfate concentration and indicates the relative dilution of
the exhaust plume being emitted from the ship. Plume age was estimated from a simple
calculation based on the distance between the ship and the aircraft at the time of
measurement, knowledge of the ship’s velocity (11.3 m s™) and heading (322° NW), and
the average wind speed (11.4 m s) and direction (311° NW) during the period between
when the exhaust was emitted from the ship and measurement by the aircratft.

The marine boundary layer was well mixed during the 2.5 h period that the Twin
Otter probed the ship plume with a temperature of 14.3 + 0.4 °C (8 =287.9+0.1)and a
relative humidity of 90-98%. Vertical profiles (Figure 5.13) show an abrupt increase in
potential temperature and decrease in relative humidity at approximately 200 m, which is
assumed to be the top of the marine boundary layer. Three-day Hysplit back trajectories
(Figure 5.14) indicate that the air mass present during the study originated in the Pacific
Ocean and that there was no direct continental or urban influence on it during the
previous 3 days. There is little variation in the back trajectories with altitude, giving
further confidence that the measured air was not contaminated by continental outflow
(41).

Two different flight strategies were used. In the first half of the flight, four direct
approaches were made toward the ship, flying in what was estimated to be the center of
the plume. Each approach was initiated at a point that was as far from the ship as
possible but where the plume was still clearly distinguishable from background aerosol.

In these approaches down the ship plume, it was possible to obtain number, volume, and
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mass distributions and, importantly, to accurately measure the chemical composition of
the ship-exhaust aerosol in a region with very high signal to noise. Because negligible
differences were observed in any of the measured variables between the four direct
approaches in the plume, generally we present data only from the first approach, in which
the plume was detected at the farthest distance from the ship. The second half of the
flight consisted of a number of plume transects made at progressively farther distances
from the ship and at altitudes between 30 and 200 m. In this part of the flight the
crosswind and vertical structure of the plume and particle aging at longer time scales

were examined.

5.4.2 In-Stack Composition

Table 5.2 gives emission factors for all of the gas-phase and mixed (gas and
particle) phase species measured from the ship’s stack. The data represent the average of
triplicate measurements made during the period when the aircraft was probing the
exhaust plume; the values are similar to those reported by the engine manufacturer on this
vessel.  In addition to CO,, NOy, and SO, a wide array of volatile organic compounds
were measured, with naphthalene, formaldehyde, acetaldehyde, and acetone being the
most abundant.

Table 5.3 gives the average in-stack emission factors for particulate-phase
species. While sulfate is the dominant emission by mass, there is a significant fraction of
organic carbon. The cumulative masses of hydrated sulfate, organic carbon, elemental
carbon, and estimated ash is about 20% less than the measured particulate mass. The

lack of mass closure is most likely the result of uncertainty in the number of water
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molecules associated with each sulfate molecule. A ratio of 6.5 H,O molecules to a
H,SO4 molecule was used because it represents the lowest energy state for a sulfate-water
complex (/2, 13). Another reason for poor mass closure is that the organic carbon (OC)
has not been converted to organic mass (OM). While this would improve closure, it may
not be justified given that previous filter-based measurements of diesel exhaust, where
denuders were used to remove gas-phase organics, have shown an overestimation of OC
mass of approximately 30% caused by adsorption of gas-phase organics onto the filter
(42). Figure 5.3 shows size-resolved chemical composition measurements of particulate
matter within the ship’s stack obtained using a Micro-Orifice Uniform Deposit Impactor
(MOUDI, described in Section 5.8.1.4 in the Supporting Information). The mass ratio of
total carbon to hydrated sulfate (H,SO4 + 6.5 H,O) remains relatively constant with size
at 0.12 + 0.02, but the fraction of unknown mass is much higher at small particle sizes
(note that there was too little PM present in size bins above 0.32 microns to exceed the
detection limit for sulfate measurement and total PM cannot be measured for the smallest
size bin as described in Section 5.8.1.4 of the Supporting Information).

Figure 5.4 shows a TEM image from the in-stack thermophoretic sampler. Two
populations of nanoparticles are observed; one population ranging from 5 to 8 nm and the
other ranging from 30 to 100 nm. The 5 to 8 nm nanoparticles outnumber the larger
nanoparticles, a finding that is consistent with airborne measurements with an ultrafine
CPC, discussed subsequently, that show significant number of particles between 3 and 10
nm. EDS analysis shows distinctive peaks of sulfur and vanadium from both populations

of particles.
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5.4.3 Particle Number, Volume, and Mass in the Airborne Exhaust Plume

Figure 5.5 shows particle number concentrations during a series of airborne
transects made at progressively farther distances from the ship. Data from the three
different CPCs and the PCASP are shown. During the first two transects all three CPCs
were saturated, consistent with a DMA-measured concentration of 7.8x10° particles cm™
near the ship. The relatively low particle number concentrations reported by the PCASP
indicate that the vast majority of particles were less than 100 nm in size. On the third
transect, the number concentrations recorded by the ultrafine TSI 3025 CPC dropped
below the instrument saturation level of 10° particles cm™. The particle number
concentration in the center of the plume during all of the transects exceeded 10* cm™, a
level at which the TSI 3010 data are unreliable (7.4 % coincidence at 10* particles cm™).
On the edges of the plume transects, the ultrafine TSI 3025 detected much higher
loadings of particles than either TSI 3010, indicating the presence of significant numbers
of particles between 3 nm and 10 nm (the cutoff points for the TSI 3025 and 3010 CPCs
respectively). The ultrafine particles persist even at the longest plume age observed of 62
min.

Figure 5.6 shows time series from the C-ToF-AMS, PILS, PCASP and DMA
during the first in-plume approach to the ship. Background aerosol, at loadings typical
for marine air in this region, is observed until the plume is first encountered at 21:32
UTC. Following plume identification, the aircraft flew in the plume towards the ship
until reaching it at 21:49. The particle volumes measured by the PCASP were much

lower than those of the other instruments, indicating that not only the majority of the
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particle number distribution, but also the majority of the particulate volume and mass
distributions were below a diameter of 100 nm.

In Figure 5.6 and all subsequent figures, the mass loadings shown for the C-ToF-
AMS have been multiplied by a factor of 2 to correct for particle bounce off the
instrument’s vaporizer (see Section 2.3.2). The maximum sulfate loadings determined
by the C-ToF-AMS inside the exhaust plume are significantly higher than those
determined by the PILS, presumably the result of the longer, 5 min, averaging time for a
PILS measurement. To confirm that the higher loadings observed in the C-ToF-AMS
were not caused by an increase in collection efficiency related to the high concentrations
of sulfuric acid in the exhaust plume (24), C-ToF-AMS results are compared with
measurements from the DMA, which has enhanced time resolution (74 s scans) relative
to the PILS. Comparing the volume measured by the DMA to the C-ToF-AMS mass
measurement requires an estimate of the aerosol density. The C-ToF-AMS measures
particle vacuum aerodynamic diameter (D,,) while the DMA measures electrical mobility
diameter (D,,) allowing determination of particle density (p,) (43). If one assumes that
the aerosol consists of an internal mixture of spherical particles, the relationship between

the two diameters is p, =(D,,/D,,)p, , where p, is unit density (1 g cm ).

Figure 5.7 shows the chemically-resolved mass distribution of the in-plume
aerosol measured by the C-ToF-AMS along with the number and volume distributions
from the DMA. While there is a higher fraction of organic matter in the smaller particles,
an assumption of internal mixing appears reasonable in determining an average particle

density. Based on the diameter offset between the mass distribution (plotted vs. D,,) and
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the volume distribution (plotted vs. D,), the average in-plume particle density is
calculated to be 1.4 g cm™.

Because the DMA was run at relative humidities between 40% and 50%, this
represents a wet particle density. It may seem inconsistent to use C-ToF-AMS data
where particles are essentially dry (a small amount of water is retained by sulfuric acid in
the C-ToF-AMS) and DMA data where they are wet. However, this is reasonable
because of the fortuitous fact that the vacuum aerodynamic diameter of particles
composed of sulfuric acid and hydrophobic organic remains virtually unchanged as the
particle is dried from 50% to 0% RH. This is because the reduction in size caused by the
loss of water is almost exactly compensated for by the increase in density. Using the wet
particle density of 1.4 g cm™, mass loadings can be derived from the DMA volume data.

When total particulate mass measured by the C-ToF-AMS is plotted versus the
DMA volume multiplied by a wet density of 1.4 g cm™, the resulting loadings agree
within + 10% throughout the plume, except for the point nearest the ship where
sufficient time did not exist to complete a full DMA scan. Even at this last point where
the highest loading was observed, the two instruments agree to within 20%, with the C-
ToF-AMS measuring 470 pg m™ and the DMA, 380 pg m™. The extent of agreement
between the mass measured by the PILS, the C-ToF-AMS, and the DMA-derived mass
gives confidence that none of these instruments was subject to obvious saturation issues

and that the collection efficiency of the AMS remained constant throughout the flight.

5.4.4 Airborne Particulate Composition
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Table 5.4 gives the mass fractions of organic, ammonium, sulfate, and nitrate in
the particles directly behind the ship and during successive downwind transects of the
exhaust plume. Also given are the contributions of m/z 44 (CO,", higher fractions
indicate more oxidation) and 57 (C4Ho") higher fraction indicate less oxidation) (44) to
the organic mass, the ammonium-to-sulfate molar ratio, and the fraction of the organic
mass (measured by the C-ToF-AMS) accounted for by oxalate and other organic acids
(measured by the PILS).  Organic acid concentrations in the final transect represent
primarily background aerosol because the plume transect itself lasted for a few seconds
while a PILS vial represents average particle concentrations for a five-minute period.
Measurements from the PSAP instrument of aerosol light absorption are an indirect
measure of particulate black carbon concentration.

Organics comprise 31% of the aerosol mass immediately aft of the ship. This
fraction does not change significantly with age, remaining at 28% after the plume has
aged for over an hour. The non-organic aerosol mass appears to be almost entirely
sulfuric acid, given the very low mass fractions of either ammonium or nitrate within the
plume. The low mass fraction of organic acids in the plume and the large contribution of
m/z 57 relative to m/z 44 indicate that the organic is not well oxidized or readily water
soluble (45, 46). The estimated O:C atomic ratio for the plume organic aerosol is 0.20
versus 0.74 for the background aerosol (O:C estimates based on eq 4 and discussed in
Section 4.1) (47). Figure 5.8 shows aerosol mass spectra taken in the fresh ship exhaust,
in the exhaust plume after it had aged for 62 min, and in the background marine boundary
layer. Also shown in Figure 5.8 is a reference Aerodyne AMS mass spectrum from the

exhaust of a diesel bus (48). While the relative magnitude of the major peaks is slightly
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different in the diesel bus and ship exhaust particulate mass spectra, the major peaks
themselves are the same. These are the same major peaks observed by Phinney et al. (49)
during previous observations of particulate ship exhaust with an Aerodyne AMS and they
indicate particles composed of saturated and unsaturated hydrocarbons (alkanes, m/z 29,
43, 57,71, 85, ...; alkenes and cycloalkanes, m/z 27, 41, 55, 69, 83, ...; dienes, alkynes,
and cycloalkenes, m/z 67, 81,95, ...; phenylalkanes, m/z 77, 91, 105, 119,...) (50). Peaks
known to be associated with PAHs were also observed in the C-ToF-AMS mass spectrum
at m/z values above 200. Also evident in Figure 5.8 is an increase in the mass fraction of
m/z 44 and a decrease in the mass fraction m/z 57 in the more aged spectra, though this is
thought to be primarily caused by the influence of the more highly oxidized background

aerosol mixing in when the plume dilutes, as will be discussed subsequently.

5.4.5 Aerosol Hygroscopicity

Figure 5.9 shows the particle hygroscopic growth factors measured by the DASH-
SP and predicted by eq 1 with compositional inputs obtained from the C-ToF-AMS.
Average growth factors are given for “in plume”, defined as regions where particulate
sulfate mass and CN number were more than double those of the background aerosol, and
“out of plume,” classified as all non-plume measurements made at similar altitudes to the
in-plume measurements. The sulfate molar ratio, SR = [NH;1/[SO4*], was used to
determine the composition of the inorganic fraction. The same scheme (described in
Section 2.4.2) was used to define the relative amounts of sulfuric acid, ammonium
bisulfate and ammonium sulfate in both sub-saturated hygroscopic growth and CCN

calculations. Predicted particle growth factors were calculated using bulk composition
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(the average composition of all sub-micron particles). While the DASH-SP measures
particles with mobility diameters between 150 and 200 nm, bulk composition was used
because the improvement in signal to noise was judged to be more important than the
rather negligible difference (typically < 5 percent) between bulk composition and the
composition of particles in this size range. Organics were assumed to be hydrophobic
and assigned a growth factor of unity when calculating hygroscopic growth factors, both
in the ship exhaust plume and in the background air.

Because eq 1 requires volume fractions of individual chemical species in the
aerosol and the C-ToF-AMS measures mass fractions, it is necessary to estimate the
density of each individual chemical component within the particle. Using the techniques
described in Section 3.3, the average particle density (at ~ 45% RH) was determined to
be 1.4 g cm”™ in the ship-exhaust plume and 1.55 g cm™ outside of the plume. Given the
average particle density, the density of the organic fraction can be estimated using the
mass fraction of organic and inorganic species from the C-ToF-AMS, the mass fraction
of water from ISORROPIA, assuming volume additivity, and assuming dry densities of
1.83 g cm™ for sulfuric acid, 1.79 g cm™ for ammonium bisulfate, and 1.77 g cm™ for
ammonium sulfate. For the purpose of calculating the organic density, all in-plume
sulfate was assumed to be sulfuric acid and all out-of-plume sulfate was assumed to be in
the form of ammonium sulfate. Organics were found to have a density of ~ 1.6 g cm™ in
the exhaust plume while outside of the exhaust plume there was high variability in the
calculated organic density and a typical organic density of 1.4 g cm™ was assumed. It is
important to note that changing the organic density from 1.4 to 1.6 g cm™ results in an

~ 1% change in predicted growth factor.
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Hygroscopic growth factors of in-plume aerosol are suppressed relative to those
measured in the background aerosol. In-plume aerosol has a higher fraction of organic
mass (0.28 + 0.02 vs. 0.20 £ 0.15 out of plume), but also has more acidic sulfate (see
Table 5.4). Based on measured composition and the assumptions noted above, both in-
and out-of-plume hygroscopic growth factors are overpredicted by eq 1, and the
overprediction within the plume is more substantial. The color bar in Figure 5.9 shows
the hygroscopic growth factor of the organic fraction that would need to be assumed to
achieve closure between the predicted and measured growth factors. While physically
unrealistic, organic growth factors less than 1 indicate that observed growth factors are
less than those predicted based on water uptake by the inorganic fraction alone. The
presence of negative organic growth factors indicates that the measured growth factors
are substantially less than predicted. Using size-resolved chemistry from the C-ToF-
AMS in eq 1 would result in a slightly lower mass fraction of organics, eliminating the
possibility that a high organic mass fraction was masked by averaging across particle
sizes. None of the wet number distributions from the DASH-SP (74%, 85%, and 92%
RH) shows signs of a bimodal distribution, making it improbable that an externally
mixed, hydrophobic mode existed to explain the overpredicted particle hygroscopic
growth factors. Potential explanations for the suppressed growth factors observed will be

discussed subsequently.

5.4.6 CCN Activity
Figure 5.10 shows predicted and measured CCN concentrations for a number of

points within the ship exhaust plume. These particular in-plume points were chosen
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because the particle concentrations were relatively stable during an entire scan of the
DMA. Again, the sulfate molar ratio, SR = [NH,;"]/[SO4*], was used to determine the
composition of the inorganic fraction (see Section 2.5). As noted earlier, the low SR
suggests that the aerosol sulfate was present mostly as HySOj4 in the exhaust plume, while
out of plume the particulate sulfate was partially neutralized. All predictions shown are
based on eqs 2 and 3, but with different inputs for particulate chemical composition.
Before CCN prediction calculations were performed, the dry particle size distribution was
estimated based on the measured humid DMA size distribution and C-ToF-AMS
measured composition as described in Section 2.5. Because the particulate composition in
the ship exhaust plume did not change significantly with distance from the ship, the dry
size distribution was consistently between 15 and 28% smaller than the humid
distributions shown in Figure 5.7. Organics were treated as hydrophobic (based on AMS
spectra and DASH-SP results) with a density of 1.6 g cm™ and were assumed to have no
effect on surface tension. Assuming an internal mixture and using bulk composition
results in an overprediction of CCN number by an average of 23 + 6% (Figure 5.10, top).
Using size-resolved composition improves the closure slightly, resulting in an average
overprediction of 16+ 6% (Figure 5.10, bottom). The slight improvement in closure
using size resolved chemistry occurs because at the higher supersaturations (above
~0.25%) the CCN activation diameter moves towards smaller particles, which have a
higher mass fraction of hydrophobic organics and are less CCN active.

Figure 5.11, which will be referred to as a growth kinetics plot, shows the average
diameter achieved by activated particles when exiting the CCNc growth chamber as a

function of the instrument supersaturation. Because the aerosol introduced into the
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CCNc is polydisperse, the particles leaving the activation columns will always exhibit a
range of final sizes (this occurs even if the particles are pure ammonium sulfate, because
initially larger particles will grow to correspondingly larger sizes). The smallest size that
an ammonium sulfate particle can reach is that attained by a particle of the minimum
diameter required for activation at the operating supersaturation of the instrument; the
lines shown in the figure represent this minimum size for ammonium sulfate particles.
Any particles attaining a final size smaller than this minimum are likely be subject to
mass transfer limitations; that is, water is taken up more slowly such that the particles
activate at a later time within the CCNc growth chamber than ammonium sulfate. It is
clear that in-plume particles tend to achieve a smaller size within the CCNc growth
chamber than the reference ammonium sulfate particles. The effect is not thought to be
the result of depleted supersaturation in the column which has been shown not to occur

for CCN concentrations <10* cm™.

This suggests that particles with critical
supersaturation between 0.1 and 0.35% may have slower water uptake kinetics than

ammonium sulfate. On the contrary, the vast majority of particles outside the ship plume

do not exhibit slower water vapor uptake kinetics relative to (NH4)2SOa.

5.5 Discussion
5.5.1 Comparison of Ship and Airborne Data

One goal of the present study is to determine the extent to which in-stack
measurements of particulate ship emissions reflect particle properties in the airborne

exhaust plume. Owing to a lack of measurements of gas-phase tracers of dispersion (e.g.
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CO, or CO), it is not possible to relate the absolute particulate mass measured in the stack
to that in the air, but it is possible to assess agreement between composition
measurements. In-stack particulate composition data are summarized in Table 5.3, while
the airborne measurements are given in Table 5.4. The airborne measurements for
sulfate are reported without associated water. Accordingly, the 6.5 H,O molecules
assumed to be associated with a sulfate molecule in the stack can be removed to give a
dry sulfate emission factor of 0.84 g kWh™'. To relate the shipboard and airborne organic
measurements, it iS necessary to estimate a conversion from organic carbon (OC),
measured in the stack, to organic mass (OM) measured by the airborne C-ToF-AMS.
Aiken et al. (47) used a high resolution Aerodyne aerosol mass spectrometer,
capable of unambiguously measuring the oxygen and carbon content of an aerosol, to
relate the O:C atomic ratio to the fraction of signal intensity observed at m/z 44 on unit
mass resolution AMS instruments. The relationship, derived from several ground-based
and airborne studies, between the fraction of the organic aerosol signal (OA) present at
m/z 44 and the atomic ratio of oxygen to carbon (O:C), given with 95% confidence

intervals, is (R* = 0.84):

0:C =(0.0382 +0.0005)(% of OA from m/z 44) + (0.0794 +0.0070) (4)

Aiken et al. (47) used an even broader data set, including several chamber studies in

addition to the previously mentioned field studies, to derive a relationship between

organic mass (OM) and the O:C atomic ratio (R*=0.997):
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OM/OC = (1.260 +0.002)(0:C) + (1.180 + 0.001) (5)

In Table 5.4, the percentage of the organic mass spectrum represented by signal at
m/z 44 for particles within the exhaust plume is 3.5%, which, using eqs 4 and 5, leads to
an OM:OC ratio of 1.45. The in-plume percentage of non-refractory organic mass was
measured to be 31% by the C-ToF-AMS which converts to 21% organic carbon using
this estimated OM:OC ratio. Based on the arguments above, the estimated ratio of
organic carbon to dry sulfate mass (OC:SOuqry) measured in the ship’s stack is 0.23 *
0.03. The estimated airborne measurement of OM:SOuq4ry = 0.43 = 0.01, which converts
(again assuming an OM:OC ratio of 1.45) to OC: SOugry = 0.30 = 0.01. However, this
relatively good agreement between airborne and shipboard measurements is a best case
scenario given the previously mentioned overestimation of organic carbon mass in the
shipboard measurement caused by adsorption of gas-phase organics onto the filter
(estimated to be ~ 30% based on Shah et al. (42)). Because there was no correction for
absorption of gas-phase organics in this study, 0.23 represents an upper limit of the
organic carbon to dry sulfate mass ratio measured within the ship’s stack.

There are several possible explanations for the higher fraction of organic mass
measured in the airborne plume. The in-stack measurements were made at a dilution
ratio of about 5:1 which is less dilute than the airborne measurements, even close to the
stack. However, additional dilution should cause semivolatile organics to revolatilize and
cause less organic mass to be present in the airborne plume. Loss of particulate or
semivolatile gaseous organics during the transition from the stack to the filter is likely to

be a negligible effect because a transfer line was not used in this study. The slightly
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higher temperature of the collection point for the filters (~ 25 °C) versus the ambient
temperature of the marine boundary layer (14.3+ 0.4 °C) is also judged to be relatively
unimportant based on previous studies in which diesel exhaust filters were collected at
different temperatures (57). However, it should be noted that the volatilities of the
organics in the Heavy Fuel Oil may have quite different temperature dependencies than
those of organics in diesel fuels previously tested.

Given that the higher fraction of particulate organic mass observed in the
airborne measurements does not appear to be an artifact of the shipboard measurement
methods, the organic material must condense from the gas phase into the particle phase
between the point where the stack measurements are made (at the bottom of the stack)
and the point at which airborne measurements are first made (~ 100 m behind the ship).
Between the two measurement points, the exhaust gas from the stack passes through a
heat exchanger designed to use the otherwise waste heat of exhaust (also called a waste
heat boiler). The heat exchanger can lower the temperature of exhaust to ~ 75 -100 °C.
This temperature decrease occurs without dilution of the exhaust as opposed to the
dilution tunnel system used for in-stack measurements where the exhaust was cooled and
diluted simultaneously. The hypothesis that organics condense in the upper regions of
the stack and in the waste heat boiler is supported by Figures 5.3 and 5.7, which show
that the fraction of organic mass is constant with particle size in the stack measurements
but that organic mass is enriched on smaller airborne particles. This pattern of larger
mass fraction on smaller particles, which have more surface area, is consistent with a gas-

to-particle condensational process (assuming the condensing organic is non-volatile
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enough not to be affected by the higher vapor pressure caused by the increased curvature

of the smaller particles).

5.5.2 Plume Dilution and Aging

Because of the favorable wind and cloudless conditions during the study, it was
possible to fly directly in the exhaust plume until it had reached an estimated age of 24
min and to detect the plume in transects up to an estimated age of 62 min. Measurements
of plume composition at different ages are given in Table 5.4. Of significance is the fact
that there is essentially no change in the organic:sulfate mass ratio with time. This
constant ratio indicates that condensed organics in the particulate phase were not volatile
enough to repartition back to the gas phase as the plume diluted and gas-phase organic
concentrations decreased. Additionally, while organic matter does appear to condense
into the particle phase between the lower stack (where in-stack measurements were
made) and the point where airborne measurements were first made (a few hundred meters
behind the ship), no further organic matter condenses into the particle phase as the plume
ages after the point of the first airborne measurements.

While the ratio of organic:sulfate mass remains essentially constant, the fraction
of the mass spectrum represented by the peak at m/z 44 does increase significantly with
increasing plume age, indicating an increasingly oxidized aerosol. This appears to be the
result of the mixing of plume and background aerosol. As shown in Figure 5.8 and
tabulated in Table 5.4, the fraction of the organic signal at m/z 44 is significantly higher
(17%) in the background marine aerosol than it is in the freshly emitted plume (3%). The

average mass loading of organic aerosol in the background air is 0.48 ug m™, while
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closest to the ship it is 148 ug m~. During the transect at a plume age of 62 min, the peak
organic mass loading observed was 2.0 ug m™. Accordingly, one can approximate the
organic mass spectrum during this transect as a linear combination of 0.48 pg m™ (24%)
background aerosol and 1.52 pg m™ (76%) plume aerosol. Assuming the mass spectrum
of the plume aerosol remains unchanged after 62 min of aging, this simple linear
combination of plume and background aerosol predicts that 6.4% of the organic signal
will be present in the peak at m/z 44, which is close to the 8% that is observed. From
this analysis, it appears that there is little change in the mass spectrum of the particulate
organic during the first hour after emission. The conclusion that the increase in signal at
m/z 44 with plume age is a result primarily of dilution lends further confidence to the
hypothesis that the mass fraction and composition of particulate organics are determined

soon after the exhaust is emitted from the ship.

5.5.3 Hygroscopic Growth

Particulate hygroscopic growth is suppressed in the ship exhaust plume relative to
the background aerosol. While there is a higher fraction of organic mass inside the plume
(31%) relative to the background aerosol (18%), the closure study using the volume-
weighted mixing rule shows that when this organic mass is accounted for there is
relatively good closure between predicted and measured growth factors outside of the
exhaust plume but very poor closure within it. It is worth noting that while the closure
outside the exhaust plume is reasonable, it was obtained by assuming that organics have
the lowest physically realistic growth factor of unity. It is somewhat surprising that a

growth factor of unity would be appropriate for the highly oxidized organics found
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outside of the exhaust plume, though significant mass fractions of insoluble organics and
lower than predicted growth factors have been previously been observed in marine
aerosols in this region (52).

The fact that the simple volume-weighted mixing rule with compositional inputs
from C-ToF-AMS measurements is unable to realistically represent the hygroscopic
behavior of the mixture of fresh, hydrocarbon-like organic and sulfuric acid found within
the plume could be explained in several ways. First and most probable, the DASH-SP
may not be able to fully dry the exhaust-plume particles which contain large amounts of
sulfuric acid. If the particles are not fully dried before they are humidified, then the
measured growth factor will be underestimated because the particle’s dry size is
overestimated. A second possibility is that the organic material in the exhaust plume may
be slowing uptake of water onto the particles. A simple model of the DASH-SP growth
chamber, which has a particle residence time of ~ 4 s, indicates that an accommodation
coefficient (o) of ~ 10™* (or equivalently slow mass transfer through the organic layer) is
required to simulate the measured growth factors at 85 and 92% RH (an even smaller a
(~ 10”) is required to simulate the measured growth factor at 74% RH, but the sizing of
OPC in the DASH-SP is questionable at this lower RH because of uncertainties in the
refractive index).

The final possibility is that the volume fraction of organics has been incorrectly
estimated. This is possible because the particles that the DASH-SP measures (150-200
nm) are at the edge of the volume/mass distribution where there is relatively poor signal
to noise. Figure 5.7 clearly shows that a 200 nm mobility diameter particle is at the tail

end of the volume distribution and that the corresponding C-ToF-AMS composition
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measurements in this region of the mass distribution are rather uncertain. It is also
important to remember that the volume distribution given in Figure 5.7 is given at ~ 45%
RH and would be shifted to smaller sizes (by ~ 20%, see section 2.5) if it were dry.
However, there is no obvious indication that the fraction of organics would dramatically
increase at larger particle sizes and a brief sensitivity study showed that a 60% reduction
in sulfate volume fraction is needed to predict the growth factors measured in the exhaust
plume at 85% and 92% RH (an even further reduction of sulfate volume fraction would
be needed to simulate the measurements at 74% RH). This type of reduction in sulfate
seems improbable.

For completeness, it is important to note that black carbon is not detected by the
C-ToF-AMS, though it is clearly present in the exhaust plume as shown by the PSAP
measurements. Particles containing significant fractions of black carbon will be assigned
erroneously high volume fractions of water-soluble inorganics based on C-ToF-AMS
composition measurements. Despite this, the effect of black carbon is estimated to be
relatively minor overall given the good agreement between C-ToF-AMS measured

particle mass and DMA measured particle volume and given the low ash content in the

fuel.

5.5.4 CCN Closure

Ship emissions are clearly a source of particles in the marine boundary layer, but
because these particles typically have a smaller mean diameter and contain more organic
than background marine particles, it is uncertain what fraction act as CCN under the

relatively low supersaturations of marine stratocumulus clouds. The results of this study
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imply that, for the size distribution of particles emitted from this ship, knowledge of the
size-resolved chemical composition is relatively unimportant for supersaturations below
0.3%. However, if the supersaturation is above 0.3% or if the emitted particles are
slightly larger, knowledge of the size-resolved composition becomes critical for
accurately predicting CCN because of the high mass fractions of hydrophobic organics,
which inhibit CCN formation, observed at smaller particle sizes.

The impact of soot (black carbon) and ash particles on CCN closure was also
considered. Because the C-ToF-AMS cannot detect refractory material, the presence of
soot or ash will lead to overprediction of CCN. This overprediction occurs because
measurements from the C-ToF-AMS are used to assign chemical compositions to the
volume distribution measured by the DMA. If present, soot and ash will be measured by
the DMA and assigned an incorrect composition based on the C-ToF-AMS
measurements of the non-refractory aerosol. Because soot and ash tend to be less CCN
active than mixed organic/sulfate particles, this leads to an overestimation of CCN
number. Based on the PSAP measurements and the estimate based on fuel composition
given in Table 5.3, soot and ash appear to be a relatively minor contributor to aerosol
mass and their presence is not expected to be a major for the overestimation of CCN
number concentration, though it may partially account for the slight overestimation of

CCN calculated for this study.

5.6 Implications
The ship studied here, with a 2-stroke, slow-speed diesel engine, represents a

very common class of vessel. Emission factors from this study and relevant literature
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studies of ships burning heavy fuel oil are given in Table 5.5. All emission factors have
been normalized to be in units of (kg fuel)” using the carbon dioxide balance method
which was also used, in slightly varying forms, in all of the previous literature cited in
Table 5.5. This method is based on the fact that CO, is the principal carbon emission
from combustion of HFO (while carbon is also emitted as CO, methane, non-methane
organic compounds (NMOC), and particulate mass, the mass contribution of these
species is insignificant relative to CO,). Assuming complete combustion to CO, and a
hydrogen to carbon ratio of 1.8 for the fuel (53), 3.2 kg of CO, is formed per kg of fuel
burned. Because CO, was measured in the stack, this conversion factor can be used to
convert in-stack emission factors to a (kg fuel)' basis. Because neither CO, nor other
gas-phase species were measured on the airborne platform, in-plume particulate
measurements were scaled to in-stack CO, using particulate sulfate mass measurements
(made on both the shipboard and airborne platforms) and assuming that perturbations in
sulfate particulate mass above background atmospheric levels were caused solely by the
ship exhaust. A potential source of error in this method is that the mass of particulate
sulfate could change between the stack measurements and the atmosphere; however,
further conversion is unlikely.

The SO, emission factors in Table 5.5 give some confidence that the heavy fuel
oil being burned in these different studies was relatively similar, at least in terms of
percent sulfur. The NO measured in the ship’s stack during this study is significantly
higher than any of the previous airborne measurements. While it is similar to the Petzold
et al. study (/7), their numbers were estimated based on fuel composition and knowledge

of engine operating conditions. While the CN emission factor varies between studies, all
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of the data show that the number of CN with diameters above 100 nm is roughly an order
of magnitude less than the number of CN with diameters smaller than this. This study
represents the second time that an emission factor for CCN has been calculated. The
fraction of CN (> 10 nm in diameter) that activate into CCN at 0.3% supersaturation was
found to be 0.24, similar to the 0.18 found by Sinha et al. (3). Finally, the airborne
organic to sulfate mass ratio from this study (which is significantly higher than the in-
stack measurement) agrees well with the most recent test-bed results of Petzold et al.(/1);
both of these estimates are significantly higher than the previous estimate from Petzold et
al. (9) which was used by Eyring et al. (/) to estimate global emissions of 0.134 Tg OC
per year; these results suggest that the global annual emissions of organic carbon may be

significantly higher than previously estimated.
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5.8.1 Shipboard Platform Test Methods

5.8.1.1 Measurement of Stack Gases

The concentrations of gases in the raw exhaust and the dilution tunnel were
measured with a Horiba PG-250 portable multi-gas analyzer. For quality control,
analyzer checks with calibration gases both before and after each test were made to check
for drift. The SO, data presented here are calculated from the sulfur level in the fuel as

suggested by the certification method in ISO 8178 (15).

5.8.1.2 Measurement of Particulate Matter (PM) mass and Ions

The mass concentrations of PM,s and ions were acquired by analysis of
particulate matter collected on 47 mm diameter 2 um pore Teflo filters (Pall Gelman,
Ann Arbor, MI). The filters were measured for net gains using a Cahn C-35 (Madison,
WI) microbalance following the weighing procedure guidelines of the Code of Federal
Regulations (CFR) (16). Before and after collection, the filters were conditioned for 24 h
in an environmentally-controlled room (RH = 40%, T = 25 °C) and weighed daily until
two consecutive weight measurements were within 3 pg. Finally, the filters were
extracted with HPLC grade water and isopropyl alcohol and analyzed for sulfate ions
using a Dionex DX-120 ion chromatograph. Real time measurements of total particle

mass were made by a Dekati Mass Monitor (DMM-230) with 1s time resolution (20).

5.8.1.3 Measurement of Particle-Phase Elemental and Organic Carbon
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OC/EC analysis was performed on samples collected on 2500 QAT-UP
Tissuquartz Pall (Ann Arbor, MI) 47 mm filters that were preconditioned at 600 °C for 5
h. A 1.5 cm® punch was cut out from the quartz filter and analyzed with a Sunset
Laboratory (Forest Grove, OR) Thermal/Optical Carbon Aerosol Analyzer according to

the NIOSH 5040 reference method (79).

5.8.1.4 Measurement of Size-Resolved Particulate Composition

A ten stage rotating Micro-Orifice Uniform Deposit Impactor (MOUDI) (MDI-
110-R-366, MN) was used in order to obtain size resolved PM. The Model 110 provides
cut-point diameters of 18, 10, 5.6, 3.2, 1.8, 1.0, 0.56, 0.32, 0.18, 0.1, and 0.056 pm.
Aluminium (Al) filter substrates were used on all the upper stages and quartz filter
substrate was used as after filter. The Al filters were measured for net PM gains using a
Cahn C-35 (Madison, WI) microbalance. The quartz after filter (< 56nm) cannot be
accurately weighed because of loss of quartz fibers during the sampling to the o-ring seal.
The filters were subsequently analyzed for EC, OC, and sulfate following the standard
procedures described in the previous section. This enabled the determination of the

chemical composition of PM among various particle size bins.

5.8.1.5 Measurement of Carbonyls

Carbonyls were collected on 2,4-dinitrophenylhydrazine (DNPH) coated silica

cartridges (Waters Corp., Milford, MA) behind the Teflon filter as shown in Figure 5.12
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critical flow orifice was used to control the 1.0 liter per minute flow through the
cartridge. Sampled cartridges were extracted using 5 mL of acetonitrile and injected into
an Agilent 1100 series high performance liquid chromatograph (HPLC) equipped with a
diode array detector. The column used was a 5 um Deltabond AK resolution (200 cm x
4.6 mm ID) with upstream guard column. The HPLC sample injection and operating

conditions followed the specifications in the SAE 930142HP protocol (/8).

5.8.1.6 Ci to C39 Hydrocarbons, Including Naphthalene and PAHs

The diluted exhaust was collected through a quartz filter and into a column
packed with polyurethane foam (PUF)/XAD-4 resin. A portion of the quartz filter was
used to analyze for elemental and organic carbon, as described in the previous section.
Both the PUF/XAD-4 cartridge and the remainder of the quartz filter were extracted with
methylene chloride and analyzed using a modified method EPA TO13A protocol (GC-
MS analysis) to determine total emission rates for PAHs and n-alkanes. Details on the

analysis method are found in Shah et al. (77).

5.8.1.7 1,3 Butadiene; Benzene; Toluene; Ethylbenzene and Xylenes

Gaseous organics from C4 (butadiene) through C12 were collected and
concentrated on a multi-bed adsorbent column, including molecular sieve, activated
charcoal, and carbotrap resin. The most volatile compounds adsorb first; the remaining

compounds adsorb sequentially in relation to their volatility. The GC sample injection,
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column, and operating condition were set up according to the specifications of SAE

930142HP Method-2 for C4-C12 hydrocarbons.
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Table 5.1: Selected Heavy Fuel Oil Properties

Product Grade LLF.O. 380

Density @ 15°C 988.5 kg/m’

Viscosity @ 50 °C 290.6 mm?*/s

Sulfur 3.01% m/m

Ash 0.05% m/m
Vanadium 75 mg/kg

Nickel 29 mg/kg
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Table 5.2: Gaseous stack emission factors in g (kWhr) "' by chemical class. Emission
factors for PAHs and Alkanes are for total (gas and particle phase) emissions.

Compound Emissions Factor = Compound Emissions Factor
NO, (as NO,) 20.140.1 f(ﬁf,f;’ Alkanes

CcoO 0.29%0.01 Tetradecane (5.55+ 0.26)E-04
CO, 638+ 4 Hexadecane (4.00 £ 1.32)E-04
Calc. SO, 11.9%0.1 Octadecane (3.21 £ 1.13)E-04
BTEX" Nonadecane (2.00£ 0.39)E-04
1,3 Butadiene (1.3 0.8)E-04 Fluorene (2.50% 0.74)E-04
Benzene (7.0£ 0.4)E-04 Phenanthrene (5.14%£ 2.15)E-04
Toluene (441 0.9)E-04 Anthracene (1.22+ 0.66)E-05
m&p Xylene (3.3+ 0.5)E-04 Fluoranthene (7.48 + 2.85)E-05
Ethyl Benzene (1.1£0.3)E-04 Eicosane (2.49 £ 0.64)E-04
0-Xylene (1.0 0.05)E-04 Docosane (6.84+ 3.63)E-04
Carbonyls Tetracosane (9.55+9.06)E-04
Formaldehyde (8.32+ 4.82)E-03 Hexacosane (7.821 7.96)E-04
Acetaldehyde (5.21£2.06)E-03  Octacosane (7.37£ 6.02)E-04
Acetone (3.12+ 2.15)E-03  Triacontane (3.99+ 2.41)E-04
Acrolein, Propionaldehyde, Pyrene (4.76 £ 1.48)E-05
ggfgﬁ:aﬁ?ﬁi@m 11\gzhy1 cthyl Benz(a)anthracene (8.19+ 1.15)E-06
Butyraldehyde, Benzaldehyde, < 0.53E-03 Chrysene (8.89 % 0.84)E-06
n-Valeraldehyde, m- R
Tolualdehyde, Hexaldehyde Benzo(b)fluoranthene  (6.35 % 1.17)E-06
PAHs" and Alkanes Benzo(k)fluoranthene  (4.73 % 0.83)E-06
Naphthalene (3.36 = 1.06)E-02  Benzo(a)pyrene (1.62x 0.15)E-05
Acenaphthylene (2.35% 0.53)E-05 Indeno(1,2,3-cd)pyrene  (4.86 £ 1.04)E-06
Acenaphthene (1.16 = 0.63)E-04  Dibenzo(a,h)anthracene (3.64 + 1.02)E-06
Dodecane (2.34£ 0.19)E-04 Benzo(ghi)perylene (2.66x 1.02)E-05

"BTEX = Benzene, Toluene, Ethylbenzene, and Xylenes, “PAH - Polycyclic Aromatic Hydrocarbon

™SO0, gas data is calculated from the sulfur level in the fuel as per ISO 8178 (15).
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Table 5.3: Particulate Stack Emission Factors

Emissions

Compound Factor
(g/kWhr)
Particulate Mass (PM)" 2.62+£0.03

Sulfate as H,SO4 ¢ 6.5H,0 1.87+0.24

Sulfate (dry) 0.84+0.11
Organic Carbon (OC) 0.193+0.004
Elemental Carbon (EC) 0.007+0.001

ok

Ash 0.085

“Particulate mass measurements were made after filter equilibration at RH = 40% and
T =25 °C (see Section 5.8.1.2 of the Supporting Information for details)

**Ash emission factor estimated from the ash content in the fuel.
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Table 5.4: Summary of absorption coefficient and non-refractory (n.r.) dry particulate
composition in the ship exhaust plume at various plume ages.

Est. Plume Age (min) 0 24 62 |(D)|lljjtn?;
Altitude (m) 30 30 55 35-220
Sulfate (% n.r. dry mass) 68 67 70 73
Organic Mass (% n.r. dry mass) 31 31 28 18
Nitrate (% n.r. dry mass) <1 <1 <1 1
NH4:SO4 (mol ratio) 0.1 0.1 0.1 0.5
m/z 57:0rg (% n.r dry mass) 4 3 2 0.6
m/z 44:0rg (% n.r dry mass) 3 5 8 17
Oxalate:Org (% n.r. dry mass) 1 1 2 9
Org Acids:Org (% n.r. dry mass) 2 1 2 9
CN:S0, (10" g™ 2.6 2.5 2.3 0.25
Bags:SOs(Mm™ gh)? 2.4E5 2.8E5 - -

* Measured at 532 nm by the PSAP
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Table 5.5: Gas and particulate emission factors in g (kg fuel)! from this and previous
studies of emissions from ships burning heavy fuel oil.

This Study Petzold et al. Chenetal. Sinhaetal. Hobbs et
2008, 2004 2005 (54) 2003 (3)  al. 2000 (7)
o, 11)
NOX b a c c c
« + + + +
(as NO') 65.7+0.3 112 30+ 12 65.5 £3.3 23 +5
CcO 1.5+0.1° - - 3.0+ 02° -
SO, 59.7+0.5° 512 27+4° 522+ 3.7° 62 + 25°
PM 12.9+0.1° - - - -
EC 0.04+0.01°  0.18+0.02¢ - - -
0.98+0.03°
oc 1.3+0.5°¢ - - - -
Sulfate 43+05° - - - -
16 c.e 1.36+ 0.24c,e c ¢ c
CN 10 1.3+0.2 3 13s [ ogle 4T EL3 6.2+0.6 1.6+0.5
CN 107 0.6+0.1° 23+0.7° - 5140.5° -
(013 pm) 6+0. 3+0. 1+0.
CCN/CN ¢ ¢
- - - + -
(0.3% S) 0.24+0.05 0.18+0.07
OM:SO,  0.42+0.02°  0.54%0.17% - - -

“Form of NOy not specified in Petzold et al.

“0C:S0, ratio given in Petzold et al. (2004)

*Calculated based on fuel composition

bIn-stack measurement

‘Airborne plume measurement

9Test-bed MAN B&W four-stroke marine diesel engine. **from Petzold et al. (2004)

°CN emissions factor reported for CN>10 nm (reported in the current study because

the 3025 CPC gave suspect results in the emissions plume)
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Figure 5.1: Photograph taken of the container ship from the cabin of the CIRPAS Twin

Otter (the plane’s wing tip is in the foreground) during the study. The exhaust plume is
visible traveling with the mean wind at ~ 10° angle to the heading of the ship, which can

be inferred by the visible wake.
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Figure 5.2: Flight track of the CIRPAS Twin Otter during the ship exhaust plume study
on July 16, 2007. Marker size is proportional to the mass of sulfate in the particulate
phase. The aircraft flew a series of 4 in-plume approaches to the ship. During the first
approach, the estimated exhaust age at the point where the aircraft entered the plume was
24 min. This and each subsequent approach ended when the aircraft reached the stern of
the ship, identifiable by the very large sulfate loadings observed there. After finishing the
in-plume approaches, a series of 11 downwind transects were flown with the maximum
plume age observed during the transects being 62 min. While the location of the 62 min
transect may appear closer to the ship than the in-plume observations, it is important to
remember that this transect was performed long after the in-plume approaches were

finished when the ship had traveled beyond the area shown in the figure.
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Figure 5.3: Size-resolved particulate chemical composition obtained through the

MOUDI/filter setup in the ship’s stack. The ratio of Total Carbon (TC) mass to hydrated
sulfur (H,SO4° 6.5H,0) mass remains relatively constant with size (12% < 0.056 pm,

14% 0.056-0.1um , 9% 0.1-0.18 um, and 12% 0.18-0.32 um).



296

Figure 5.4: TEM image (scale bar in lower left corner = 100 nm) of particles collected
with the in-stack thermophoretic sampler. Two classes of particles are observed: 1)
nanoparticles in the size range of 5 to 8 nm, and 2) larger particles in a wide size ranges
from 30 to over 100 nm. The nanoparticles outnumber the larger particles. EDS analysis

showed distinctive peaks of sulfur and vanadium from both classes of particles.
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Figure 5.5: Time series of the aerosol number concentration measurements from the TSI

3010 and 3025 CPC’s showing significant ultrafine particle concentrations at plume ages
up to 1 h. The low PCASP concentrations indicate that the vast majority of particles in
the ship exhaust plume are less than 100 nm in diameter. Plume passes were made at

several different altitudes.
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Figure 5.6: Time series of all instruments measuring aerosol mass or volume during the
first in-plume approach to the ship. (A) PCASP particle volume. (B) DMA particle
volume. (C and D) AMS and PILS measurements of particle chemistry shown on a log
and linear axis respectively. The plane first enters the exhaust plume at 21:32 UTC, at
which point the plume has aged for ~ 24 min since being emitted from the ship. The
plane reaches the stern of the ship at 21:49, though the response of the DMA and the

PILS is delayed because of averaging time within the instruments.
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Figure 5.7: Top Panel: Particle number and volume distributions measured by the DMA
(at ~ 45% RH) at different plume ages during the first in-plume approach to the ship.
While there is a dramatic reduction in particle number as the plume is diluted, the peak
position of the number distribution changes relatively little with plume age. Middle
Panel: Chemically resolved mass distribution during the first in-plume approach to the
ship. The noisy distributions (right axis) correspond to measurements made after the
plume had aged for ~ 24 min while the much smoother distributions (left axis) were
obtained in the fresh plume immediately behind the ship. Again, there is little change
other than a decrease in particle mass. Bottom Panel: The organic:sulfate mass ratio

measured by the C-ToF-AMS in the ship exhaust plume.
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Figure 5.8: (A) Reference AMS organic mass spectrum from the diesel bus chase study
of Canagaratna et al. (4§). C-ToF-AMS organic mass spectra from (B) the ship exhaust
plume a few hundred meters behind the stack, (C) the ship exhaust plume after it had
aged for ~ 62 min, (D) background aerosol in the marine boundary layer outside of the
ship exhaust plume. Signal at m/z 39 (typically indicative of potassium and not included
in organic spectra) is shown because, based on peak location in the raw spectra (not
shown), it does not appear to be potassium. Both spectra (A) and (B) strongly resemble

the ship-exhaust organic AMS spectra observed by Phinney et al.(49).
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Figure 5.9: Hygroscopic growth factors for particles measured by the DASH-SP and
predicted using the volume-weighted mixing rule using bulk chemical composition form
the C-ToF-AMS and the assumption that organics have a growth factor of unity. Growth
factors are smaller within the exhaust plume than in the background aerosol. Growth
factors are suppressed relative to predictions in both the background and the plume
aerosol, but the suppression is significantly more dramatic within the exhaust plume. The
organic mass fraction is 0.28+0.02 within the plume and 0.20+0.15 outside of the
plume. The color scale gives the growth factor that the organic fraction would be

required to have to achieve closure between measurements and observations.



302

10° 3 0.30 f.%”
] o
- 0.25 g
_ 10" 4 0.20 3
@ 3 015 S
E 1010 2
L
€ o | .-~ Predicted = (1.23 + 0.06)*Observed
G.) - ) L 1 LA | LA
g 10 '22 468'32 468'42 468'5
8 10 10 10 10
z L
o) 105 = 0.30 3
g E 0.25 g -
% s ] 0.20 i
5 107 3 015 S
S . 0.10 X
10°4 -
102 T ..~ Predicted = (1.16 + 0.06)*Observed
2 é I‘j‘léléll3 é 1 Aiéléil4 é I Aléléll
10 10 10 10°

Measured CCN Concentration (cm'S)

Figure 5.10: CCN droplet closure within the exhaust plume. Top Panel: Results
obtained using bulk (size-averaged) chemistry. Bottom Panel: Results obtained when
size-resolved chemistry is used in the calculations. Size-resolved chemistry slightly
improves the closure. The color of the markers corresponds to the CCNc instrument
operating supersaturation during the measurement. Dashed lines indicate values that are
twice and one half of the 1:1 line, while the red lines indicate the least squares best fit.
The slopes of the least squares fits are given in the predicted vs. observed equations at the

bottom of each panel.
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Figure 5.11: Growth kinetics plot for aerosol in and out of the ship exhaust plume. All

measurements were made between 845 and 900 millibar, near the middle of the pressure
range defined by the two ammonium sulfate calibrations shown in the figure. The
calibration lines represent the final diameter achieved by ammonium sulfate particles
with the minimum diameter required for activation at the given supersaturation. The vast
majority of background particles grow to diameters greater than the minimum defined by
the calibrations while the rate of growth of particles within the exhaust plume appears to

be suppressed relative to that of ammonium sulfate.
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Figure 5.12: Flow Diagram of the Sampling System used on-board the container ship.

No transfer tube was used in this study.
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Figure 5.13: Vertical profiles of relative humidity and potential temperature during the
study. Each plot has two traces, representing data from an ascent and a descent through

the marine boundary layer.
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Figure 5.14: NOAA Hysplit three-day back trajectory for the air mass present during the
study. At all altitudes, the air originates from the west and does not appear to be subject

to recent continental influence.
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