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Sulfate (SO4) and its precursors are significant components of the
atmosphere, with both natural and anthropogenic sources. Re-
cently, our triple-isotope (160, 170, 180) measurements of atmo-
spheric sulfate have provided specific insights into the oxidation
pathways leading to sulfate, with important implications for mod-
els of the sulfur cycle and global climate change. Using similar
isotopic measurements of aerosol sulfate in a polluted marine
boundary layer (MBL) and primary sulfate (p-SO4) sampled directly
from a ship stack, we quantify the amount of p-SO4 found in the
atmosphere from ships. We find that ships contribute between
10% and 44% of the non-sea-salt sulfate found in fine [diameter
(D) < 1.5 um) particulate matter in coastal Southern California.
These fractions are surprising, given that p-SO,4 constitutes ~2-7%
of total sulfur emissions from combustion sources [Seinfed JH,
Pandis SN (2006) Atmospheric Chemistry and Physics (Wiley-Inter-
science, New York)]. Our findings also suggest that the interaction
of SO, from ship emissions with coarse hydrated sea salt particles
may lead to the rapid removal of SO; in the MBL. When combined
with the longer residence time of p-SO4 emissions in the MBL, these
findings suggest that the importance of p-SO4 emissions in marine
environments may be underappreciated in global chemical models.
Given the expected increase of international shipping in the years
to come, these findings have clear implications for public health, air
quality, international maritime law, and atmospheric chemistry.

maritime vessels | triple oxygen isotope | aerosols | polluted marine
boundary layer | sea salt spray

though there are natural sources of aerosol sulfate and its
precursors in the atmosphere, the global sulfur budget is
dominated by anthropogenic contributions (1). Despite decades
of research, however, our understanding of the global sulfur
cycle remains unsatisfactory, in part because of the complexity
of the multivalence states of sulfur as well as the variety of
sources. Emissions of fully oxidized sulfate (SO4) at the source,
also known as primary sulfate, and sulfur dioxide (SO), a gas
phase precursor that may eventually be oxidized in the atmo-
sphere to become sulfate (secondary sulfate), have decreased in
North America because of regulatory activities, although con-
tributions from the developing world continue to rise (2).
Recently, marine vessels, which consume sulfur-rich (up to 5%
S by weight) bunker oils, have been recognized to be globally
significant sources of S in the atmosphere (3, 4). These emissions
are in general not regulated, although, according to the latest
Intergovernmental Panel on Climate Change (IPCC) report (5),
they are receiving increased scrutiny by regional and interna-
tional regulatory agencies because of their potential impact on
air quality and human health in communities downwind from
major shipping lanes and ports (6). Primary sulfate from ships is
emitted predominantly as submicron-sized solid particles and
comprises ~2% of the total sulfur mass emitted (7). The fate of
these gaseous (SO-) and particulate sulfur emissions (SO4) in the
atmosphere are determined by the chemical transformation
(oxidation) and removal (i.e., wet and dry deposition) processes
that occur after they are emitted (8). The fate of sulfur emissions
in the atmosphere is particularly important for global climate,
because sulfate particles can directly affect the Earth’s albedo via
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the reflection and/or absorption of sunlight (the direct effect)
and can act as cloud condensation nuclei (CCNs), thereby
affecting the radiative properties of the atmosphere in an
indirect way as well (9). Sulfur emissions into the atmosphere can
also have an adverse affect on human health, especially partic-
ulate matter <2.5 microns in size (PM2.5), because these have
been linked to cardiopulmonary disease and death (10). Recent
modeling work indicates that ship emissions may be responsible
for as many as 60,000 deaths per year worldwide (6), and the
economic cost of ship emissions are estimated to surpass 500
million dollars a year in the U.S. alone (11). These estimates have
large uncertainties because the atmospheric transformation and
transport processes governing gaseous and particulate sulfur
emissions are not fully understood (6). Thus, understanding the
strength and transport of particulate and gaseous sulfur emis-
sions from the relatively unregulated shipping industry is desir-
able (3, 6).

Measurements of aerosol sulfate concentrations in the atmo-
sphere are ambiguous indicators of source contributions in urban
environments because of the variety of potential contributors of
primary and secondary sulfate that exist. Determining the
amount of particulate sulfate contributed by ships in urban areas
is especially challenging, given that elevated levels of diesel truck
engine traffic, a known source of primary sulfate, are also
associated with major ports. Attempts at using isotopes of sulfur
(8%S) in aerosol sulfate yield ambiguous results because of the
wide variation of §*4S in potential sources such as coal and fossil
fuels and a lack of a simple definitive isotope ratio for specific
sources (1).

Recently, triple-isotope measurements of oxygen
(°0,70,'80) in aerosol sulfate and nitrate have been used to
address a variety of facets of atmospheric chemistry, from
climate change (12) to the impact of biomass burning in prein-
dustrial America on the oxidation of nitrogen and sulfur (13) and
the variability of ozone concentrations in the Antarctic (14).
Using size-segregated sampling and triple oxygen isotopic anal-
ysis of atmospheric as well as direct samples of primary sulfate
from a ship, we demonstrate that triple-oxygen isotopic mea-
surements of aerosol sulfate can also be used to estimate the
concentration primary sulfate found in the atmosphere that is
emitted from ships (15).

Results

A summary of the oxygen isotopic composition of the total and
non-sea-salt (nss)-sulfate triple-oxygen isotopic compositions is
found in Table 1. The triple isotopic composition of nss-sulfate was
calculated by subtracting the triple-oxygen isotopic composition of
sea-salt sulfate (880 = 10%o, 670 = 5.2%0, A7O = 0%o0) using
Na* cation concentration measurements (ion chromatography,
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Table 1. Sample IDs, sampling periods, size fractions, sulfate and sodium ion concentrations, and triple-isotope values for aerosol

total and nss-SO4 portions

Start End Size [50;21, [Na] [S0;2] [50;% [50;2% [50;2] [50;% [50;7]
Sample ID date date cut  umolm=3 umolm=3 §'80,%0 8'70,% A'70,%0 nss-8'80, %o  nss- §'70, %o  nss-A'70, %o
SI0060905-A 9/1/06 9/5/06 C 0.05 0.25 - - - - -
S10060905-B 9/1/06 9/5/06 F 0.05 0.07 10.56 6.37 0.88 10.62 6.48 0.96
SI0060907-A 9/6/06 9/7/06 C 0.02 0.22 - - - - - -
SI0060907-B 9/6/06 9/7/06 F 0.06 0.1 10.84 6.55 0.91 10.96 6.73 1.04
S1I0060908-A 9/7/06 9/8/06 C 0.02 0.16 10.94 6.31 0.62 12.20 7.79 1.45
SI0060908-B 9/7/06 9/8/06 F 0.05 0.1 13.32 7.92 0.99 13.86 8.36 1.16
SIO060911-A 9/8/06  9/11/06 C 0.02 0.15 9.79 5.22 0.13 9.66 5.23 0.21
S10060911-B 9/8/06  9/11/06 F 0.05 0.05 14.32 8.18 0.74 14.62 8.39 0.79
SIO060912-A  9/11/06  9/12/06 C 0.02 0.23 10.83 6.04 0.41 11.97 7.19 0.97
SIO060912-B  9/11/06  9/12/06 F 0.07 0.12 13.93 7.80 0.56 14.40 8.1 0.62
SI0060913-A  9/12/06  9/13/06 C 0.01 0.16 12.68 7.20 0.61 40.83 28.26 7.02
SIO060913-B  9/12/06  9/13/06 F 0.09 0.12 14.36 8.08 0.61 14.78 8.36 0.67
SIO060914-A  9/13/06  9/14/06 C 0.02 0.20 12.88 7.38 0.68 19.61 12.46 2.27
S10060914-B 9/13/06  9/14/06 F 0.05 0.00 11.02 6.56 0.83 11.02 6.57 0.84

Samples with—have not been measured.

Dionex Ionac AS4A-SC column) and the molar ratio SO4:Na™ =
0.0604 for sea salt.

A plot of the mass-independent (or excess in 17O as expected
from the amount of '30) in the nss-sulfate (nss-SO4) in fine and
coarse particles vs. §'%0 is shown in Fig. 1 (For a review of
mass-independent effects see ref. 15). Trend-lines for fine and
coarse particles determined by using a x> minimization algorithm
(written in Matlab) are also shown. The trend lines for the coarse
and fine aerosol sulfate fractions are distinct at a statistically
significant level (>3 o). For reference, we also plot the triple-
isotope composition of oxygen in nss-SOy in the fine and coarse
aerosols from a pristine coastal marine environment in Northern
California (16). The distinct slopes observed in fine and coarse
aerosol nss-SOy indicate that the sources and/or oxidative path-
ways of nss-SOy are isotopically distinct, with the mixing line of
aerosol nss-SOy4 in coarse aerosols being consistent with varying

nss-SO i
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Fig. 1. Oxygen isotopes of nss- SO4 in fine and coarse aerosol size fractions.
For reference, the measurements of size-segregated aerosol sulfate from
Trinidad Head (TH), California by Patris et al. (16) as well as measurements of
primary sulfate sampled directly from a ship (see Table 2) are also shown. The
solid lines indicate the best fit to the coarse (black) and fine (blue) aerosol size
bin data. Uncertainty in isotopic composition of nss-SO,4 is dominated by the
uncertainty (=10%) of the ion-chromatographic data. The uncertainty esti-
mates are smaller_than the marker size for the sulfate found in the fine
aerosols.

12770 | www.pnas.org/cgi/doi/10.1073/pnas.0805255105

degrees of sulfate production via ozone (8'%0 = 81.6 * 6%o,
A7 =26.7 = 5%0) (17) oxidation of SO,(aq) in sea-salt aerosols
in this size fraction (18). The slope and intercept of the sulfate
in fine aerosol particles differs significantly from those of the
coarse particles.

The results of our measurements of the isotopic composition
of oxygen in primary sulfate from a marine vessel are significant
and are summarized in Table 2. It is interesting to note that the
average isotopic ratios of oxygen in primary ship sulfate (880 =
21.06%0, 870 = 0.07%0) are almost identical to those of oxygen
in the atmosphere (8'80 = 23.5%0, A0 = 0%o).

Discussion

The isotopic composition of oxygen in nss-SO4 found in the
remote marine boundary layer (MBL) is determined by the
relative strengths of OH (8'80 ~ 0%o, (870 = 0%o0), H>O»
(880 = 21.9-52.6%0, (A0 = 1.4-2.4%0) (19), and ozone
(8'80 = 81.6 = 6%0, (A0 = 26.7 = 5%0) [here, we are quoting
the average and standard deviation of the triple-oxygen isotopic
composition of ozone at La Jolla as measured by Johnston and
Thiemens (17)] oxidation of SO, (A7O = 0%0) (20) and the
associated 8'30 fractionations (equilibrium and/or kinetic) and
A70O compositions of these oxidants (21). Given the possible
natural explanations for the trend lines seen in our data, it is
interesting that the A7O of sulfate in fine aerosols decreases for
higher §'30 values, indicating the influence of a distinct mass-
dependent source of so4 in the atmosphere of Southern Cali-
fornia. This trend is in marked contrast to the nss-SO4 found in
our coarse particles.

Given the location of the sampling site and the measured
isotopic composition of primary sulfate from the ship stack
(Table 2), it is plausible that the fine aerosol trend line represents
a mixing line between a background with a marine nss-SOy-like
composition and that of primary particulate sulfate from ship
emissions in coastal San Diego and/or the greater Los Angeles

Table 2. Results of triple-isotope measurements of primary
particulate sulfate from the large container ship Sine Maersk,
Post-Panamax Series S

Sample ID 8 180, %o 85170, %o A 170, %o
Denmark-AB65 20.01 10.41 0.04 = 0.1
Denmark-AB68 21.99 11.53 0.10 = 0.1
Denmark-AB81 21.20 11.12 0.09 = 0.1
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Table 3. Lower and upper limits to the amount of primary particulate ship sulfate in coastal San Diego’s air, assuming that ships

contribute 39% and 100% of the mass-dependent nss-SO, in the air

Start End Fine-[SO4]  Fine-[nss-SO4]  Fine-[SO4(ships)] nss-SO4 (fine)  All (fine plus coarse) Back-trajectory

Sample ID date date mg m—3 mg m—3 mg m—3 from ships, % SO4, % origin of aerosols
SI0060901-B  8/29/06 9/1/06 8.53 8.18 2.89-3.64 35-44 34-42 1,2,3
SI0060905-B 9/2/06 9/6/06 4.61 4.20 0.43-0.53 10-13 4-11 1,3,2
SI0060907-B 9/6/06 9/7/06 5.34 4.69 0.50-0.63 11-13 7-9 1,2,3
S10060908-B 9/7/06 9/8/06 4.56 3.93 0.92-1.16 23-29 15-18 1,2
SI0060911-B 9/8/06  9/11/06 4.56 4.27 1.44-1.80 33-42 21-26 1,2
SI0060912-B 9/11/06  9/12/06 6.54 5.84 2.06-2.59 25-44 23-29 1,3
SI0060913-B 9/12/06  9/13/06 8.19 7.48 2.71-3.41 36-46 29-37 1,3
SIO060914-B  9/13/06  9/14/06 4.33 4.31 0.61-0.77 14-18 10-13 1,2

The origin of air sampled at the Scripps Pier was determined by using the National Oceanic and Atmospheric Administration’s HYSPLIT Backtrajectory program. All
sampled air masses were predominantly ““oceanic” (1), but smaller portions of their air originated from the Port of San Diego (2) and the Port of Los Angeles (3).

area. The trend line in the coarse particles also indicates that
oxidation of SO, by ozone in supramicrometer-sized sea-salt
aerosols is a significant, but not exclusive, source of nss-SOy4 in
the polluted MBL. We examine the relative role of the various
oxidation pathways in the fine-size fraction using a simple mixing
model and mass balance. For simplicity, we assume that the
measured triple-isotopic composition of aerosol sulfate is rep-
resented as a linear combination of fractions of sulfate that was
formed similarly to the “background” nss-SO4 in a remote
marine environment (fz), mass-dependent primary particulate
sulfate (fp), and sulfate made from the oxidation of SO,(aq) by
O3 (fo,) This general model can be expressed as follows:

AO(nss—S04) = AO(B)f + AO(P)f,, + A7O(0;)fo,

(1]

880(nss—S0,) = §20(B)f + 8180(P)fp + 6180(03)]003
[2]
L=fp+fp+fo, [3]

where f3, fp, and fo, are the fractions of nss-SO4 with isotopic
compositions matching the “background,” primary sulfate, and
ozone oxidation, respectively. These relationships can be written
in matrix form and solved for fg, fp, and fo,, yielding the relative
contributions by each for each sample.

We can now estimate the upper and lower limits to the amount
of particulate primary sulfate found in coastal San Diego. To
obtain an upper limit, we assume that ships contribute 100% of
the mass-dependent primary sulfate, and therefore the primary
sulfate end-member in this case is found at §!80(P) = 21%o,
A7O(P) = 0%o. There is the possibility that the observed
influence of a mass-dependent source originates either wholly or
partly from land-based diesel engine exhaust. An examination of
the triple-isotopic composition of oxygen in primary sulfate from
diesel engines (22) found that the 8'0 ranged from 5%o to 7%o
and A0 from —0.2%o0 to 0.2%o. The §'80 values of diesel
engine primary sulfate are too low to satisfy the isotopic con-
straints of our data. If we treat the mass-dependent primary
sulfate as a generic end-member, it can be easily shown that
physically meaningful values of fp (0 =< fp =< 1) are obtained when
the mass-dependent A0 = 0%o) source of primary sulfate has
a 8'80 > 13%o. This end-member (8'30(P) = 13 %o, A'7O(P) =
0 %o) is equivalent to a mixture of diesel primary sulfate (61%)
and ship primary sulfate (39%), and the results for fp derived
from this end-member composition constitute a lower limit to
the amount of ship sulfate needed to explain the triple-oxygen
isotopic data. A summary of the lower and upper limits to the
concentration of primary particulate sulfate from ships in coastal
San Diego are shown in Table 3, and Fig. 2 graphically illustrates

Dominguez et al.

the necessity of having a mass-dependent sulfate end member
with relatively high 880 values to explain our triple-oxygen
isotope data in fine-particle sulfate. It is interesting to note that
fo,in the fine aerosols is typically <0.02, with fz + fp ~ 1, making
the results relatively insensitive to the isotopic composition of
ozone in the atmosphere.

The fraction of all nss-SOy attributable to ships (See Table 3)
is somewhat surprising considering that it is generally believed
that only 2-7% of the total sulfur emissions from combustion
sources is partitioned into primary sulfur (7, 23). Chemical
modeling of ship S emissions typically focus on the chemistry and
transport of the gaseous component (3, 4), but our results
support the argument that the submicron particulate sulfate
component, because of its long atmospheric residence time,
should be considered in these models. Our results also beg the
question: What happened to the much larger fraction of S from
ships that was emitted as SO,? A qualitative analysis of back
trajectories (see Table 3) indicates that the origin of the air
sampled at the Scripps Pier have both oceanic and urban origins,
including the Ports of San Diego and Los Angeles/Long Beach
(strong SO, and SO, source regions). And, although detailed
modeling of the interaction between SO,-NOx plumes and
sea-salt aerosols is beyond the scope of this work, it is instructive
to look at a plot of the A7O(nss-SOy) vs. the concentration of
nss-SOy in our coarse-aerosol samples (See Fig. 3). Here, we see

oxygen reservoirs
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Fig.2. Asummary of potential sources of oxygen in aerosol sulfate found in

the atmosphere.
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nss-SO ” in coarse particles

100 % SOz(aq)+03(aq) oxidation

A0 (nss-S0,)
[
1

| + ,

P
0 L L —

0 05 1 1.5
[nss-SO4] ng m?3

Fig. 3. A0 vs. [nss-SO4(coarse)] at La Jolla. The decreasing slope demon-
strate that SOz(aq) + Os(aq) oxidation does not continue indefinitely. The
decrease in A'70 of nss-sulfate as a function of the concentration of nss-SO4
suggests that other sulfate production mechanism become important as
aerosols become acidified in polluted marine environments.

that SO, plus O3 oxidation as a fraction of all nss-SO4 (corre-
sponding to the highest A7O values) is highest on sampling dates
with the lowest nss-SO4 concentrations, with a systematic de-
crease at higher nss-SO4 concentrations. This pattern strongly
suggests that the additional SO4 found in coarse aerosols must
have come from either the uptake of HaSOy (g) (A0 = 0%o0)
on existing aerosols in the coarse size, although the isotopic data
alone cannot be used to quantify the contribution that halogenic
compounds like HOCl and HOBr may have had because these
would also produce sulfate with the same triple-isotopic com-
position (24). Our results can, however, be used to constraint the
relative ratio of SOx(aq) + Os(aq) vs. all other oxidative
pathways that produce mass-dependent SO, with low §'%0 values
in coarse particles. These results and their interpretation are
consistent with the results of previous modeling work indicating
the importance of sea-salt aerosol acidification in controlling the
production of sulfate via the SO»(aq) plus Os(aq) oxidative
pathway (25). Although it is not the main focus of this paper, our
data indicate that triple-oxygen isotope measurements of sam-
ples from pristine and polluted marine environments, when
combined with other field measurements and with chemical
modeling of sea-salt aerosol and associated halogen chemistry
(26), could be used to provide tight constraints on the oxidative
pathways of secondary sulfate in the atmosphere and, as a
consequence, provide insights into the global S cycle. For
example, if significant amounts of S from ship emissions are
taken up by coarse sea-salt particles as SO(g) and H,SO4(g), as
our results suggest, then this has important implications for the
distribution and deposition of sulfur in the atmosphere because
sea-salt particles have limited residence times (~1-6 h) and may
therefore act as efficient removal agents in the MBL (18, 21).
This interpretation is consistent with the isotopic composition of
nss-SO4 found in coarse (sea-salt-dominated) particles in coastal
La Jolla that are presented in Figs. 1 and 3.

Elevated levels of certain metal ions (Mn?*, Fe3") are known
to catalyze the oxidation of aqueous SO, by O,. This oxidation
pathway could also produce a mixing line (in our fine-aerosol
sulfate) with a very similar slope (23, 27). In fact, given that the
isotopic composition of primary sulfate from the ship samples we
analyzed is so similar to that of atmospheric oxygen and differs

12772 | www.pnas.org/cgi/doi/10.1073/pnas.0805255105

significantly from that of particulate sulfate from land-based
diesel engines, we suggest that primary particulate sulfate made
in marine diesel engines may be the end product of the catalytic
oxidation of S by atmospheric oxygen within ship engines.
Studies of ship plumes indicate that most of their particulate
emissions are submicron in size and have elevated levels of trace
metals such as Ni, Zn, V, and Pb (28, 29). At this time it is unclear
whether these metals are capable of acting as catalysts in ship
engines or the atmosphere, but this possibility should be ex-
plored in future work by using the combination of triple-oxygen
isotope and trace-metal analysis. The work we have presented
demonstrates that triple-isotope determinations of oxygen in
size-segregated sulfate in the environment can be used to greatly
clarify our understanding of the local, regional, and global sulfur
budgets and associated impacts on human health and climate.

The combined use of simple sample collection using high-volume
size-segregated aerosol samplers followed by the triple-oxygen
isotopic analysis of these samples in the laboratory should be widely
applicable to other regions with major ports (e.g., New York City,
San Francisco, Hong Kong, Houston, Singapore, etc.). With global
shipping expected to continue to increase in the years and decades
to come, the quantitative assessment and monitoring of ship
emissions and their transport should allow policy makers to make
more informed decisions aimed at minimizing their negative im-
pacts on human health and the environment.

Materials and Methods

To collect our aerosol samples, a standard high-volume (Thermo-Electron), five-
stage slotted impact collector with glass-fiber filter papers was deployed at the
end of the Scripps Pier (32.87 °N, 117.25 °W) in La Jolla, CA. This site is particularly
interesting because it is just north (=10 miles) of a major urban area and port (San
Diego, CA), west (=30 miles) of a major shipping lane with heavy traffic (~7-14
perday), andis also downstream from a large metropolitan city (Los Angeles, CA)
with the third largest port in the world.* In general, the meteorology of this site
produces periods of onshore and offshore winds as well as periods of time when
pollutants from Los Angeles are sampled. Thus, in many ways, the sampling site
is ideally situated to address issues of marine vessel emissions and their identifi-
cation in a complex urban environment.

During late August 2006 through early October 2006, aerosol samples with
time resolutions between 1 and 3 days were collected. During this time, the
sampling site experienced various degrees of pure marine and urban air. A
subset of these samples was prepared for determination of the oxygen
isotopic composition in aerosol sulfate. Because of the analytical requirement
of sample size, sulfate from the first three stages, which will be referred to
hereafter as coarse (D > 1.5 um), and the last two stages, referred to as fine
(D < 1.5 um), were aggregated and prepared by using standard techniques for
the isolation of SO, 2 anions and subsequent conversion to Ag,504 and liber-
ation of O, using a standard combustion technique.S The product of combus-
tion, O, was isolated by using a gas chromatograph, and a MAT 251 mass-
spectrometer was used to determine the isotopic ratios §'70, §'80, and A'70
(30).7 These same techniques were also used to measure the oxygen-isotopic
ratios of primary particulate sulfate from the exhaust of a large container ship

TEstimate based on total number of vessel arrivals reported by the Port of Los Angeles and
the comparable size of the Port of Long Beach and assuming that half the traffic
enters/leaves on the southern approach to the Port (source: www.portoflosangeles.org/
factsfigures_Portataglance.htm).

*The Port of Los Angeles and Port of Long Beach combined are considered to be the fifth
largest in the world. Source: www.portoflosangeles.org/about_faghtm#8

SThese cut-off diameters are approximate aerodynamic cut-offs.

TWe use the standard definition of deviation from the terrestrial fractionation line (TFL), or
excess of 170 as: A770 = §'70—(0.52) §'80; the isotopic ratios of 70 and '80 are defined as:

17,18y
(—wo)
sample
171 80
%0
standard

All of our numbers are reported with respect to the Standard Mean Oceanic Water (SMOW)
standard.

517180 = -1 | x1000.
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www.manaraa.com



SINPAS

N

Downloaded at Palestinian Territory, occupied on December 25, 2021

(Sine Maersk, Post-Panamax Series S), operating at various loads, using PM
filters that were provided to us by the California Air Resources Board (CARB).
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