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I.  Introduction 

Background and Motivation 
 Maritime vessels, from cargo container ships to cruise vessels, are one of the largest unregulated sources of 
air pollution today, although the impact of their emissions are receiving increased scrutiny by local, regional, and 
international agencies [1].  These emissions, which include both gaseous and solid particles (aerosols), impact the air 
quality and human health of communities surrounding Ports. 
 A recent study focusing on the public health and economic impact associated with ship emissions, 
estimated that ship emissions are responsible for nearly 60,000 deaths worldwide.  Most of these deaths are 
concentrated in communities surrounding major Ports, which experience elevated levels of PM2.5, that is the 
concentration of airborne solid particles smaller than 2.5 microns in size.  The study cited above, like all other 
assessments of the impact of maritime vessel traffic, are based on modeling the chemistry and diffusion of ship 
plumes in the atmosphere combined with toxicological models that estimate the relationship between PM2.5 levels 
and cardiopulmonary and lung cancer mortalities [2]. 
 Despite the potential impact of ship emissions on local communities, direct assessments of their impact on 
local air quality in areas surrounding major Ports have not been done. There exists a  handful of observational 
studies focusing on the chemical components within ship plumes [3, 4].   These studies have found that ships are 
potentially significant sources of toxic trace metals such as Vanadium (V), Nickel (Ni), Zinc (Zn), and Lead (Pb).  
We have recently published the results of a two week long study that directly quantified the impact of ship primary 
sulfate in the San Diego area [5].  Here we propose to extend the time-period encompassed by these measurements 
so that the temporal variation of ship emissions and their impact can be quantified.  In addition, given recent 
regulations by the state of California, the work we propose will also directly quantify the expected improvements in 
air quality resulting from these regulations. 

A Novel Isotopic “Fingerprint” of Ship Particulate Sulfate 
 Sulfate ( SO

4

!2 ) found in the atmosphere has two distinct classifications: primary and secondary.  Primary 
sulfate refers to sulfate that is fully oxidized ( SO

4

!2 ) at the point of emission.  There are both natural and man-made 
contributors (volcanoes, diesel engines and ship emissions, biomass burning), but man-made contributions are by far 
dominant in the environment [6].  Secondary sulfate refers to sulfate derived from the oxidation (via the addition of 
oxygen atoms) of natural and gaseous sulfur  emissions (e.g SO2) to SO

4

!2  by various oxidants found in the 
atmosphere (e.g. ozone, OH, H2O2)[7].   
 Isotopes1 have a long history of providing unique insights into the sources and transformations of elements 
in geological and environmental settings [8].  Isotopic measurements of the relative ratios of oxygen isotopes from 
atmospheric samples (16O, 17O, and 18O), recently pioneered at the UCSD Stable Isotopes Laboratory, have led to 
new insights into atmospheric chemical processes (sources, transport, and transformation), and the sources of 
secondary sulfate in the atmosphere[9, 10].   Our most recent work, using triple isotope measurements of oxygen 
isotopes from direct samples of primary sulfate from a container ship coupled with collections of aerosols samples at 
the Scripps Pier, revealed that ship primary sulfate has a unique isotopic signature.  This signature makes primary 
sulfate from ships distinguishable from land-based diesel emissions [11] and atmospheric processes that produce 
sulfate from SO2.  This signature was found only in sulfate found as submicron particles(< 1 micrometer size) 
particles in La Jolla, the same size range of primary sulfate emissions that have been reported.  Using this signature 
of primary sulfate, we have made the first determinations of the amount of sulfate found in coastal San Diego that 
originated as primary ship sulfate.  Surprisingly, we have found that up to 44% of the total sulfate found at the 
Scripps Pier is attributable to primary sulfate emissions from ships [5] and our more recent work using 
meteorological back-trajectory calculations indicate that the amount of ship primary sulfate is highest when the air 
flows over the Port of San Diego and towards our sampling site at the Scripps Pier (Dominguez et al., in prep).    

                                                
1 An isotope of an element is an atom that has the same number of protons, but a different number of neutrons.  
Oxygen, for example, has three stable isotopes 16O, 17O, and 18O with 8 protons and 8, 9, and 10 neutrons 
respectively.    
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 This proposal seeks the funds to apply triple-oxygen isotopic measurements on a larger set of samples and 
combine these with trace metal quantitative analysis.  Scope of Proposed Work:The work we propose will, for the 
first time, directly assess the temporal and geographic impact of ship particulate sulfate and trace metals associated 
with these emissions in the Port of San Diego and surrounding communities.  This proposed research is of great 
importance to other communities surrounding ports and directly addresses the issue of air quality.  As such, the 
proposed research extends “beyond compliance and mitigation”.  The completion of the proposed research should 
help the Port of San Diego and the City of San Diego to determine the future impact of expected increases in cruise 
and cargo ship traffic.   
Regarding the Applicants:The facilities and personnel at the UCSD Stable Isotopes Laboratory are uniquely 
qualified to implement the proposed research program.  The lab has state of the art facilities to conduct the isotopic 
measurements described here, including a MAT 251 and 253 Isotope ratio mass spectrometers.  The Principal 
Investigator of this project, Prof. Mark Thiemens, has a long record of significant contributions in atmospheric 
chemistry, cosmochemistry, and chemistry through the use of isotope ratio mass spectrometry.  Dr. Gerardo 
Dominguez, a former Henry and Camille Dreyfus Postdoctoral Fellow in Environmental Chemistry, has made 
significant contributions in atmospheric chemistry, specifically in the use of isotopes and photochemical modeling to 
interpret measurements of isotopic measurements of aerosol nitrate and sulfate in the environment.  The overall 
progress and direction of the research will be supervised jointly by Prof. Thiemens and Dr.  Dominguez. 

II. Project Narrative 
 As part of an exploratory research grant, partially funded by the California Air Resources Board (CARB), 
we have collected and archived over two years worth (~3 day averages) of size-segregated aerosols.  Only a small 
portion of these (<40 ) samples were processed and analyzed for their triple-oxygen isotopes as part of the work 
reported in Dominguez et al. (2008).   The sample analysis techniques used to determine the triple oxygen isotopic 
composition of aerosol sulfate were developed at the UCSD laboratory and their applications are well documented 
in the scientific literature[8].   As a major portion of our research project, we propose to make use of this archive to 
apply the isotope technique to determine the variation of 1) total sulfate  and 2) non-sea-salt sulfate as a function of 
aerosol size and c) the amount of ship primary sulfate and trace-metal concentrations of aerosols at the Scripps Pier. 
(La Jolla) in a statistically significant (~50) number of (already) collected aerosol samples.  Fifty more samples will 
be collected and analyzed AFTER the newest ship fuel regulations become active in June of 2009.  This work will 
be completed throughout years 1-3 of the proposal period. 
 A second portion of the research will focus on improving our understanding of the primary particulate 
emissions from ships using a combination of advanced analytical techniques.  As part of this proposal, during year 1 
we will: 
 a) determine the ratio of primary sulfate to trace metals in direct samples (on hand) of ship emissions using 
ICP-MS2 and  
 b) determine the elemental makeup of individual primary sulfate-rich particles to identify the elemental 
composition (aside from Sulfur(S) and Oxygen(O)) of metals directly associated with ship primary sulfate.  These 
measurements will be done using the instruments available at a UCSD User Facility (CalIT, 
http://nano3.calit2.net/equipment/).  These measurements will provide us with ground truth assessments of the 
relationship between ship primary sulfate and toxic trace metal concentrations in atmospheric aerosols.  This type of 
study has never been done at any major port and thus the Port of San Diego will be a leader in this regard. The 
results of the work will be published in a premier journal as our laboratory has done in the past.  
 A third phase of our proposed research will involve the use of back-trajectory analysis to better understand 
how our measurements at the Scripps Pier relate to the rest of the city of San Diego.  This work will be developed 
throughout the project period (years 1-3) by both  Dr. Dominguez and the Ph.D. student.  This work will produce 
exposure maps for residents in San Diego County and will quantify the effects of the newest regulations on these 
exposures 
 A detailed description of the sample collection and analysis techniques that will be used in this project are 
given below. 
Aerosol Sample Collection  
 A 5-stage cascade laminar flow impactor is used to collect size-segregated aerosol samples on glass-fiber 
filter paper at the Scripps Pier in La Jolla, CA.  These samples are archived in freezers at the Stable Isotopes 
Laboratory at UCSD until they are prepared for chemical and isotopic analysis.  For the proposed research, we will 

                                                
2 Inductively Coupled Plasma Mass Spectrometry 
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measure the chemical and isotopic composition of aerosol sulfate for ~ a 1 year span (~100 samples) to determine 
the spatial and temporal variation of ship primary content in San Diego’s air.   
 
To determine their water soluble chemical composition, these filters will be: 
 • hydrated with Millipore water (up to 30 mL) and sonicated for 1 hour using standard laboratory 

equipment. 
 • after sonication, the wet filter papers are placed in a 50 mL syringe and plunged dry. The water with 
soluble aerosol components are collected in a separate centrifuge tube. The filter paper is rinsed with an additional 
10 mL of millipore water and squeezed dry. Additional water is added until the level of the liquid reaches 50 mL. 
 • Finally, cation (Na+, Ca++, Mg++, K+, and NH4+) and anion (Cl−1, NO3

−1, and SO4
−2 ) concentrations in 

these samples are measured using a Dionex Ion Chromatograph using 1 mL of the 50 mL sample volume and 
standard calibration techniques.  
 
Sample preparation for Isotopic Analysis 
 The UCSD Stable Isotopes Laboratory has developed a combustion technique that consumes about 6 
micromoles of  sulfate per isotopic measurement.  This requirements is not strict, but is generally targeted to achieve 
analytical precisions of  (0.01 %) in the measurements of isotopic compositions using isotope ratio mass 
spectroscopy (IRMS) of the O2 produced from the pyrolysis of AgNO3 or Ag2SO4.   The ion chromatographic 
determinations of the ionic concentrations of NO3

−1and SO4
−2 determined in each of the 5 stages (See section above) 

are used to prepare representative aliquots of the coarse (stages 1-3) and fine (stages 4,5) water soluble aerosols.  
This binning of fine and coarse aerosols is done primarily to satisfy the sample size requirement for analytical 
precision using IRMS.  
 Once an aliquot is prepared, organics removal is achieved through the use of Polyvinylpyrrolidone (PVP), 
C18 resin (Alltech), and silica gel and this procedure is repeated until clear Ag2SO4 crystals are obtained.  
 Combustion of Ag2SO4 can be represented as: 

Ag2SO4 Ag(metallic) + SO2 + O2 
The oxygen produced from combustion is separated from SO2 using double cold traps and a gas chromatograph.  
Detailed descriptions of this analytical method are found in Reference [12]. 

Isotopic Analysis and Quantification 
 For all of the isotopic data that we report, we make use of the standard delta notation.  All of the isotopic 
data reported will be determined using isotope ratio mass-spectrometry (IRMS).  Thus, the oxygen isotopic data we 
will produce will be determined from the following expression:  
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where x=17 and 18 for the isotopic ratios of 17O and 18O respectively.  All of our numbers are reported with respect 
to the Standard Mean Oceanic Water (SMOW) standard and are expressed in parts per thousand or per mil (‰). 
 Excess  17O, for a given sample are quantified and expressed as: 

!
17

O " #
17
O-0.52#

18
O  

When the isotopic composition of an oxygen-bearing compound is such that !
17

O=0 ‰, its composition is termed 
“mass-dependent”. It is this property that forms the fundamental basis for the forensic analysis. 

Back-trajectory Computations 
 In our previous work for the California Air Resources Board, we developed new analytical techniques to 
relate the variable air quality found in San Diego to the origins of air masses using the National Oceanic and 
Atmospheric Administration’s (NOAA) HYSPLIT (Hybrid Single-Particle Lagrangian Integrated Trajectory) model 
back-trajectory program run on a Unix machine in our laboratory.  Using the outputs of this program and additional 
programming in Matlab, we have developed methods of quantifying the relative influence of oceanic air (which 
have low non-sea-salt sulfate concentrations) and local sources, such as the Port of San Diego or even the Port of 
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Los Angeles.  Outputs of the HYSPLIT program and processed through our Matlab algorithms are shown in Figure 
1 below. 
 
 

 
Figure 1.  Back-trajectory calculations using HYSPLIT and Matlab showing the location of air (blue dots) prior to 
passage over the Scripps Pier during the time intervals shown above each plot.  Note that the for the days on the left 
hand plot, Port of San Diego influence was strong compared to the day on the right, where the back-trajectory 
points originate off of the ocean and away from Los Angeles as well.  Our  isotopic measurements revealed that 
during the sampling period shown on the left, ship primary sulfate accounted for as much as 26% (~1.8 µg m-3 ) of 
all airborne sulfate at the Scripps Pier compared to the day on the right, during which ship primary sulfate 
accounted for less than 13% (~0.77µg m-3) of all non-sea salt sulfate. 

 The work shown in Figure 1 is part of a second major publication that is currently being prepared.  Here, 
we apply back-trajectory calculations with the Scripps Pier as the “end point” and follow where the air had been.  
Similar back-trajectory analysis using other “end points” or receptor sites, corresponding to the locations (Chula 
Vista, Downtown, etc.) will be made and the results from the Scripps Pier will be used to “calibrate” the exposure at 
these other sites.  

Trace Metal Quantification using ICP-MS 
 Samples showing both low and high Port of San Diego influence that were selected for oxygen isotopic 
analysis will also be used to quantify the abundance of trace metals.  To do these measurements, aqueous samples in 
the same form as those used for our isotopic analysis, will be sent to a quantitative analysis service such as that 
offered by Caltest Analytical Laboratory.  This analytical laboratory uses the EPA 200.8 (ICPMS) protocol to 
determine trace metal abundances. 

Ship Traffic Monitoring 
 Ship traffic, both offshore and docked at the 
Port of San Diego will be tracked using an Automated 
Identification System (AIS) radio burst antenna that is 
networked and has been logging ship traffic 
continuously using a computer server at UCSD.  A 
map of intercepted ship transmissions during the 
month of September (2006) is shown in Figure 2, 
revealing the locations of major ship traffic corridors 
in Southern California and ships in the Port of San 
Diego. 
 

Figure 2:  Location of individual ships as logged by 
the UCSD Ship Tracking Facility. 
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Benefits to the Bay  
 It is expected that the proposed research will lead to more informed policy making concerning Port 
activities such as: 1) idling of large cargo and cruise ships while in Port and 2) where is future growth in Port ship 
traffic expected to have the most severe impact and by how much 3)  What is the contribution by ships  to the total 
trace metal budget of the area.  Answering these questions is a complex activity that goes “beyond the compliance 
and mitigation” mandate of the Port of San Diego’s announcement and presents the Port of San Diego with an 
opportunity to fund research that will be the first of its kind and that may serve as a model for studies of ship 
emission and their impact in communities surrounding major Ports throughout the world.   
 The proposed project involves the collection and chemical analysis of the chemical and isotopic 
composition of aerosol particles as a function of size.  The proposals PIs have executed similar projects during the 
last five years.   
 

III. Qualifying Experience 

Similar Projects 
Title: South Pole Atmospheric Nitrate Isotopic Analysis (SPANIA) 
Agency:  National Science Foundation  Total Award: 338,324 
Start Date:  5/01/2002  End Date: 4/30/2005 
Contact: Julie Palais, Program Manager, ANT Antarctic Sciences Division, OPP Office of Polar  Programs 
Telephone #: (703) 292-8033 
 
Title: Multiple-isotope Analysis of Nitrate and Sulfate in the West Antarctic Ice Sheet Divide Ice  Core 
Agency:  National Science Foundation  Total Award:  $ 192,000 
Start Date:  7/1/2006  End Date: in progress 
Contact: Julie M. Palais 
Telephone #: (703) 292-8033  
 
Title:  The Use of Multi-Isotope Ratio Measurements as a New and Unique Technique to resolve  NOx 
Transformation 
Agency: California Air Resources Board  Total Award: $75,000 
Start Date: 07/01/04     Ending Date:  01/31/06 
Contact: Dongmin Luo, Staff Air Pollution Specialist - Research Division California Air Resources Board 
Telephone #: (916) 324-8496 
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IV.  Objectives of Grant Proposal 
 We will measure the triple-oxygen isotopic composition of 100 aerosol samples and provide direct 
measurements of the impact of ships on air quality in San Diego.  We will target assessment of this impact to 
quantify the improvement in air quality resulting from the enforcement of low-sulfur fuel requirements recently 
mandated by the California Air Resources Board. 

V.  Cost Proposal 
 We request funds to pay for supplies ($7500) and the acquisition of new equipment to automate ($75,000) 
the otherwise labor intensive isotopic measurements proposed.  We also request funds  to pay for the tuition and 
salary of the Ph.D. student for three years.  In addition, we request funds for to partially support a staff scientist 
(Terri Jackson) to help with instrumentation that will be used for the proposed study.  Funds for partial support 
(20%) of Dr. Dominguez’s (Co-PI/Project Manager) time are requested.  This time will be used in the preparation of 
progress reports, data analysis, and training of the graduate student. Professor Thiemens will also work with Dr. 
Dominguez and the Ph.D. student in the analysis and writing of required reports and publications.  Total salary 
support for the proposed funding period equals $144,153.  Fringe benefits equal $16,998.   
 Fully burdened hourly rates for personell: 
  
Personell Fully Burdened Hourly Rate 
Project Manager&Co-PI/Dr. Dominguez $40.05 
Staff Scientist $28.97 
Ph.D. Student (include Tuition Remission) $42.32 
Co-PI/Mark Thiemens $114.93 
 
 In addition to salary support, we have budgeted funds ($12,240) to present results of the proposed research 
at one major research conference (AGU San Francisco, California) for each of the years.  The requested funds will 
cover the costs for one of the Co-Is and the graduate student travel. 
 We budget $750.00 to cover the sample preparation costs of doing elemental characterization of primary 
particulates, in particular, sulfate rich particles from direct ship stack samples that we already have on hand.  These 
funds are for ~10 hours of instrument and sample preparation time at the CalIT user facilities at 
UCSD(http://nano3.calit2.net/rates/). 
 The overhead rate for the proposed project is 15%. 
In kind services  
 We propose match the direct costs (315,586) at a 26% level. We propose to donate Prof. Mark Thiemens’ 
time (32,245$), 100 aerosol filter samples required for the analysis ($4,500), as well as the depreciation of 

laboratory equipment that will be used for the analysis 
of samples.  Matching funds in the form of cash 
($10,092) have been committed by UCSD to make up 
the remainder of the 26% matching requirement.   

VI.  Personnel 

Figure 3.  Organizational chart. Co-PIs will direct 
overall project.  Project management will be done by 
Dr. Dominguez and sample handling and analysis will 
be executed by a Ph.D. student (T.B.D.).  Additional 
help may be obtained (Undergraduate Researcher).
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