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Executive Summary
The first Secondary Organic Aerosols Workshop was unique because it was premised on what
don’t we know rather that what we do know about SOA. The workshop bears implications for
future dialogue on research and policy development related to not only air quality in the United
States, but significant to climate change, public health, and visibility and haze.

It has been a major goal of the first Secondary Organic Aerosols Workshop to provide
opportunities for key researchers across the United States to contribute to developing aResearch
Strategyfor the next 3-5 years that identifies where study is needed to advance knowledge
associated with organic aerosols, particularly secondary organics aerosols. Bringing these key
researchers together to discuss their work and share their recommendations about where research
should be focused was a primary desired outcome of the workshop. Both the workshop and the
strategy will contribute to enhancing interaction among researchers and federal agencies.

Rationale and need for studying SOAs
Secondary Organic Aerosol is important because:

1. it may contribute to large fraction of organic carbon, which in turn constitutes a large
fraction of PM2.5that causes haze and adverse health effects:

2. it contains many water soluble compounds that may enhance light scattering at high
humidities;

3. it is an end-product of photo chemical process that also create sulfate, nitrate, and ozone,
and;

4. it is the least well-qualified and understood of the processes that form particles in the
atmosphere.

5. some of it is natural and some is manmade
6. we may come to a point where it is a limiting unknown in achieving PM2.5 standards and

visibility goals.

The need for a rationale for studying secondary organic aerosols goes beyond the fact that very
little is known about secondary organic aerosols and their precursors. A practical research plan
and an underlying rationale is needed to justify studying secondary organic aerosols and to
identify the benefits of characterizing ambient concentrations of secondary organic aerosols and
their precursors. For example, what would be done with the information if it was discovered that
secondary organic aerosols constitute 5 percent of the fine aerosol mass and 10 percent of the
visibility extinction on an annual basis?
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The importance of secondary organic aerosols related to haze, visibility, climate, and health has
been recognized since the 1950s. A small community of researchers in the United States, as well
as Europe, have persisted in sampling, measuring, improving the use of available technologies,
analyzing and interpreting data. The problem is complex because there are hundreds, possibly
thousands, of SOA precursors and end-products. Many of these remain to be identified and
measured. Sampling, measuring, and defining SOAs is also recognized as being extremely
difficult and challenging.

The Secondary Organic Aerosols Workshop, held February 4-5, 2002 in Reno, Nevada
articulated the current context of SOA research and where knowledge gaps exist. Fifty-four
workshop participants brainstormed and began to strategize research needs and identify funding
sources for activating research of SOAs.

Lead workshop presenters and guest presenters made general recommendations about the
directions in which research could and should go. Recommendations were drawn from the
workshop’s rather comprehensive articulation of the body of knowledge to enable us to begin
categorizing areas for potential research.

Actual projects were not outlined. Some funding sources were listed.

Workshop Goals
The goals of workshop were to:

1) summarize existing knowledge of the extent to which chemical markers for secondary
aerosol can be identified and measured at remote locations to determine their
contributions to regional haze;

2) identify knowledge gaps and ways to fill them; and
3) specify projects, timelines, and approximate resources needed to demonstrate a source

attribution of secondary organic aerosol at remote locations.

Each question was examined and addressed through each of these goals as a guide for
formulating pre-workshop write-ups, workshop presentations, and guest presentations.

Statement of Problem

Potential Receptor-Oriented Methods to Identify and Quantify Contributions from
Secondary Organic Aerosol to PM2.5 and Light Extinction

Organic and elemental carbon constitute, on average, one-third of the average PM2.5 mass and
are estimated to contribute ~30% of particle light extinction at sites in remote locations such as
national parks and wilderness areas. A large continuous database of carbon measurements has
been acquired by the interagency monitoring of protected visual environment (IMPROVE)
networks. Ammonium sulfate and geological material constitute the other two-thirds. For some
24-hour periods, carbon contributes more than half of the particle extinction. The major sources
of this carbon are: 1) exhaust from gasoline and diesel powered vehicles, emitted locally and
transported from distant sources; 2) formation during transport of secondary organic material
from heavy hydrocarbon (>C8) compounds originating from vegetation, industrial processes, and
diesel combustion; 3) meat cooking, especially charbroiling over wood or natural gas; and 4)
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vegetative burning emissions from wildfires, prescribed burns of forests and crops, and
woodburning in campfires, fireplaces and wood stoves. Raw vegetative material from plant
detritus, pollens, molds and spores also contributes to carbon, primarily in the coarse (PM10 minus
PM2.5) particle size fraction.

Thermal evolution carbon analysis protocols typically report organic carbon (OC) and
elemental carbon (EC) fractions, sometimes with sub-fractions based on evolution temperature.
These OC/EC mass ratios in urban areas are often found to range from 1 to 4, typical of ratios in
primary emissions such as vegetative burning and vehicle exhaust. There are many examples at
IMPROVE sites, however, where these ratios are much higher, indicating some source of OC that
is not accompanied by EC. One interpretation of high OC/EC ratios is that additional OC is
provided by secondary organic aerosol. Other interpretations are that remote sites are affected by
primary emissions from sources with large organic carbon content (e.g., pollen and spores) and
that organic vapors adsorbed onto quartz fiber filters used for sampling interfere with the particle
measurements (despite subtraction of an average black from backup quartz filters).

Workshop Process for Answering Questions
The workshop centered on presentations addressing seven research questions about the

overarching subjects of visibility, mechanisms and equilibrium, sampling methods, and analysis.
In addition, two research implementation questions were posed to all workshop participants
during a plenary session.

The key questions were assigned to seven lead workshop presenters who addressed key issues
through presentations made to an audience of about 54 participants. A floor discussion, and
questions and answers followed their presentations. Nine guest presentations were also made after
selected lead presentations.

Goals and the questions were drafted and comments were solicited by lead presenters who
examined recent literature relevant to each question, then recommended one or two articles for
others to inform themselves. Lead presenters then composed their answers to questions in
understandable terms, identifying knowledge gaps and how to fill them. These were distributed
for general reading among core participants and discussed via a series of pre-workshop
conference calls. Edited answers and workshop agenda were distributed to workshop registrants
for the plenary session held on Feb. 5 in Reno. Lead presenters and workshop organizers met on
February 4, 2002 in Reno to discuss answers to questions and prepare for plenary presentations.
The workshop took place the next day in which about an hour was devoted to each question,
followed by a question and answer discussion. Workshop facilitator, John Watson, assisted lead
presenters and facilitated discussion. On Feb. 6, members of the organizing group edited answers,
adding in other material presented by other participants, where necessary, into a draft Research
Strategy that outlines the direction research could go in the next five years.

Outcomes
Nineteen recommendations for the near-, mid-, and long-term were listed by participants in a
plenary brainstorming session in addition to several more recommendations made by individual
presenters.

The workshop was an initial step towards developing relationships that will be needed to conduct
appropriate and relevant research that expands on previously existing research, to develop
significant new technologies, and to create concrete links to funding and other resources. It served
to bring researchers closer together with potential funding sources and their representatives.
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Opportunities
Workshop participants suggested additional topics that would merit separate and more tightly
focused follow-up workshops. These included:

1) Specific needs of potential research sponsors with respect to organic particles and SOA;
2) fundamental causes of difference in carbon measurement methods;
3) development of measurement methods fore polar compounds that constitute most of

SOA, and;
4) quantification of fundamental physical and chemical parameters fro SOA and precursor

compounds.

Potential Future Directions

Phase I

This phase culminated in the completion of the Secondary Organic Aerosols Workshop, February
4-5, 2002, Reno, Nevada and in the preparation of the Research Strategy to guide SOA research
in the near-, mid-, and long-term. Outcomes during this phase of initial development include:
identifying interested parties, contacting them, and conducting a conversation about SOAs,
particularly what can we do to address what we don’t know about SOAs. Participants include
university and EPA and NPS researchers, graduate students, corporate researcher/representatives,
state agency staffs.

Numerous conference calls were held to formulate the conceptual approach, and to plan and
prepare first workshop.

Fifty-four individuals attended the workshop.

Phase II

� Identify funding sources and raise dollars for continued communication among
researchers and agency contacts.

� Identify and contact organizations and agencies for their potential involvement and
support.

� Conduct second workshop as early as fall 2002.
� Determine which near-term research projects are most relevant, achievable within a

realistic timeframe.
� Identify funding sources for conducting near-term research projects.



Secondary Organic Aerosols Research Strategy 4/3/2003

8

Summaries of Lead
Presentations
Question #1

Where and when does the IMPROVE and other chemically-speciated particle
data bases show high OC/EC ratios that might indicate large contributions of
secondary organic aerosol to light extinction?

William C. Malm, Ph. D.
National Park Service-Air Resources Division
CIRA/Colorado State University
Fort Collins, Colorado 80523-1375

Introduction

Samples collected by the IMPROVE network at about 70 sites throughout the US for roughly the
last 14 years have been analyzed by the IMPROVE thermal optical reflectance protocol. The
IMPROVE protocol provides bulk carbon speciation based on the temperature and atmospheric
conditions under which a species volatilizes. The carbon fractions which volatilize between 25˚C
and 550˚C in a helium atmosphere are considered organic, and those which volatilize between
550˚C and 800˚C in a 98% helium/2% oxygen atmosphere are considered elemental. After an
adjustment for charring that is measured by a reflected laser beam, a “backup”, “artifact”, or
secondary filter is placed behind some of the primary filters to estimate the effects of gas sorption
on the measurement.

Findings

• The highest fine organic mass concentrations are measured in the southeastern US, the
southern Sierra Nevadas and the Pacific Northwest.

• The ratio of OC to EC at the Washington, D.C. urban site ranged from about 2 to 4. Non-
urban eastern US sites had OC/EC ratios which varied between about 4 and about 10.
Sites in the Western US generally had OC/EC ratios between 4 and 10 for low
concentration days, but high concentration days tended to have OC/EC ratios closer to
10. There were anomalous sites, like Yosemite, with most of the OC/EC ratios near 10.
Some published source profiles for OC/EC ratios include 2.66 for an urban tunnel and 11
for hardwood combustion, but these ratios are variable depending on the test and XXX.

• Organic mass accounts for a larger fraction of fine mass on high fine mass days in the
Pacific Northwest, compared with median days. In the Eastern US, organic mass
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accounts for a significantly lower fraction of fine mass on high fine mass days, compared
with median days.

• OC measurements generally track wildfire emissions data for California and the Colorado
Plateau.

• There is a noticeable discontinuity in the EC concentrations during 1995 at some sites.
The discontinuity is also evident in some of the “backup” or secondary filter
concentrations.

• 80th percentile OC concentrations have been increasing in the Inter-Mountain West, and
generally decreasing elsewhere.

• Secondary filter or “artifact” values are similar across at least four sites. The secondary
filter values are also very similar to field blank values. Field blanks are filters which are
sent to the field with the regular samples, but have no air drawn through them.
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Question #2—What organic particles should be included in the definition of
secondary organic aerosol? Condensation of hot exhaust? Condensation of
vapors on particles in the atmosphere? Equilibrium changes for volatile
particles? Gas-phase transformations? Aqueous-phase transformations?
Organic particle reactions with inorganic gases?

James Pankow, Ph. D.
Dept. of Env. Sci. & Eng.
OGI School of Science & Engineering
Oregon Health & Science University
Portland, OR 97291

Introduction

Definition of Secondary Organic Aerosol

For our purposes,organic aerosolsare solid or liquid particles suspended in the atmosphere
containing organic carbon.Secondary organicsare the fraction of the organics which are not
originally present in the aerosol soon after achieving equilibrium at atmospheric temperatures.

Secondary organic aerosols form through a variety of mechanisms.
• VOCs (precursors) react with O3 and sunlight to form new compounds.
• For SOA formation to occur efficiently, high vapor pressure compounds need to convert

to low vapor pressure compounds.
• The partitioning of these compounds between solid, liquid, and vapor state is driven by

their activity coefficients and vapor pressures.
• Secondary compounds may be formed in liquid or solid particles.
• The mass concentration of particle-phase secondary compounds (µg/m3) will depend on

temperature, RH and water content, dilution, and age of the air parcel.

Findings

Partitioning matrix can be solved given activity coefficients and vapor pressures. The solution to
this matrix would tell us the partitioning of each compound present.

Conclusions

1. SOA formation mechanics are coupled for multiple compounds.
2. Dilution tends to reduce the amount of condensation (non-linearly).
3. Presence of primary emitted compounds probably increases the condensation of

secondary compounds.
4. Presence of water increases the condensation of primary and secondary compounds,

though the opposite can also occur.
5. The thermodynamics of these aerosols is not adequately understood.
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Question #3— What are the chemical mechanisms that create secondary
organic aerosols, what are their precursors, what are the environmental
conditions needed to create and sustain particles, and what are the organic
substances in the particles?

Spyros Pandis, Ph. D.
Dept. of Env. Sci. & Eng.
OGI School of Science & Engineering
Oregon Health & Science University
Portland, OR 97291

Introduction

The ability of a given volatile organic compound (VOC) to produce SOA during atmospheric
oxidation depends on three factors:

• The volatility of its products
• Its emission rate (atmospheric abundance)
• Its chemical reactivity

Aromatics are by far the most significant anthropogenic SOA precursors.

Biogenic hydrocarbons emitted by trees are the most important natural source of SOA.

The incremental aerosol reactivity (IAR) is one approach to quantify the ability of a given
precursor to the ambient organic aerosol concentration.

Formation—There are two important steps in the formation of SOA. The first is the chemical
reactions in the gas phase leading to the production of the SOA compounds. These reactions
involve the parent VOC, its products, and O3, the OH radical, the NO3 radical, NOx, etc. The
second step is the reversible partitioning of the produced SOA compounds between the gas and
particulate phases.

Both the chemical mechanisms leading to the formation of SOA compounds and their partitioning
have been studied in the laboratory for 20 years. Most of these have focused on the SOA
production during the a-pinene reaction with ozone.

Developing detailed chemical mechanisms explaining the production of the SOA compounds is
an ongoing process, but because of the chemical complexity, progress has been slow.

The partitioning of the SOA compounds between the gas and particulate phases is a critical step
in the overall SOA formation process. Most of the SOA compounds have saturation vapor mixing
ratios of the order of 1 ppb and are therefore semi-volatile. Quantifying the fraction of these
compounds in the particulate phase under given conditions is a major challenge. The current
approach suggested first by Pankow and co-workers and refined for SOA by Odum and co-
workers assumes the formation of a solution by the SOA compounds.
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There are several compounds that could be used to relate SOA compounds to precursor gases.
Some (pinic acid, pinonic acid, norpinic acid, norpinonic acid, etc.) result from the oxidation of
multiple precursors, but others (hydroxypinonaldehydes, hydroxypinaketones, sabinic acid, etc.)
are unique products of a given precursor.

Several SOA compounds have been identified in laboratory studies but only a few (mostly
biogenics) have been measured in ambient air.

SOA concentrations are expected to be sensitive to the ambient temperature, which will affect
both the rates of the gas-phase reactions and the partitioning of the SOA compounds.

Findings

Anthropogenic and biogenic SOA compounds may interact. Increases in the production of one
may lead to increased concentrations of the other by shifting their partitioning towards the
particulate phase.

A 10oC change in the ambient temperature can change SOA concentration in the a-pinene/ozone
system by as much as a factor of two (Kamens and Jaoui 2001). Higher temperatures are expected
to decrease the SOA yields in this system.

For the ambient atmosphere the increase in production rates with increasing temperature would
partially offset the evaporation of SOA (Strader and Pandis 1999). Intermediate temperatures
(around 20oC in their case) could be optimal for the SOA production. The change in partitioning
of SOA at lower temperatures could lead to counterintuitive behavior of the SOA concentration
during the day (Bowman and collaborators).

Relative humidity is a secondary factor to temperature to the formation of SOA, but its role in
SOA production has yet to be elucidated. The lower the RH, the higher the OC/EC ratio.

The presence of aerosol liquid water does not significantly increase or decrease SOA yields
during the photo-oxidation of toluene in the presence of NOx (Edney et al. 2000). The same lack
of sensitivity to relative humidity was reported for the a-pinene/ozone system (Kamens and Jaoui
2001). The partitioning of semi-volatile organic compounds (alkanes, alkanoic acids, PAHs, etc.)
on secondary organic aerosol (formed from the a-pinene reaction with ozone) was not sensitive to
relative humidity (Jang and Kamens 1998).

We don’t see the amounts of SOA in forests that we expected to see. We are missing something:
either the amount of time of the compounds in the atmosphere is significant factor and/or there
are so many tracers that the amount of a single if minimal.

Conclusions

Our understanding of the ability of individual VOCs, at least at semi-quantitative level, to serve
as SOA precursors appears to be satisfactory.

Our understanding of the physicochemical processes leading to the SOA formation has improved
dramatically during the last decade. A number of models of variable complexity are now
available.
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The challenges in the effort to identify SOA compounds in laboratory studies are significant.
1) The difficulty in measuring the concentrations of these compounds—They are polar and

their concentrations appear to be only a few nanograms per cubic meter.
2) The partitioning of these compounds between the gas and particulate phases—Most are

semi-volatile and their aerosol fingerprints change continuously.
3) The reactivity of these compounds—Some of the most volatile ones have brief

atmospheric lifetimes. The reactivity of the less volatile ones has not been investigated in
any detail.

4) An additional analytical pitfall—Tobias et al. (2000) discovered that aerosol produced
from the reactions of 1-tetradecene and ozone the hydroperoxides, peroxides, and
secondary ozonides observed by thermal desorption particle beam mass spectrometry
(TDPBMS) thermally decomposed to more volatile compounds including tridecanal,
tridecanoic acid, and few unidentified products.

Nucleation of SOA could be a potentially important process for the aerosol number concentration,
but is of negligible importance for the SOA mass concentration.

OC/EC ratio gives us a clue about the formation of SOA. When OC/EC ratio goes up, we can be
sure that SOAs are formed. The ratio goes up the higher the temperature. “Photochemical activity
drives the whole process.”

Recommendations

Develop chemical measurement methods that are appropriate depending on urban or non-urban
conditions.

High time-resolution ambient measurements of OC and EC as well as of some of the major SOA
components will be necessary for the improvement of our understanding of the role of
environmental conditions in the SOA formation.

Extend techniques developed in smog chamber studies to field studies in order to get more
reliable ambient measurements than current ones.

Continue evaluating and developing models of physicochemical processes leading to SOA
formation against multiple smog chamber data and field observations.
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Question #4—Which gas and particle end-products can best distinguish
secondary organic aerosol from primary organic particles at receptor locations?
How stable are these components and how consistent are their ratios to other
components in the secondary organic aerosol “source profile?”

James Schauer, Ph.D., PE
Assistant Professor
Civil and Environmental Engineering
Wisconsin State Laboratory of Hygiene

Introduction

Speciation of the organic compounds present in the carbonaceous fraction of atmospheric
particulate matter samples has been shown to provide powerful insight into the impact of primary
air pollution sources on particulate matter concentrations in both the urban and remote locations.

Using gas chromatography mass spectrometry (GCMS) techniques, along with the rich
knowledge of organic compound molecular markers, molecular marker chemical mass balance
(CMB) models have been developed and applied to apportion the source contributions of direct
primary sources of atmospheric particulate matter.

CMB models have been used to apportion the primary source contributions from diesel
engine, gasoline-powered motor vehicles, hardwood combustion, softwood combustion, meat
cooking operations, road dust, tire wear, vegetative detritus, natural gas combustion and coal
combustion. These models are reasonably well developed and are currently being employed in a
broad range of air quality studies.

Findings

• Molecular marker CMB models that explicitly apportion the direct primary source
contributions to particulate organic carbon can be used to quantify an upper limit on
secondary organic aerosols.

• Under conditions where there exists high confidence that all important direct primary
sources of particulate matter are incorporated into the molecular marker CMB models,
estimates of secondary organic aerosol contribution to particulate matter concentrations can
be obtained.

• The direct apportionment of secondary organic aerosols would allow a direct mass balance
check on particulate matter organic carbon concentrations.

• Three chemical analysis approaches have been used in the past to identify the organic
constituents of secondary organic aerosols (SOA):

1) chemical analysis of laboratory generated SOA formed in smog chamber experiments;
2) analysis of atmospheric particulate matter samples collected in locations where high

levels of SOA are expected;
3) statistical analysis and chemical structural interpretation of organic compounds

speciation measurements of atmospheric particulate matter.



Secondary Organic Aerosols Research Strategy 4/3/2003

15

• From a practical perspective, there are three criteria necessary for organic compounds to be
useful as tracers for SOA:

1) the source of these compounds in the atmosphere must be dominated by atmospheric
chemical reactions and not primary source emissions;

2) the compounds must be reasonably stable in the atmosphere after production;
3) there must exist a quantitative relationship between SOA production from at least a

class of SOA precursors and the tracer compound.

• The aliphatic and aromatic organic diacids are of specific interest in tracking SOA since
these compounds have been identified in atmospheric particulate matter samples in both
the urban atmosphere and remote locations marine environments.

• The multifunctional substituted carbonyls have been shown to be major components of
SOA.

• Both nitrated mono-aromatic and nitrated polycyclic aromatic hydrocarbons have been
identified as products of atmospheric chemical reactions that are contributors to SOA.

• Some of the potential tracers for SOA are semi-volatile organic compounds, which exist
in both the gas and particle-phase at atmospheric conditions, while some have very low
vapor pressures and reside almost entirely in the particle-phase.

• The development of source apportionment techniques that only utilize particle-phase
measurements will need to exclusively utilize non-volatile tracers, such as the aromatic,
aliphatic, and cycloalkyl diacids.

• Source apportionment strategies that take advantage of both non-volatile and semi-
volatile tracers are still need to face the challenge of accurately measuring or effectively
expressing the concentration of SOA in the particle-phase.

Recommendations

• Two different strategies for source apportionment of SOA are needed: One that can be
applied to routine filter based samples, and; one that can fully exploit advanced sampling
techniques that are likely to be employed in selected field studies.

• Identify molecular markers for secondary organic aerosols and develop source profiles
for secondary organic aerosols that can be incorporated in CMB models.

• Field studies should be conducted that make adequate measurements of likely SOA
tracers and known primary source tracers that can be used in an advanced positive matrix
factorization (Ramadan et al., 2001) such that effective profiles for different sources of
SOA can be identified. Field studies should be implemented in both regions that are
likely impacted by SOA originating from both biogenic and anthropogenic sources.

• Smog chamber studies should be conducted to identify the atmospheric reactions and
precursors for secondary aromatic diacids.

• Additional smog chamber experiments should be conducted to further investigate the
stability of potential tracers for SOA, with specific attention to diacids, multifunctional
substituted carbonyls, and nitrated aromatics.
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• Better integration of analytical techniques among atmospheric measurements, primary
source measurements and laboratory smog chamber experiments to help assess the
uniqueness of proposed SOA tracers.

• More advanced analytical techniques need to be tested to identify novel SOA tracers
including isotopic fractionation during SOA production, physical properties, nitrogen
containing compounds, and polar organic compounds.
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Question #5—What are the size, composition, and hygroscopic properties of
secondary organic particles that are most likely to affect light extinction? Which
end-products and formation mechanisms are likely to cause the largest and
smallest effects on regional haze?

Lynn Hildemann
Associate Professor
Civil Environmental Engineering Dept. & M/S 4020
Stanford University

Findings

• Secondary organic compounds condense on the surface of suspended particles, thereby
increasing their size. This growth is usually toward particle sizes (~0.5 µm) that scatter
light more efficiently than the original particles.

• Many secondary organic compounds absorb water as relative humidity increases. This
causes particles to grow toward sizes that scatter light more efficiently than the original
particles. This growth is not as much as that observed for inorganic compounds such as
ammonium sulfate and ammonium nitrate at RH>70%. This effect has been observed in
non-urban areas.

• Some secondary organic compounds may cause particles containing ammonium sulfate,
ammonium nitrate, and other water-absorbing inorganic compounds to grow less than
expected as humidity increases. This may be due to organic surface films that inhibit the
interaction of water vapor with the inorganic salt. This effect has been observed in urban
areas.

• Organic compounds must have a low enough vapor pressure to condense at ambient
temperatures of 10 to 30 °C. They must be water-soluble to affect light extinction.
Potential compound groups include diacids, polyols, and amino acids. These are rarely
quantified in ambient air and can arise from both primary emissions and secondary
formation.

• Particles that include secondary organic compounds may be non-spherical and of
inhomogeneous composition. Extinction efficiencies determined by models of uniform
spherical particles may misrepresent actual efficiencies. Descriptions of particle
structures and models to approximate their effects on light extinction are currently
unavailable.

• For the few water-soluble organic compounds that have been examined, a widely-used
chemical model (UNAFAC, not intended for water mixtures, but the only model
available) does not estimate water activities that are consistent with measurements.
results. This lack of information frustrates efforts to mathematically model water uptake.

• Typical urban mitigation that strategies focus on very small or vary large particles may
increase the effect of condensed secondary organic compounds because the remaining
particles (0.3-0.7 µm) will collect more of the condensable secondary organic material,
thereby enhancing its light scattering efficiency.

• Secondary organic compounds will have the largest visibility effect when sulfate levels
are low and relative humidities are 50% to 70%. Sulfate dominates light extinction at
higher humidities and when it dominates PM2.5 mass.
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Question #6—What are the precursor compounds for secondary organic
aerosols? What are the types of vegetation, vehicle exhaust, and burning that
emit these precursors and under what conditions?

Richard Kamens, M. Jang, S. Lee, and M. Jaoui
Department of Environmental Sciences and Engineering
University of North Carolina-Chapel Hill
kamens@unc.edu 919 966 5452

Introduction

The environmental chamber work of many investigators clearly demonstrates that aromatics and
naturally emitted terpenes have the potential to generate secondary aerosol material. The primary
atmospheric reactions of these compound classes involve the hydroxyl (OH) radical, ozone, and
the nitrate radical (NO3). These reactions produce a host of low volatility dicarbonyls, carboxylic
acids, hydroxy carbonyl and organic nitrate compounds that can exist both in the gas and aerosol
phase.

As reported by Went[i] , Leonardo Da Vinci described haze over cities and thought that water
emissions from plants were its source. We know today that the relative importance of precursors
to secondary aerosol formation will depend on their overall aerosol potential, atmospheric
emissions, and the presence of other initiating reactants (O3, OH, NO3, sunlight, acid catalysts).
Over 40 years ago, Went posed the question, “What happens to 17.5x107 tons of terpene-like
hydrocarbons or slightly oxygenated hydrocarbons once they are in the atmosphere?” Went[i]

suggested that terpenes are removed from the atmosphere by reaction with ozone and
demonstrated “blue haze” formation by adding crushed pine or fir needles to a jar with dilute
ozone. Monoterpenes (C10H16) represent about 10% of the natural non-methane hydrocarbon
(NMHC) emitted by vegetation to the atmosphere[ii] . α-pinene tends to be the most ubiquitous
terpene, and may account for about 20-25% of the potential secondary aerosol mass from
terpenoid type compounds[iii,iv] ; d-limonene may be as high as 20% andβ-pinene from 7-15%.

Susquiterpenes (C15H24) are also released from vegetation and they may contribute as much as 9%
to the total biogenic emissions from plants[v]. Other estimates are both higher and lower. The
sesquiterpenesβ-caryophyllene andα-humulene have very short life times in the presence of
representative global average concentrations of O3 or the nitrate radical (NO3), which have life
times on the order of minutes. These two compounds on a reacted mass basis have 3-5 times the
aerosol potential of eitherα− or β−pinene. In addition to monoterpenes and sesquiterpenes, a
number of oxygenates are emitted by vegetation. These include alcohols, carbonyls, acetates and
organics acids. Of significance is that in many instances the oxygenate emissions may be higher,
depending on the plant species, than monoterpene emissions.

Some recent examples of ambient terpene concentrations are given in Table 2. Yu et al[vi] reported
terpene concentrations for San Bernardino National Forest, California, USA. Sampling was for an
evening to the next midday. On average, terpene concentrations ranged from 10 to 63 pptV.
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Hannele et al[vii] have reported similar concentrations in an open field near a forested area in
Finland.

Globally, about 25 Tg yr-1 of toluene and benzene and are emitted with fossil fuels contributing
~80% and biomass burning another 20 %[viii] . Volatile aromatic compounds comprise a significant
part of the urban hydrocarbon mixture in the atmosphere, up to 45% in urban US and European
locations[ix,x,xi] . Toluene, m-and p-xylenes, benzene and 1,2,4-trimethyl benzene, o-xylene and
ethylbenzene make up 60-75% of this load.

In the rural setting, the picture is quite different. At a rural site in Alabama in the summer of
1990, aromatics contributed ~1.7 % to the overall VOCs[xii] . Alkenes were the major category,
with isoprene andα-pinene andβ-pinene making up 37, 3.5, and 2% of the VOCs. Alkanes made
up 9% and oxygenates 46%.

Hydrocarbon emissions from two tunnels in the US showed that aromatic emissions comprised
40-48% of the total nonmethane hydrocarbon emissions for light and heavy duty vehicles[xiii] . On
a per mile basis heavy-duty trucks emit more than twice the aromatic mass, than light-duty
vehicles emit, and the distribution of aromatic is different between these two classes. The six
aromatic compounds mentioned above comprised ~60% of the light-duty emissions, but only
about 27% of the heavy-duty emissions.

Definitions

For the purposes of this discussion secondary organic aerosol (SOA) material will be defined as
organic compounds that reside in the aerosol phase as a function of atmospheric reactions that
occur in either the gas or particle phases

Findings

Natural and anthropogenic fine aerosol emissions to the atmosphere are on the order of 200 to
300 Tg yr-1. Biogenic aerosols represent ~10% of this figure. A modeling estimate by Griffin et
al. for biogenic aerosols emissions is 13 to 24 Tg y-1; this is on the same order of magnitude for
predictions of anthropogenic soot, and natural or anthropogenic nitrates, but much less than sea
salt or natural or anthropogenic sulfate aerosols. If more realistic and lower average global
temperatures were used, other existing aerosol surfaces were considered and possible particle
reactions proposed by Jang and Kamens[xiv] , this emission rate estimate may much higher.

The chamber work of many investigators clearly demonstrate that terpenoid and aromatics have
potential to generate secondary aerosol material[xv,xvi,xvii,xviii,xix,xx, ,xxi,xxii,xxiii] . For aromatic systems
with TSP concentration of 100µg/m3, and using the Pankow relationship for absorptive
partitioning[xxiv] , 0.1% of a multi carbonyl-OH product, 0.06% of a buten-al-oic product, and 15%
of a dicarbonyl-alcohol-carboxylic acid product would be in the aerosol phase. A host of new
ring-opening products, which include oxo-butenoic, dioxo-pentenoic, methyl-oxo-hexendienoic,
oxo-heptadienoic and trioxyohexanoic carboxylic acids, as well as similar analog aldehdyes were
recently identified by Jang and Kamens[xiv] , along with chemical mechanisms to explain their
formation have recently been reported. Many of these products were major components in the
particle phase. Very few of these products have been observed in ambient samples, although the
under predicted receptor modeling of dicarboxylic acid aerosol content by Schauer el al.[xxv] may
be a result of these processes.
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Of the major SOA products observed in toluene andα-pinene outdoor smog chamber
experiments[xiv,xxvi] , the experimental partitioning coefficients between the gas and the particle
phases (iKp) of aldehyde products were much higher and deviated more from predictediK. This is
an extremely important result, because it suggests that aldehyde products can further react
through heterogeneous processes and may be a very significant SOA generation mechanism for
the oxidation of aromatics in the atmosphere. As product, aldehydes become incorporated into
larger molecules in the particle phase, more parent aldehdyes partition from the gas to the particle
phase. A very recent study reported that inert particles acidified with sulfuric acid can promote
these reactions and form much higher yields of secondary products than when acid is not
present[xxvii] . This study also shows that dialdehydes such as glyoxal, as well as hexanal and
octanal can directly participate in secondary aerosol formation, but this process is significantly
enhanced by the presence of an acid seed aerosol. The same phenomena was observed for the
reaction of aldehydes and alcohols. The products of particle phase aldehyde reactions that lead to
this SOA increase are probably thermally unstable and do not usually survive the workup
procedure for traditional analysis techniques.

Conclusions

• Sesquiterpenes are important to some currently unknown level in SOA formation.

• The description and understanding of chemical mechanisms for the production of SOAs
from biogenics and aromatic precursors are critical.

• Many of the techniques used to detect and quantify particle phase reactions are too harsh.
We are destroying, or at least changing, the compounds that we are attempting to find.

• Some uncertainty exists in the area of impacts caused by humidity and drought stress on
biogenic emissions, such that emission models can accurately reflect their input.

• Carboxylic acids may be very good candidates to look at as tracer compounds (agreeing
with J. Schauer), while aldehydes may not, because of their reactivity.

Recommendations

• Determine the importance of particle phase reactions as a source of SOA.
• Determine the importance of sesquiterpenes in SOA formation.
• Clarify the impact of drought and relative humidity on biogenic emissions so that these

factors can be incorporated into emission models.
• Define the integrated chemical mechanisms necessary to predict SOA from biogenics and

aromatic precursors
• Develop new analytical techniques to detect and quantify particle phase reactions. These

need to be non-invasive or “chemically soft” so that complex particle phase reactions
products are not decomposed.
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Question #7—What current sampling and measurement technologies are
available to measure marker components? How can they be practically applied at
urban and remote locations?

Barbara Zielinska
Research Professor
Desert Research Institute
2215 Raggio Parkway
Reno, NV 89512

Sampling

At present the most commonly used method is filter collection of ambient aerosol, followed by
laboratory analyses. Since organic compounds, including secondary organics, are associated with
fine particles (i.e. below 2.5µm aerodynamic diameter), the use of an appropriate cut-off inlet is
necessary. From the point of view of a sample size, a cyclone, which allows for higher sampling
flow, is recommended. The selection of a filter depends on the type of analysis that will be run
on the sample later. For thermal carbon analysis, a quartz fiber filter is appropriate, since it
withstands temperatures up to 1000°C. However, due to the large specific surface area, a quartz
filter is prone to positive sampling artifact, i.e. adsorption of organic gases during sample
collection. Teflon membrane filters have much smaller exposed surface area and are thought not
to adsorb organic gases, but they are not thermally stable and not easy to use for extraction.
Teflon-coated glass fiber filters (TIGF) are not stable enough in high temperatures to be use for
carbon analyses, but they are an excellent choice for the collection of samples to be used for
organic solvent extraction. The effectiveness of Teflon coating in reducing adsorption has not
been studied; however, our data (B.Zielinska, unpublished results) indicate that the adsorption is
not significant for these types of filters.

Impactors can be used to obtain size-segregated samples of organic aerosol, however due to the
small sample sizes, their application to the detailed chemical speciation of organic aerosol is still
limited. Particles collected in impactors are usually subjected to smaller pressure drops than filter-
collected samples, resulting in lower losses due to volatilization. Particle bouncing may be a
problem, especially at low humidity, since organic analysis excludes the use of grease.

The denuder strips the gas-phase species from the air stream by diffusion to an adsorbent surface
(e.g. activated carbon, XAD resins, etc.) before collection of the particles on a filter. Since the
removal of gas-phase organics disturbs the gas-particle equilibrium and drives the volatilization
of the particulate material from the filter, an adsorbent bed (such as polyurethane foam, XAD
resins, etc) should be used downstream of the filter to capture any particle-phase organics
volatilized from the filter. To obtain meaningful data from the denuder sampling, the collection
efficiency of the denuder should be either 100% or be accurately known for the species to be
measured under variety of ambient conditions. It has been shown (R. Rasmussen, private
communication) that the efficiency of activated charcoal denuders is greatly influenced by
ambient humidity.



Secondary Organic Aerosols Research Strategy 4/3/2003

24

Analyses

A variety of methods are used to characterize organic carbon in atmospheric PM samples. The
methods may be divided into “total” or “bulk” methods that characterize only certain properties
of organic PM (such as organic carbon content, functional groups, isotope ratios, etc) and
molecular-level methods that characterize individual organic compounds.

“Bulk” Methods

The “bulk” methods include thermal/optical carbon analysis (TOC) and various spectroscopic
methods. TOC allows for measuring and separating total amount of organic and elemental
carbon (OC/EC). The definition of OC and EC is operational only and it is tied to the method
of carbon measurement and do not necessary correspond to a physical meaning of “organic”
or “elemental” carbon. For obtaining the estimation of organic compound mass
concentration, the OC concentration is generally multiplied by values ranging from 1.2 to
approximately 1.8 to account for hydrogen, oxygen and other elements that constitute organic
molecules. However, this factor itself is a source of uncertainty, since it depends on organic
compound composition, which may be different in different locations. In remote locations,
the higher contribution of secondary organic aerosol, which contains higher proportion of
oxygenated (oxidized) compounds, would result in a higher average molecular weight per
carbon weight ratio.

Fourier transform infrared (FTIR), Raman, nuclear magnetic resonance (NMR) and other
spectroscopic methods provide functional group and bond information. FTIR spectra can be
obtained directly from ZnSe impactor substrates, without extraction. The methods do not
provide quantitative information, or the information concerning individual compounds.

Molecular Level Methods

Organic compound speciation provides the most valuable information about organic aerosol
composition, sources, and atmospheric transformation processes. Presently it is not possible
to completely resolve all organic carbon mass into concentrations of specific organic
compounds and no single analytical technique is capable of analyzing the entire range of
organics. The molecular level methods usually require extraction of a sample with organic
solvent(s), followed by analysis by gas chromatography/mass spectrometry (GC/MS),
GC/FTIR/MS, GC with various detectors, HPLC/MS and other methods.

The most widely used analysis method for complex mixtures of organic compounds is high-
resolution capillary gas chromatography with mass spectrometric detection (GC/MS).
However, GC/MS methods have typically resolved only 10-15% of the organic mass into
specific compounds. This is because high-molecular organics (>C40) and highly polar
compounds (especially multifunctional) do not elute through a GC column. Polar organic
compounds require derivatization prior to analysis, to convert them into less polar and more
volatile derivatives that will elute through a GC column. However, the derivatization
techniques are compound-class specific and thus several different methods may be required
for a comprehensive analysis of one ambient sample. The derivatization reagent by-products,
the complexity of derivatization products, lack of standards, and limited mass spectral
libraries makes these analyses difficult and time consuming.
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HPLC coupled with a mass spectrometer or a photodiode array detector seems to be
especially suitable for the analysis of polar organic compounds. Aqueous solutions can be
injected into reverse-phase columns, and polar compounds do not need a derivatization step
in order to elute from most of the LC columns. However, LC columns offer less resolving
power than GC columns and are usually designed for a narrower compound class. In
addition, although several LC/MS systems are commercially available, they are not necessary
optimized for atmospheric research. Further development of separation methods and mass
spectral libraries is also needed.

Several new and promising methods have recently been proposed for a molecular-level
organic aerosol characterization. For example, flash evaporation by Curie point pyrolysis
coupled with GC/MS (CPP-GC/MS) was used for direct analysis of atmospheric semi-
volatile organic compounds (Neususs et al., 2000). The advantage of this method is that only
a few micrograms of sample is needed (thus it could be used with size-segregated sampling)
and no sample preparation is necessary. The disadvantage is that very polar compounds may
either not elute from a GC column, or be destroyed during a flash evaporation process.

Capillary electrophoresis (CE) was recently used (Neususs et al., 2000) for analysis of
dicarboxylic and hydroxy dicarboxylic acids, as well as the common inorganic ions and
methanesulfonate. In CE, ions are separated in a strong electric field, because of their
different electrophoretic mobilities. The advantage of this method over ion chromatography
and GC or HPLC is that inorganic and organic ions can be analyzed in a single run. Also, the
separation efficiency is higher than in LC and the required sample amount is very low.

In situ analysis techniques

An automated carbon analyzer with1 hour resolution time is now commercially available
from Sunset Laboratory, Inc. However, since it uses a quartz filter as a substrate, it does not
resolve the problem of positive/negative filter artifacts.

Single particle mass spectrometry is a promising technique for a real time characterization of
individual particles. Although there are some differences between various instruments, the
principle of operation is to fragment each particle into positive and/or negative ions using
either a high-power laser or a heated surface and to measure the ions by a time-of-flight mass
spectrometer. At present, quantitative determinations are difficult (or not possible) for this
technique, and the instruments are generally more suitable for inorganic than organic species,
but the future development of this technique could overcome these challenges.

Summary and Recommendations

Although size-selective and denuder sampling methods are certainly very useful for investigating
the property of organic aerosol, a filter sampling method is presently the main method for
ambient PM sample collection, due to its simplicity, relatively low cost and a large sample size.
To account for semi-volatile organic compounds (SVOC), the filter should be followed by a solid
adsorbent, such as PUF plugs, XAD resins, or ”sandwich” type PUF/XAD/PUF cartridges. Use of
a cut-off inlet (e.g. 2.5µm) is also recommended.

Research is needed to:
� simplify and standardize derivatization procedures; develop more universal derivatization

reagents, standards, and MS libraries;
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� further develop HPLC methods, especially LC/MS;
� develop methods that do not require extraction, can be used on-site, and offer better

temporal and particle size resolution.
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Research Recommendations
The following 19 research recommendations are divided into near- (1 to 2 years), middle- (3 to 5
years), and long- (5 to 10 years) time periods. Most recommendations cut across the different
topics addressed at the workshop. The recommendations emerged out of the plenary
brainstorming session at the end of the workshop in which each participant present shared their
thoughts on what needs to be done.

Ideally, each recommendation specifies an expected product, an approach to obtaining that
product, and a summary of how the product might be used to support other research
recommendations and practical applications.

Near-Term Recommendations

Identify primary and secondary organic compounds and their properties.

This project would produce a data base of specific organic compounds and compound
groups along with important properties. The data base would include Chemical Abstract
Service and common names for identified compounds, references to reports of their
detection, reported concentration ranges, water activities, melting point, boiling point,
vapor pressures, codes indicating primary or secondary or both, codes indicating potential
sources of precursors, potential quantification methods, and detection limits. The data
base would be updatable as new information became available and downloadable from a
central location. Queries would allow users to extract data and to place it into usable
formats. This data base would be assembled from existing tables created by atmospheric
organic chemistry researchers via a survey of these researchers. It would be used to
identify which compounds are lacking data that need to be quantified in subsequent
experiments. It could also be used by decision-makers to determine organic compounds
that might result from different source emissions (John Watson).

Specify thermal evolution carbon temperature fractions that separate
organic compounds into more logical groupings than currently applied
carbon fractions.

Review, evaluate, and compare light scattering and absorption models.

Document and evaluate procedures for detection of secondary organic
compound quantification.

Define reporting conventions, data base, and priorities for aerosol smog
chamber experiments and results.



Secondary Organic Aerosols Research Strategy 4/3/2003

28

This project would provide a consistent set of reporting conventions for smog chamber
secondary organic aerosol experiments. Currently smog chamber experiments tend to fall
into two groups, those characterizing the dynamics of aerosol formation and those
emphasizing aerosol chemical speciation. Data acquired during these experiments are not
always presented in a consistent format. Possible common reported data might include
the following information: temperature, type of lightsource, NO2 photolysis rate,
humidity, seed particle concentration and type, chamber volume, material and
surface/volume ratio, initial and final concentrations of VOC, NO, NO2, O3 and aerosol .
If a public database becomes available, it could also include detailed particle distribution
and speciation data and intermediate data in addition to the initial and final values. The
establishment of smog chamber research priorities would provide direction for
experiments leading to a better understanding of the origins of secondary organic aerosol
formation and the atmospheric conditions that affect aerosol growth. The goals of this
project could be accomplished by surveying current investigators in the field, however a
meeting of these individuals would also prove valuable (Michael Hurley).

Evaluate methods to measure black carbon as a normalization for primary
and secondary organic carbon.

Define and organize follow-on topical workshops on organic aerosol
issues.

Evaluate national networks for optimal resource allocation.

Middle-Term Recommendations

Measure and tabulate vapor pressures and water activities.

Most of the SOA compounds have intermediate volatilities and therefore exist in both the
gas and particulate phases in the atmosphere. Their fraction in the particulate phase
depends strongly on temperature and on the concentrations of other organic PM
components, and also somewhat on relative humidity. While the framework for
understanding these partitioning processes exists, there is little information about the
physical properties of the SOA compounds (volatility, behavior in organic and aqueous
solutions, etc.). We recommend the measurement of these parameters and their
dependence on temperature and composition. A variety of approaches can be used
including the investigation of
individual compounds, or the analysis of appropriate smog chamber
measurements.

Determine shapes, sizes, and surface reaction properties of particles.
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Create and disseminate calibration and performance testing standards.

Develop and apply extraction and derivatization procedures that optimize
organic aerosol recovery and quantification.

Organic compound speciation provides the most valuable information about organic
aerosol composition, sources, and atmospheric transformation processes. The molecular
level methods usually require extraction of a sample with organic solvent(s), followed by
analysis by gas chromatography/mass spectrometry (GC/MS), GC/FTIR/MS, GC with
various detectors, HPLC/MS and other methods. Sequential extractions with solvents of
increasing polarity and liquid chromatographic separations are frequently used prior to
GC/MS analysis to simplify complex organic mixtures. There is a need to optimize the
selection of solvents and extraction procedures to assure the integrity of less stable
organic compounds, as well as a need for development of more selective separation
methods (particularly solid phase extraction methods).
Highly polar compounds (especially multifunctional) do not elute through a GC column.
They require derivatization prior to analysis, to be converted into less polar and more
volatile derivatives that will elute through a GC column. The derivatization techniques
are compound-class specific and thus several different methods may be required for a
comprehensive analysis of one ambient sample. The derivatization reagent by-products,
the complexity of derivatization products, lack of standards, and limited mass spectral
libraries makes these analyses difficult and time consuming. Since the derivatization
methods are currently the main tool for polar compound analysis, research is needed to
simplify and standardize the derivatization procedures. There is a need for better and
more universal derivatization reagents and less laborious procedures.

Field measurements of secondary precursors and end-products in
locations with contrasting source emissions and meteorology.

Paul V. Doskey, Environmental Research Division, Argonne National Laboratory

Monoterpenes, which are emitted by vegetation, and aromatic compounds, originating
from the production and consumption of petroleum fuels, are two classes of gas-phase
organic compounds that have been found to produce high aerosol yields in chamber
experiments. Aerosol formation events should be investigated in locations where
emission rates of these precursors and levels of atmospheric oxidants are expected to be
large. Monoterpene emission rates in the United States are greatest in the southeast,
northeast Texas, central and northern California, the Pacific Northwest, and high
elevations of the Southwest. Forested ecosystems in the southeast, northeast Texas,
central California, and the southwest are likely receptors of a complex mixture of
atmospheric oxidants from major urban areas. Aromatic compound emissions in Houston
and Mexico City are large and produce ambient levels in air that frequently exceed 5
ppbv. These urban areas would be good locations for studies of aerosol formation from
anthropogenic precursors. Field experiments should focus on measuring precursors,
oxidants, and the likely products of the chemical oxidations to generate data for aerosol
model evaluation. Meteorological measurements to support the chemical measurements
are essential. It would be desirable to have surface sites established at the candidate
locations for long-term monitoring and for conducting intensive field campaigns when,
e.g., measurements from aircraft could supplement the surface observations.
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Field and laboratory measurements of particulate hygroscopic properties.

Characterize primary emissions of secondary organic precursors and
primary oxygenated compounds.

Source types of particulate carbon in the majority of field studies have not been
characterized very well. For example, in one recent source apportionment study from Los
Angeles, only two medium-duty (rather low mileage) diesel vehicles were used to collect
source samples to construct a source signature to represent diesel exhaust.

It is critical to adequately sample the most important source types of primary (and
emissions of secondary organic) precursors from the sources thought to be most
important contributors to ambient PM2.5. To do so, examine the data from the NFRAQS
(http://www.nfraqs.colostate.edu) for mobile sources, and the new Gasoline/Diesel PM
Split Study in Los Angeles, to get an idea of what sample sizes and characteristics are
needed to represent the on-road mobile fleet. In addition, samples from important off-
road sources are needed; for example, from locomotives and ship emissions, as well as
maybe some data from other source types. We need to understand the relative importance
of on- and off-road mobile source contributions to ambient data. This previous discussion
covered only mobile sources; what's also important are the other contributors, which may
already be sufficiently characterized. One could examine the source profiles from the
most recent PM blame apportionment studies to see whether there are chemical
differences between similar sources from different studies.

Regarding oxygenated compounds, this whole issue became very much more
complicated once the regulators started mandating oxygen contents of fuels. We know
already, for example, that diesels are important sources of primary formaldehyde, and
once oxygenates were added to gasoline, formaldehyde and acetaldehyde became
important emissions from spark ignition vehicles.

From Eric Fujita's work in the NFRAQS, we learned that along with PM, we need to
pay special attention to SVOC measurement and characterization, not only because these
are important emission species, but we don't know how to apportion them between
particle and vapor phase, and therefore, we don't know well how to apportion them in
ambient studies. So the best approach is to collect the total exhaust as the sum of PM and
SVOCs.

IMPROVE EC/OC data hinted that SOA might not be very important once one
understands the importance of smoke and other primary emission sources at the regional
sites.

Because the source selection and exhaust collection is so costly, I recommend
sacrificing some of the ambient measurements in favor of adequate/sufficient source
collection for development of source profiles. We will not be able to do apportionment
properly, and thereby properly characterize the relative importance of primary and
secondary organic aerosols, until this is done correctly.

Develop improved information extraction methods for current analytical
methods.

Develop and test operational mechanisms for secondary aerosol formation
for forecasting models.
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Aerosol extinction and other optical properties affect the photolysis rate parameters. For
example, the presence of soot particles may decrease photolysis rates by absorbing solar
radiation. On the other hand, the presence of other types of particles, particularly fine
particles, could increase photolysis rates through increases in radiation scattering. The
effect of aerosol particles on photolysis rates is especially important with respect to the
formation of secondary organic aerosols because these aerosols are formed through
photochemically driven processes. Measurements of spectrally resolved actinic flux
should be made in conjunction with other aerosol optical properties. Photolysis rate
parameters could then be directly calculated under different aerosol containing
atmospheric conditions. Comparison of these kinds of measurements made in urban areas
such as Los Angeles in the United States this those made in much more polluted regions
such as Mexico City or Shanghi would be helpful in determing the effects of aerosols on
photolysis rates.

Long-Term Recommendations

Develop measurement methods that minimize changes in organic
composition from that in the atmosphere.

Develop and apply analytical methods to identify and quantify a larger
fraction of organic compounds and groups of compounds in suspended
particles.

Develop detailed mechanisms and models for secondary organic aerosol
formation.

While the description of the formation of the SOA compounds with a constant yield (e.g.,
2% of the oxidized precursor) is a first step it is an oversimplification of the chemical
processes leading to these products. Several reactions steps are, in general, needed for the
formation of the SOA species. Development and testing of the chemical mechanisms
leading to these compounds based on smog chamber work will be necessary for the
efficient control of these compounds (for example for understanding the effect of NOx on
the formation rates of SOA). The corresponding detailed models should be evaluated
against field measurements of the concentrations of these compounds.
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STRATEGY FRAMEWORK

Key Organizations for Future Involvement
Future involvement of key organizations and agencies would include funding, expertise,
resources, communication and dissemination of information.

• National Science Foundation
• National Park Service
• Environmental Protection Agency
• National Oceanic Atmospheric Administration
• Western Regional Air Program (WRAP)
• Department of Energy
• Ford Foundation
• American Petroleum Institute
• Coordinating Research Council (www.crcao.com)
• Additional Automobile Manufacturers
• Additional Energy Corporations
• Additional Government Agencies
• State Agencies
• Advocacy Organizations

Workgroup Development
Form a group of multi-disciplinary and multi-representational members to build greater capacity
to research SOAs. Goals would include developing concrete steps and actions to achieve
substantive results in research methods, more effective technologies, measurements, analysis and
interpretation.

Early goal: Provide concrete rationale for the study of SOA that links research with policy
development

Members of workgroup:
� Agency representatives, including EPA, NPS, USFS, and perhaps relevant state agencies

such as the California Air Resources Board;
� Western Regional Air Partnership, as well as the Western Governor’s Association;
� Educational and research institutions, (including Desert Research Institute, Reno; Fort

Lewis College, Durango, CO; the University of Wisconsin; Carnegie-Mellon University;
University of North Carolina; the Oregon Graduate Institute; Stanford University);
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� Non-governmental organizations (none have been actively, nor directly, involved to
date); Environmental consultants involved as participants in the workshop, many of
which have been involved in research for many years.

� Corporations such as Ford and Texaco that have demonstrated interest in the subject of
SOAs and the topics discussed at the SOA Workshop 2001.

Meeting Development
Future discussions, meetings, and workshops should emphasize the development of concrete
steps and actions to achieve substantive results in research methods, technologies, measurements,
analysis and interpretation.

Conference calls have been occurring on a regular basis since August 2001 among core
organizers of the Secondary Organic Aerosols Workshop 2001. Intermittent calls had been taking
place for as much as three before August 2001. The core organizers include representatives from
the EPA, NPS, Fort Lewis College in Durango, Colorado, Desert Research Institute in Reno.
Several other individuals joined conversations irregularly. Since August 2001, the calls have been
hosted by the NPS, Denver.

The conference call approach allows interested members from several timezones to participate in
discussing ideas and issues related to the subject of organic aerosols. Each meeting includes an
update of activites occurring related to efforts to improve research potential.

The SOA workshop that took place in Reno was considered by many, if not most, participants to
be very successful. There appears to be interest in conducting another one within a year of the
February 2002 workshop.

Science Proposals

Description of Selected Proposals Funded by the California Air Resources
Board

(Provided by Dongmin Luo, ARB)

Thermodynamics of Organic Atmospheric Aerosols," California Institute of Technology,
$299,122, Contract 98-314
Particulate matter has been implicated in human morbidity and mortality and many researchers
suspect that the organic fraction is more potent in terms of adverse health effects. It is now well
recognized that primary and secondary organic matter contribute significantly to the particulate
burden in the urban atmosphere. The earliest attempts to model the organic fraction of the
ambient aerosol assumed that primary emitted organic compounds are inert, totally nonvolatile,
and do not interact with other species in the aerosol. The results of more recent studies show that
many primary organics are semi-volatile, and interact with other species in the aerosol or gas
phases.
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This air quality-modeling project includes, for the first time, treatment of inorganic and
organic components simultaneously. It addresses the effects of organic constituents on the
hygroscopic behavior of aerosols as well as the gas-aerosol equilibrium of secondary organic
aerosol components. The basic thermodynamics was formulated based on information in the
literature and on data from detailed outdoor smog chamber experiments at Caltech that were
incorporated into the current state-of-the-art inorganic equilibrium model known as "SCAPE2".
The sensitivity of the model to variations in key atmospheric parameters was also investigated, as
was issues of computational efficiency. The two three-dimensional models were tested
individually on two episodes in the South Coast Air Basin: Models-3/CMAQ on the August 27-
28, 1987 SCAQS episode and CIT on the September 8, 1993 episode. The two components of
secondary organic aerosol (SOA), hydrophilic and hydrophobic, were predicted to exhibit quite
different behavior. The formation of aqueous-phase SOA was probably limited by partitioning
during the day; higher concentrations were predicted at night when relative humidity is high.
Despite the formation of secondary species, primary organic carbon represents the dominant
component of organic carbon in the South Coast Air Basin. The results of this project are
absolutely crucial to our ability to model both the inorganic and organic fractions of PM2.5 and
therefore to construct comprehensive gas/aerosol photochemical models for SIP applications.
Information of this type plays a vital role in the design of emissions control programs that reduce
airborne particle concentrations in California.

"Quantitative Analysis of Aerosol Time-of-Flight Mass Spectrometry Data using YAADA,"
Arizona State University, $50,000.
Researchers are now able to measure the size and composition of single aerosol particles using
instruments like the Aerosol Time-of-Flight Mass Spectrometry (ATOFMS) instruments
developed by Prof. Kimberly Prather and others. Complete mass spectra are collected on
individual particles at a rate of approximately one per second. Thus very large data sets
(approximately 200 Megabytes per day) can be collected during a multi-day, multi-instrument
experiment. These data sets are too large for ad hoc data analysis techniques. YAADA is a
software package of data management and analysis that can be used to process these large data
sets. YAADA includes functions to import, plot, and quantitatively analyze ATOFMS data. The
import module rapidly converts data from the common ATOFMS data acquisition software and
performs quality control checks on the data.

This research project will develop and test a quantification module for the existing program,
YAADA, which will allow users to perform quantitative comparisons of ATOFMS and reference
sampler data. This will be accomplished by comparison of ATOFMS data and collocated
impactor measurements of aerosol mass to determine particle detection efficiencies for the
modified ATOFMS design used in the Bakersfield study. It will also compare ATOFMS data and
collocated impactor measurements of aerosol carbon to determine chemical sensitivity of
ATOFMS instruments for organic and elemental carbon. The resulting software will allow for a
much wider analysis of the ATOFMS data collected under other ARB contracts. Quantitative
aerosol measurements are needed to better understand the sources, transformations, and fate of
ambient particles in order to understand the effects of particulate matter on global climate, human
health, and regional visibility.

"Impact of NOx Surface Reactions on the Formation of Particles and Ozone, and the
Development of Control Strategy Options," University of California, Irvine, $400,003
The development of effective control strategies for ozone, particles, and associated
photochemical air pollutants depends on an accurate description of the atmospheric chemistry of
volatile organic compounds (VOCs) and oxides of nitrogen (NOx) in air quality models. While
the gas-phase chemistry is reasonably well understood, the heterogeneous gas-liquid chemistry,
especially for NOx is still not understood. As a result, current air quality models either do not
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include heterogeneous NOx chemistry at all, or treat it inaccurately. This project will address two
key heterogeneous NOx reactions that are likely to be important in polluted airsheds in
California: the hydrolysis of nitrogen dioxide (NO2) on wet surfaces and the reaction of nitric
oxide (NO) with nitric acid on wet surfaces. The first reaction plays a pivotal role in the initiation
of smog formation by producing nitrous acid, which is the major source of ozone-forming
hydroxyl radicals at dawn. The second reaction reactivates deposited nitric acid back into
photochemically active forms.

Previously, the formation of nitric acid was believed to be an end product of the oxidation
processes of NOx in the atmosphere. This "renoxification" of nitric acid could alter the relative
effectiveness of VOC and NOx controls on the photochemical air pollutant levels. The
investigators will quantify the kinetics and mechanisms of the heterogeneous NOx reactions
described above and incorporate these descriptions into air quality models. The improved models
will allow accurate assessments of the impact of heterogeneous NOx chemistry on the formation
of photochemical air pollutants and further the development of effective air pollution control
strategies.

"Source Apportionment of Fine and Ultrafine Particles in California," University of
California, Davis, $315,000
Airborne particulate matter (PM) has been implicated in increased mortality. A recent estimate is
that approximately 20,000 Californians die prematurely each year due to PM. Reducing fine
particulate pollution is one of the most difficult environmental challenges facing California
because of the great diversity of sources and chemical species involved. Developing a technically
defensible PM control program requires identifying the contribution of each source type to the
measured PM concentrations, and then estimating the air quality benefits associated with
implementing a suite of emission controls. Source apportionment techniques calculate the
contribution that different sources make to airborne particulate matter concentrations. In this
project, the investigator will perform source apportionment of fine particles (PM2.5), including
ultrafine particles. Particle samples collected during several major ambient field monitoring and
source sampling studies will be analyzed for the quantity of unique chemical tracers that can be
used in a source apportionment analysis. Apportionment of the particulate matter collected from
these studies would effectively reveal the contribution that different sources make to fine and
ultrafine particle concentrations. Because fine particles have been implicated in serious health
effects, a better understanding of source contributions to fine particle concentrations will enable
decision-makers to formulate effective control strategies to protect public health.

"Determination of the Contributions of Light-duty and Heavy-duty Vehicle Emissions to
Ambient Particles in California," University of California, Riverside, $333,790
California needs to develop controls to reduce ambient concentrations of aerosols in order to
attain the National Ambient Air Quality Standards for particulate matter (PM). Research is
required so that a scientific foundation can be created for future PM controls. This research will
need to include characterizing directly emitted "primary" aerosols in sufficient detail to link them
to particular sources studying the dynamics of particle aging in ambient air, and investigating
"secondary" particle formation from gaseous precursors in direct gas-to-particle, droplet, and
condensation processes. The principal investigator's previous work with Aerosol Time of Flight
Mass Spectrometry (ATOFMS) has demonstrated that ATOFMS can overcome many of the
limitations of conventional aerosol analysis. It provides real-time data. Real-time data eliminates
problems of long-time sample integration, lags between sample collection and data availability,
and positive and negative chemical artifacts. It also provides unprecedented specificity regarding
particle size and composition within a heterogeneous mix of particles in ambient air. This
proposal will address issues regarding the sampling of motor vehicle aerosols in both semi-
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controlled (tunnel experiment) and ambient settings. The results will be used to support emission
inventory, aerosol modeling, risk assessment and health effects research programs.

Funding
The first phase of efforts to improve research resources related to secondary organic aerosols
culminated in the Secondary Organic Aerosols Workshop, February 4-5, 2002, in Reno Nevada.
The following matrix outlines the costs and activities utilized to carry out the project.

It is suggested that Phase II be characterized by continuing communication of issues,
methods, and other activities identified during the workshop.

Phase I: August 2001 through March 2002, DRI, Reno, NV

Activity Cost
Workshop Coordinator $
Workshop Emcee
Lead Presenter Honoraria
Proceedings Report/Research Strategy
Indirect Costs
Staff Support
Materials
Match
TOTAL $30,000

Proposed Phase II: 5/02 to 2/02 - Ft. Lewis College, Durango, CO
Activity Cost

Strategy Implementation Coordination $
Workshop Coordinator
Workshop Emcee
Honoraria
Proceedings Report
Indirect Costs
Staff Support
Materials
Match

TOTAL

Potential Funding Sources

National Science Foundation
Coordinating Resource Council (www.crcao.com).
WRAP, Western Governor’s Association
Office of Federal Activities
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Communication

Define and design messages

� That stimulate awareness in key audiences.
� That describe and establish the importance of issues related to secondary organic

aerosols.
� That show the significance in tangible ways of secondary organic aerosols.
� That create understanding in laypeople.
� That create interest and involvement of key members of the research community.

Define audiences

� Develop mail lists of key members of educational institutions, organizations, agencies
involved in air quality issues, research, policy development, legislative staffs.

� Identify grant and funding sources, then develop a mail list of key contacts and addresses
and other information for contacting and building relationships.

� Determine where message should be distribute spatially; i.e., local, state, national levels
(internationally?).

� New research participants who are available to become actively and productively
involved in efforts.

Identify and design methods of dissemination

Media

� Written
� Oral
� Video
� Visiting presenter to local events.
� Face-to-face presentations upon request by interested organizations.
� Media event displays, presentations.
� Workshop and conference presentations.
� Capitol Hill testimony.

Determine timeframes and key timepoints for distributing messages on
short-term and long-term timescales.

� Immediate information that builds awareness.
� Timely delivery associated with legislative activities, benchmarks.
� Funding cycles.
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Milestones & Measures
� Dissemination of initial round of RFPs.
� Proposals prepared and accepted.
� Completion of projects.
� Demonstrated implementation of methods, techniques, technology among selected key

stakeholders.
� Increase in requests for information from state and national sources.
� Dissemination of key information and products such as reports, experimental

technologies.
� Regular, timely discussions through a variety of media, including workshops, online

discussions, television and radio, etc.
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Appendices
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Participants of the First Secondary Organic
Aerosols Workshop

February 4-5, 2002
Reno, Nevada

Alan Hansen ahansen@epri.com
Annette Schaper ashaper@dri.edu
Brian Mader bmader@cheme.caltech.edu
Bud Rolofson Bud_Rolofson@nps.gov
Cai Chen chen@ese.ogi.edu
Dave Campbell davec@dri.edu
David Nunes david.nunes@valleyair.org
Delbert Eatough delbert_eatough@byu.edu
Dongmin Luo dluo@arb.ca.gov
Donna Kenski kenski@ladco.org
Douglas Latimer latimer.douglas@epa.gov
Douglas R. Lawson doug_lawson@nrel.gov
Dr. Richard Countess Rcountess@aol.com
Edward Edney Edney.Edward@epamail.epa.gov
Eric Fujita ericf@dri.edu
Eric S. Edgerton ericedge@gte.net
Garnet Erdakos gerdakos@ese.ogi.edu
Hazem El-Zanan hazem@dri.edu
James P. Cowin jp.cowin@pnl.gov
James Sweet james.sweet@valleyair.org
Jeff Collet collett@lamar.colostate.edu
Joann Rice Rice.Joann@epamail.epa.gov
Johann P. Engelbrecht johann@dri.edu
John D. Ray john_d_ray@nps.com
John Miller john.b.miller@wmich.edu
John Vimont jcv@den.nps.gov
Judith Chow judyc@dri.edu
Kelly Barsanti barsanti@ese.ogi.edu
Kelly Fitch kfitch@dri.edu
Kevin Perry perry@met.utah.edu
Kochy Fung kfung@earthlink.net
Len Stockburger lstock@attglobal.net
Lynn Rinehart rinehart@dri.edu
Mark A. Scruggs Mark_Scruggs@nps.gov
Mark McDaniel mmcdan@dri.edu
Melissa Lunden MMLunden@lbl.gov
Michael Hurley mhurley3@ford.com
Neil Arnold n.arnold@m.cc.utah.edu
Paul Doskey t@man.edu
Paul Makar paul.makar@ec.gc.ca
Paul Solomon solomon.paul@epamail.epa.gov
Paul T. Roberts paul@sonomatech.com
Peter Mueller PMUELLER@epri.com
Pierre Herckes herckes@lamar.colostate.edu
Rebecca Barthelmie r.barthelmie@risoe.dk
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Robert Edgar edgar.robert@epa.gov
Scott Copeland copeland@cira.colostate.edu
Steve McDow mcdow@drexel.edu
Steve Ziman sdzi@chevrontexaco.com
Tad Kleindienst kleindienst.tad@epa.gove
Tamoke Smiley tamoke@gbis.com
Thorunn Snorradottir thorunn@dri.edu
Wendy Goliff wendyg@dri.edu
William Stockwell wstock@dri.edu
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Workshop Presentations
Provided on a Compact Disk in electronic format

Available on Website
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Pre-Workshop Lead Presentation Writeups to
the Secondary Organic Aerosols Workshop

Where and when does the IMPROVE data base show high OC/EC ratios
that might indicate large contributions of secondary organic aerosol to
light extinction?

Dr. William Malm , CIRA, National Park Service

Outline
1. Review geographic extent of IMPROVE network

2. Monitoring methodologies used in the IMPROVE network with an emphasis on Thermal
Optical Reflectance (TOR) carbon measurement.

3. General spatial trends in elemental and organic carbon.

4. Literature review of OC/EC source profile measurements using TOR analytic technique.

5. Review of OC/EC measurements found in the IMPROVE monitoring network
a. Seasonality of OC, EC, and OC/EC ratios – If biogenic emissions increase during

summer months as well as photochemical processes enhanced one might expect
seasonal variability in OC and OC/EC ratios.

b. Review other mechanisms for seasonal variability in carbon based measurements
such as transport and mixing depths. Do we see evidence of these effects in the
IMPROVE network.

c. Examine OC, EC, and OC/EC ratios in geographic regions known to have
significant wild and prescribed fire contributions.

d. Examine OC, EC, and OC/EC ratios in urban areas such as Washington DC.

6. From a qualitative perspective rural regions of the eastern United States may have
approximately enhanced OC/EC ratios of about a factor of 3-4 suggesting that secondary
organics are about a factor of 3-4 greater during summer season compared to winter.

7. Other areas of the United States such as the west coast have OC/EC summer vs winter
enhancements that are almost negligible.

8. The north central US appear to be dominated by fire emissions in that the OC/EC ratios
are near that for fire related activity and show less seasonal variability than typical
eastern sites.

9. Examine long term trends in OC, EC, and OC/EC ratios
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10. What role does changes in TOR analytic methodology and artifact corrections play in
observed trends in OC, EC and OC/EC ratios?

What are the chemical mechanisms that create secondary organic
aerosols, what are their precursors, what are the environmental conditions
needed to create and sustain particles, and what are the organic
substances in the particles?

Dr. Spyros Pandis, Carnegie Mellon University

1. Precursors
The ability of a given volatile organic compound (VOC) to produce SOA during its atmospheric
oxidation depends on three factors:

• The volatility of its products
• Its emission rate (atmospheric abundance)
• Its chemical reactivity

Most VOCs do not form aerosol under atmospheric conditions due to the high vapor pressure of
their products. As a result of the above constraints, VOCs that for all practical purposes do not
produce organic aerosol in the atmosphere include all alkanes with up to six carbon atoms (from
methane to hexane isomers), all alkenes with up to six carbon atoms (from ethane to hexene
isomers), benzene and many low-molecular weight carbonyls, chlorinated compounds, and
oxygenated solvents.

Aromatics are by far the most significant anthropogenic SOA precursors (Grosjean and Seinfeld,
1989). Compounds like toluene, xylenes, trimethyl-benzenes, etc., have been estimated to be
responsible for 50-70% of the secondary organic aerosols in urban areas. The experimental work
of Odum et al. (1997) showed that the secondary organic aerosol formation potential of gasoline
could be accounted for solely in terms of its aromatic fraction. The rest of the anthropogenic
hydrocarbons (alkanes, paraffins, etc.) have been estimated to contribute 5-20% to the SOA
concentration depending on the urban area.

Biogenic hydrocarbons emitted by trees are expected to be also an important source of secondary
organic particulate matter. Isoprene emitted mainly by deciduous trees does not form organic
aerosol under ambient conditions (Pandis et al., 1991) but terpenes (�- and�-pinene, limonene,
carene, etc.) and the sesquiterpenes are expected to be major contributors to SOA in areas with
significant vegetation cover. In the southeast US�-pinene and�-pinene seem to dominate the
monoterpene emissions, while in the northern forests emissions are distributed more evenly
among these two pinenes and�3- carene, d-limonene, camphene, and myrcene (Geron et al.,
2000). In some parts of western forests,�-pinene and�3-carene can be more abundant than�-
pinene.

The incremental aerosol reactivity (IAR) is one of available approaches to quantify the ability of
a given precursor to the ambient organic aerosol concentration. The IAR is defined as the change
in the secondary organic aerosol mass concentration per unit of parent organic reacted. Griffin et
al. (1999a) estimated the IARs of some typical SOA precursors for typical atmospheric conditions
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(Table 1). The calculated reactivities varied from a fraction of a�g m-3 per ppb reacted for the
aromatics to several�g m-3 for limonene and caryophyllene (a sesquiterpenes).

Table 1. Estimated Incremental Reactivities for Selected VOCs for
Typical Atmospheric Conditions (Griffin et al., 1999a)

Precursor

Incremental Reactivity
(µµµµg m-3 ppb-1)

m-xylene 0.1-0.2
low-yield aromatics 0.25
high-yield aromatics 0.3-0.4
methylpropylbenzene 0.4-0.5
terpinolene 0.4-0.5
ocimene 0.5-0.6
linalool 0.5-0.7
α-pinene 0.5-0.8 
diethylbenzene 0.7-0.8
∆-carene 0.5-1.1 
Sabinene 1-1.2
Terpinenes 0.8-1.3
β-pinene 0.8-1.5 
Limonene 1.4-2.4
Caryophyllene 6-9

Our understanding of the ability of individual VOCs, at least at semi-quantitative level, to serve
as SOA precursors appears to be satisfactory.

2. Formation
There are two important steps in the formation of SOA. The first is the chemical reactions in the
gas phase leading to the production of the SOA compounds. These reactions involve the parent
VOC, its products, and O3, the OH radical, the NO3 radical, NOx, etc. The second step is the
reversible partitioning of the produced SOA compounds between the gas and particulate phases.
A number of processes are involved in this second step including dissolution in the particulate
aqueous or organic phase, adsorption, condensation, etc. Small amounts of SOA may also
nucleate forming new ultrafine particles. Nucleation of SOA could be a potentially important
process for the aerosol number concentration, but is of negligible importance for the SOA mass
concentration.
Both the chemical mechanisms leading to the formation of SOA compounds and their partitioning
have been the topic of numerous laboratory studies during the last twenty years. The majority of
the work has focused on the SOA production during the a-pinene reaction with ozone (there are
roughly 20 published studies for this system). Other systems investigated in some detail include
the reactions of selected other biogenics with ozone (see for example Yu et al., 1999, Koch et al.,
2000, Hoffmann et al., 1998; Glasius et al., 2000; Griffin et al., 1999), a-pinene photo-oxidation
in the presence of NOx, (Kamens and Jaoui, 2001), monoterpene reaction with the NO3 radical
(Hallquist et al., 1999), toluene photo-oxidation (Edney et al., 2000; Hurley et al., 2001), 1-
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tetradecene and ozone reaction (Tobias and Ziemann, 2000; Tobias et al, 2000), methylene-cyclo-
hexane and methyl-cyclo-hexene and ozone reaction(Koch et al., 2000), etc.

Development of detailed chemical mechanisms explaining the production of the SOA compounds
is an ongoing process (for a review see Calogirou et al., 1999). Because of the chemical
complexity, progress has been slow. A good example of this process is the work of Jenkin et al.
(2000) on the development of a “possible” mechanism for the production of cis-pinic acid from
the ozonolysis ofα andβ-pinene. Additional work in the development of these mechanisms is
necessary as well as evaluation of the results against multiple smog chamber experiments from
different laboratories.
The partitioning of the SOA compounds between the gas and particulate phases is a critical step
in the overall SOA formation process. Most of the SOA compounds have saturation vapor mixing
ratios of the order of 1 ppb and are therefore semi-volatile. Quantifying the fraction of these
compounds that is in the particulate phase under given conditions is a major challenge. The
current approach suggested first by Pankow and co-workers and refined for SOA by Odum and
co-workers assumes the formation of a solution by the SOA compounds. The predicted SOA
concentration in this framework is sensitive to the vapor pressures of the SOA compounds, and
their temperature dependence, and to the activity coefficient of these compounds in solution.
While these physical properties can be calculated by group contribution methods (Jang et al.,
1997) or can be estimated by fitting the smog chamber results (Kamens et al., 1999), the
uncertainty of the estimated values can be as high as a factor of ten. The success of efforts like the
one by Kamens and Jaoui (2001) in reproducing not only the SOA mass concentration time
evolution but also of the major gas and aerosol products is encouraging. Similar experiments and
theoretical work will be necessary for the reduction of the uncertainty of these models.
Measurements of the physical properties of the major SOA components will assist these efforts.

The anthropogenic and biogenic SOA compounds may interact. Increases in the production of
one of them may lead to increases in the concentrations of the other by shifting their partitioning
towards the particulate phase. Kanakidou et al. (2000) suggested that the increase in
anthropogenic SOA since pre-industrial times has resulted in a threefold increase of the biogenic
SOA concentrations globally.

Our understanding of the physicochemical processes leading to the SOA formation has improved
dramatically during the last decade. A number of models of variable complexity are now
available. Evaluation and continued development of these models against multiple smog chamber
data and ultimately field observations is the next necessary step in this effort.

3. Composition
Numerous SOA compounds have been identified in laboratory studies (Table 2) but only a few of
them (mostly biogenics) have been identified in ambient air. The few field studies that identified
unique SOA tracer compounds were designed specifically to achieve this objective and took place
mostly in forests.

The list includes a number of unique compounds that could be used as tracers for the
quantification of the contribution of selected SOA precursors. Some of these compounds (pinic
acid, pinonic acid, norpinic acid, norpinonic acid, etc.) are the result of the oxidation of multiple
precursors, but others (hydroxypinonaldehydes, hydroxypinaketones, sabinic acid, etc.) are
unique products of a given precursor.
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Table 2.SOA Compounds Identified in Laboratory and Field Studies

Precursor SOA Compound Ambient Air Field Studies

a-pinene Pinic acid
Norpinic acid
Hydroxypinonaldehydes
Pinonic acid
Norpinonic acid
Pinonaldehyde
Norpinonaldehyde
Hydroxy-pinonic acid

Yes
Yes
Yes
Yes
Yes
Yes
Yes

Yu et al. (1999)
Kavouras et al. (1998;1999)

β-pinene
Pinic acid
Norpinic acid
Pinonic acid
Norpinonic acid
Hydroxypina ketones
Hydroxy-norpinic acid
Hydroxy-pinonic acid

Yes
Yes
Yes

Yu et al. (1999)
Kavouras et al. (1998;1999)

sabinene Pinic acid
Sabinic acid
Norsabinic acid
Norsabinonic acid
Hydroxy-sabina-ketones
Sabine ketone

Yes Yu et al. (1999)
Kavouras et al. (1998;1999)

∆3-carene
Pinic acid
3-caric acid
hydroxy caronaldehydes
3-caronic acid
nor-3-caronic acid
caronaldehyde
hydroxy-3-caronic acid

Yes Yu et al. (1999)
Kavouras et al. (1998;1999)

CyclohexeneAdipaldehyde
6-oxohexanoic acid
adipic acid
glutaraldehyde
5-oxopentanoic acid
glutaric acid
succinic acid

Yes

Yes
Yes

Limonene Limonic acid
Limononic acid
Hydroxy-limononic acids

1-tetradecene a-hydroxytridecyl hydroperoxides
secondary ozonides

The challenges in this effort are significant. First, there is the difficulty in measuring the
concentrations of these compounds. They not only are polar but their concentrations appear to be
only a few nanograms per cubic meter. Techniques that have been developed in smog chamber
studies can probably be extended to field studies. The second difficulty is the partitioning of these
compounds between the gas and particulate phases. As most of them are semi-volatile their
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aerosol fingerprint changes continuously. The third difficulty is the reactivity of these
compounds. Some of the most volatile ones (pinonaldehyde, nopinone, etc.) have been shown to
have atmospheric lifetimes of the order of a few hours. The reactivity of the less volatile ones has
not been investigated in any detail. Finally, there is an additional analytical pitfall. Tobias et al.
(2000) discovered that when they analyzed the aerosol produced from the reactions of 1-
tetradecene and ozone the hydroperoxides, peroxides, and secondary ozonides observed by
thermal desorption particle beam mass spectrometry (TDPBMS) thermally decomposed to more
volatile compounds including tridecanal, tridecanoic acid, and few unidentified products.

4. Environmental Conditions
The SOA concentrations are expected to be sensitive to the ambient temperature, which will
affect both the rates of the gas-phase reactions and the partitioning of the SOA compounds.
According to Kamens and Jaoui (2001), a 10oC change in the ambient temperature can change the
SOA concentration in the a-pinene/ozone system by as much as a factor of two. Higher
temperatures are expected to decrease the SOA yields in this system. Strader and Pandis (1999)
suggested that for the ambient atmosphere the increase in production rates with increasing
temperature would partially offset the evaporation of SOA. They suggested that intermediate
temperatures (around 20oC in their case) could be optimal for the SOA production. Bowman and
collaborators proposed that the change in partitioning of SOA at lower temperatures could lead to
counterintuitive behavior of the SOA concentration during the day, e.g., a maximum during the
night even without any nighttime production.

The role of relative humidity in the SOA production has yet to elucidated. Edney et al. (2000)
argued based on their laboratory measurements that the presence of aerosol liquid water does not
significantly increase or decrease SOA yields during the photo-oxidation of toluene in the
presence of NOx. The same lack of sensitivity to relative humidity was reported for the a-
pinene/ozone system by Kamens and Jaoui (2001). Jang and Kamens (1998) estimated that the
partitioning of a variety of semi-volatile organic compounds (alkanes, alkanoic acids, PAHs, etc.)
on secondary organic aerosol (formed from the a-pinene reaction with ozone) was not sensitive to
relative humidity. On the other hand, water vapor was found to be an important reactant during
the reactions of 1-tetradecene and ozone (Tobias et al., 2000). Seinfeld et al. (2001) estimated that
the SOA concentration formed in theα-pinene ozone system increases by roughly 25% as the
relative humidity increases from 0 to 90%. The corresponding changes for the other biogenics
were 40% forβ-pinene/ozone, and 10% of carene. A much larger change (around a factor of 2)
was predicted for the cyclohexene/ozone and sabinene/ozone SOA because of the
hydrophyllicity of their products.
SOA production usually requires sunlight. However, reaction between the nitrate radical andβ-
pinene,∆3-carene, and sabinene leads to high conversion to aerosol, indicating probable ambient
aerosol formation at night when monoterpenes, continue to be emitted and the nitrate radical
concentration increases (Griffin et al., 1999b; Hallquist et al., 1999). Even if the chemical
production of SOA were slow during the night, the SOA concentration could increase during the
nighttime by condensation of the SOA compounds that may exist in the gas phase.

High time resolution ambient measurements of OC and EC as well as of some of the major SOA
components will be necessary for the improvement of our understanding of the role of
environmental conditions in the SOA formation.
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Which gas and particle end-products can best distinguish secondary
organic aerosol from primary organic particles at receptor locations?
How stable are these components and how consistent are their ratios to
other components in the secondary organic aerosol “source profile?”

Molecular Marker Tracers for Secondary Organic
Aerosols (SOA)

Dr. James J. Schauer,Environmental Chemistry and Technology Program, University of
Wisconsin-Madison

January 2002

Background
Speciation of the organic compounds present in the carbonaceous fraction of atmospheric
particulate matter samples has been shown to provide powerful insight into the impact of primary
air pollution sources on particulate matter concentrations in both the urban and remote locations
(Simoneit, 1985; Simoneit, 1986; Simoneit, 1999; Simoneit, et al., 1991). Using gas
chromatography mass spectrometry (GCMS) techniques, along with the rich knowledge of
organic compound molecular markers, molecular maker chemical mass balance (CMB) models
have been developed and applied to apportion the source contributions of direct primary sources
of atmospheric particulate matter (Manchester, et al., 2001; Schauer and Cass, 2000; Schauer, et
al., 1998; Schauer, et al., 1996; Watson, et al., 1998). These CMB models have been used to
apportion the primary source contributions from diesel engine, gasoline-powered motor vehicles,
hardwood combustion, softwood combustion, meat cooking operations, road dust, tire wear,
vegetative detritus, natural gas combustion and coal combustion. Although these models are still
undergoing refinement to reduce apportionment uncertainties and to incorporate additional
primary particulate matter sources, these models are reasonably well developed and are currently
being employed in a broad range of air quality studies.
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Molecular marker CMB models that explicitly apportion the direct primary source
contributions to particulate organic carbon (Schauer and Cass, 2000; Schauer, et al., 1998;
Schauer, et al., 1996) can be used to quantify an upper limit on secondary organic aerosols.
Under conditions where there exists high confidence that all important direct primary sources of
particulate matter are incorporated into the molecular marker CMB models, estimates of
secondary organic aerosol contribution to particulate matter concentrations can be obtained.
However, in many remote locations only limited information on primary sources exists such that
secondary organic aerosol estimates of this nature have very high uncertainties. Likewise, all
molecular marker models would be greatly enhanced in source profiles for secondary organic
aerosols were developed and incorporated in these models. The direct apportionment of
secondary organic aerosols would allow a direct mass balance check on particulate matter organic
carbon concentrations. For these reasons, there is a great need to identify molecular marker
tracers for secondary organic aerosols and develop source profiles for secondary organic aerosols
that can be incorporated in CMB models.

Potential Tracers of SOA
Three chemical analysis approaches have been used in the past to identify the organic constituents
of secondary organic aerosols (SOA): 1) chemical analysis of laboratory generated SOA formed
in smog chamber experiments (Forstner, et al., 1997a; Forstner, et al., 1997b; Glasius, et al.,
2000; Jang and Kamens, 2001; Tobias and Ziemann, 2000; Yu, et al., 1999a), 2) analysis of
atmospheric particulate matter samples collected in locations where high levels of SOA are
expected (Kavouras, et al., 1999; Yu, et al., 1999b), and 3) statistical analysis and chemical
structural interpretation of organic compounds speciation measurements of atmospheric
particulate matter (Kawamura and Sakaguchi, 1999; Rogge, et al., 1993; Schauer, et al., 1996).
Clearly, all three strategies have advantages and disadvantages such that we ultimately seek to
have all approaches converge together to identify the organic compounds, which comprise SOA.
Table 1 summarizes some of the key classes of compounds that have been identified as
contributors to SOA, which may be useful as tracers for SOA. It is important to recognize that
within each of these compound classes there exists a broad range of organic compounds with very
different chemical structures and likely very different atmospheric precursors. With this said,
however, Table 1 does provide a basis to identify potential analytical methods, sampling
techniques, and research needs to better prioritize critical uncertainties in the development of
SOA tracers. Clearly, on going and future research will be able to add more compound classes to
Table 1 and will be able to better link laboratory smog chamber experiments and field
measurements.

From a practical perspective, there are three criteria necessary for organic compounds to be
useful as tracers for SOA: 1) the source of these compounds in the atmosphere must be
dominated by atmospheric chemical reactions and not primary source emissions, 2) the
compounds must be reasonable stable in the atmosphere after production, and 3) there must exist
a quantitative relationship between SOA production from at least a class of SOA precursors and
the tracer compound. Since the chemical structures of SOA precursors have a broad range of
chemical structures, it is reasonable to assume that SOA formed from different classes of
compounds will have different tracer compounds. The potential compounds classes listed in
Table 1 need to be assessed based on the criteria listed above.

Table 1.Selected Classes of Organic Compound Present in SOA
Generated in Smog Chamber Experiments, Which Are Potential
Tracers for SOA
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Compound Class
Precursors in
Smog Chamber Example References

Observed
in Atmos. Example References

Cycloalkyl Diacids Biogenics Glasius et al. (2000) Yes Kavouras et al. (1999)
Aliphatic Diacids Cycloalkenes (Kalberer, et al., 2000) Yes Rogge et al. (1993)

Kawamura & Sakaguchi
(1999)

Aromatic Diacids Yes Rogge et al. (1993)
Schauer & Cass (2000)

Hydroxy Acids Cycloalkenes
Biogenics
Aromatics

Kalberer et al. (2000)
Glasius et al. (2000)
Jang & Kamens (2001)

Keto Acids Cycloalkenes
Biogenics
Aromatics

Kalberer et al. (2000)
Glasius et al. (2000)
Jang & Kamens (2001)

Yes Kavouras et al. (1999)
Yu et al. (1999)

Oxo Acids Cycloalkenes
Biogenics
Aromatics

Kalberer et al. (2000)
Glasius et al. (2000)
Jang & Kamens (2001)

Yes Yu et al. (1999)

Dicarbonyls Cycloalkenes
Biogenics
Aromatics

Kalberer et al. (2000)
Yu et al. (1998)
Jang & Kamens (2001)

Yes Kavouras et al. (1999)
Yu et al. (1999)

Nitrates PAH
Aromatics

Kames et al. (1999)
Jang & Kamens (2001)

Yes Feilberg et al. (2001)

The compound classed listed in Table 1 can be divided into three groups: organic diacids,
multifunctional carbonyls, and nitrated compounds. The aliphatic and aromatic organic diacids
are of specific interest since these compounds have been identified in atmospheric particulate
matter samples in both the urban atmosphere (Rogge, et al., 1993) and remote locations marine
environments (Kawamura and Sakaguchi, 1999). These measurements suggest that these
compounds are relatively stable and may represent near final end product of atmospheric
processing. In addition, the primary emissions of many of these compounds are expected to be
relatively small (Schauer, et al., 1996). Very little is known about the distribution and
atmospheric stability of the cycloalkyl diacids, which are products of atmospheric reactions of
biogenics, since these compounds have only been measured in forested regions and in smog
chamber experiments. As a result, there is a great need to look for these compounds in other
regions, such as downwind of forested regions. If these compounds are reasonably stable in the
atmosphere, or if they degrade to other relatively unique compounds, the diacids could be
important tools to track SOA since the distribution of diacids may be relate to the SOA
precursors. Rogge et al. (Rogge, et al., 1993) suggested that the aromatic diacids might result
from the degradation of PAH in the atmosphere. Although direct primary emissions of aromatic
diacids have been reported (Fraser, et al., 1998; Kawamura and Kaplan, 1987; Simoneit, 1985), it
is unclear if the direct primary emissions of these compounds are important contributors to their
atmospheric concentrations. Likewise, the exact precursors for these compounds have not been
identified in laboratory smog chamber experiments.

The multifunctional substituted carbonyls have been shown to be major components of SOA
(Glasius, et al., 2000; Jang and Kamens, 2001; Kalberer, et al., 2000; Yu, et al., 1999a). Since
these compounds are likely to undergo further chemical reactions at reasonable high reaction
rates, due to their carbonyl functional groups, these compounds may be very difficult to use as
tracers for SOA under conditions of long-range transport. Under conditions of near field SOA
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production, however, these carbonyl compounds may provide important information on SOA
sources and production rates. Further investigations of the stability of these compounds will be
needed to better assess their viability as tracers for SOA.

Both nitrated mono-aromatic and nitrated polycyclic aromatic hydrocarbons have been identified
as products of atmospheric chemical reactions that are contributors to SOA. Nitrated aromatic
compounds may be useful as tracers for SOA produced from mono-aromatic hydrocarbons that
result form reactions with nitrogen oxides (Jang and Kamens, 2001). It is important to recognize
that different chemical mechanisms will yield different product distribution and likely different
amounts of SOA. To this end, tracers for different SOA formation mechanisms from the same
SOA precursors may be needed for accurate apportionment of SOA. For this reason, the ability
to use nitrated mono-aromatic compounds as tracers for SOA should be further investigated.
Feilberg et al. (Feilberg, et al., 2001) investigated the relative primary and secondary
contributions to atmospheric contributions of nitro-PAH and that specific nitro-PAH, including 1-
nitropyrene and 3-nitrofluoranthene, are dominated by direct primary emissions while other nitro-
PAH are dominate by atmospheric chemical reactions. This work further supports the notion that
some nitro-PAH could be used as tracers for some SOA reaction mechanisms.

Strategies for SOA Apportionment
It is important to note that some of the potential tracers for SOA are semi-volatile organic
compounds, which exist in both the gas and particle-phase at atmospheric conditions, while some
have very low vapor pressures and reside almost entirely in the particle-phase. Clearly, the
requirements of sampling strategies that seek to collect the semi-volatile compounds and the
compounds, which are only present in the particle-phase, will be very different. Although
quantitative collection of both semi-volatile and particle-phase organic compounds is desirable
for tracing SOA, it is important to note that many existing sampling networks are not equipped
with capabilities for semi-volatile organic compounds. Although these sampling networks could
be retrofit, it is important to recognize that the great advantage of these networks is that they are
able to efficiently collect a large number of routine samples that can be analyzed retrospectively.
Addition of semi-volatile organic compound sampling capabilities on these networks would have
significant cost and is not practical. To this end, two different strategies for source apportionment
of SOA need to be developed: 1) a strategy that can be applied to routine filter based samples and
2) a strategy that can fully exploit advanced sampling techniques that are likely to be employed in
selected field studies. Clearly, SOA contains significant amounts of semi-volatile organic
compounds, which needs to be properly addressed in both cases.

The development of source apportionment techniques that only utilize particle-phase
measurements will need to exclusively utilize non-volatile tracers, such as the aromatic, aliphatic,
and cycloalkyl diacids. Ultimately, these tracers will need to be related to the total non-volatile
and semi-volatile SOA concentrations present in the atmospheric particulate matter samples.
Potentially, these tracers may be related to an effective SOA concentration that is expressed as an
SOA concentration at standardized temperature, humidity, organic particulate matter
concentrations. Source apportionment strategies that take advantage of both non-volatile and
semi-volatile tracers will still need to face the challenge of accurately measuring or effectively
expressing the concentration of SOA in the particle-phase.

Recommendations
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1) Field studies should be conducted that make adequate measurements of likely SOA
tracers and known primary source tracers that can be used in an advanced positive matrix
factorization (Ramadan et al., 2001) such that effective profiles for different sources of
SOA can be identified. Field studies should be implemented in both regions that are
likely impacted by SOA originating from both biogenic and anthropogenic sources.

2) Additional smog chamber experiments should be conducted to further investigate the
stability of potential tracers for SOA, with specific attention to diacids, multifunctional
substituted carbonyls, and nitrated aromatics.

3) Better integration of analytical techniques among atmospheric measurements, primary
source measurements and laboratory smog chamber experiments to help assess the
uniqueness of proposed SOA tracers.

4) Smog chamber studies should be conducted to identify the atmospheric reactions and
precursors for secondary aromatic diacids.

5) More advanced analytical techniques need to be tested to identify novel SOA tracers
including isotopic fractionation during SOA production, physical properties, nitrogen
containing compounds, and polar organic compounds.
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What are the size, composition, and hygroscopic properties of secondary
organic particles that are most likely to affect light extinction? Which
end-products and formation mechanisms are likely to cause the largest
and smallest effects on regional haze?

Lynn Hildemann, Stanford University

1/16/2002

It is clear on a theoretical basis that condensed organics which are moderately to highly polar will
take up water under elevated relative humidity conditions. Moderately polar compounds with
limited solubility in water will exhibit deliquescence behavior similar to what has been predicted
and observed for inorganic compounds like ammonium sulfate: that is, no water uptake will occur
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until a minimum relative humidity is reached; at this deliquescence point, substantial water
uptake will suddenly occur. More highly polar organic compounds having very high aqueous
solubilities should take up water over the entire range of relative humidities (e.g., Saxena and
Hildemann, 1997).

Relatively little is known about the composition of potentially hygroscopic organics in the
atmosphere, because traditional extraction and derivatization techniques have focused on the
recovery of relatively nonpolar compounds. To be potentially hygroscopic aerosol components,
organic compounds must have a low enough vapor pressure to partition into the condensed phase
under typical ambient conditions, and they must have enough polar substituents to be
significantly soluble in water. Candidate hygroscopic organic aerosol components hypothesized
to be of potential importance include multifunctional species such as diacids, polyols, and amino
acids (Saxena and Hildemann, 1996). Organics with single polar substituents are not of interest:
if they are small enough to be relatively polar, they are too volatile to occur in the condensed
phase, and if they are of a high enough molecular weight to be condensable, they will be
relatively nonpolar despite the hydroxyl or carboxyl group. Since analytical methods for reliably
preparing, identifying, and quantifying complex mixtures of polar organic species are not yet well
established, only very limited data on polar atmospheric aerosol species are available.

Both primary emission sources and secondary organic aerosols can generate polar organics. For
primary aerosol emissions, the more efficient the combustion process, the more nonpolar the
organic aerosols emitted. Thus, emissions from diesel combustion only take up 2-3% water as
the relative humidity increases from 40 to 90%, whereas wood smoke takes up about 10% water
over the same change in relative humidity (McDow et al., 1994). It has also been reported that
the aerosol oxidation products of monoterpenes take up 10% water at a relative humidity of 84%
(Virkkula et al., 1999).

There is currently substantial disagreement among researchers regarding how much of haze
formation may be attributable to water uptake by organics. Some ambient measurements have
been published in which a tandem differential mobility analyzer (TDMA) was used to measure
the increase in diameter that particles of a given size undergo when exposed to a high relative
humidity. Based on thermodynamic calculations using these data, some researchers have
reported that ambient organics at certain rural locations may contribute substantially to total water
uptake (e.g., Saxena et al., 1995; Dick et al, 2000). However, other researchers measuring
increases in light scattering at elevated relative humidities in a rural area have reported that all of
the measured increases can be satisfactorily attributed to water uptake by the inorganic species
present (Waggoner et al., 1983, Malm and Day, 2001). For one urban area, analysis of TDMA
data suggested that the organic aerosol can retard or inhibit water uptake (Saxena et al., 1995).

Despite this disagreement, a conclusion which can be drawn from the currently available
evidence is that the relative contribution of organics to water uptake should be most significant
under lower relative humidity conditions (Saxena and Hildemann, 1997; Ansari and Pandis,
2000), that is, below the deliquescence points of inorganic hygroscopic species. In addition, the
contribution of polar organics to haze formation should be most noteworthy in regions where the
ambient aerosol is not dominated by highly hygroscopic inorganic species like ammonium sulfate
species.

Organics can span the full range from highly nonpolar (hydrophobic) to highly polar, and they are
expected to exist in the atmosphere mainly (i) as coatings on insoluble inorganic cores, and (ii) as
solution mixtures with inorganic compounds. Several laboratory-scale research efforts have
attempted to examine whether organic coatings can alter the hygroscopic behavior of the core.
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Some researchers have seen no measurable changes in the behavior of a hygroscopic core for
hydrophobic coatings (e.g., Hansson et al., 1990; Hameri et al, 1992; Cruz and Pandis, 1998;
Kleindienst et al, 1999), while others have seen retardation or suppression of water uptake
(Andrews and Larson, 1993; Xiong, 1998). For solution mixtures, one research group reported an
averaging effect for water uptake by mixtures of hygroscopic organics and inorganics (Virkkula
et al., 1999), while another group reported that the extent to which organics enhanced or inhibited
water uptake depended on the inorganic salt tested and the fraction of organic material present
(Cruz and Pandis, 2000). Thus, substantial additional research is needed to understand what
factors (such as particle size, composition of the inorganic component, composition of the organic
component, and the thickness of the coating or the relative volume of organic) may influence the
rate and amount of water uptake.

For inorganic compounds, a theoretical construct has been developed for predicting hygroscopic
behavior as a function of factors like relative humidity, temperature, and composition. For
aqueous mixtures of organics and inorganics, the vapor pressure and the activity coefficient will
play major roles in determining partitioning and water uptake (Saxena and Hildemann, 1997;
Hemming and Seinfeld, 2001). Current methods of estimating these measures via group
contribution methods (such as UNIFAC) have not been found to be very precise for the limited
number of organic compounds for which measurements are available for comparison. Thus, this
is another area where additional research is needed, both to determine these properties under
typical ambient conditions for atmospherically-relevant organics, and to develop or refine a group
contribution method to more accurately represent the interactions between functional groups on
the organic molecules.

In summary, the polar organic compounds in aerosols are most likely to significantly affect light
extinction. These can originate from certain primary sources (e.g., wood burning), as well as
from the generation of secondary organic aerosol species. Since low volatility organic species
will condense onto existing particles, the size distribution of the ambient aerosol will strongly
influence the impact of hygroscopic organics on light extinction. It has been pointed out that in
urban areas, some common strategies for reducing the mass of airborne particulate matter could
paradoxically lead to further degradation in visibility (Kleeman and Cass, 1999). Typical urban
mitigation strategies focus on combustion particles (typically less than 0.3 um) and on sources of
dust (typically greater than 2.5 um); however, this would increase the relative importance of
particles between 0.3 and 2.5 um in size. This remaining “background” aerosol, with sizes that
scatter light in an especially efficient manner, will collect more of the condensable secondary
organic material, thereby enhancing its ability to generate visible haze.
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What are the precursor compounds for secondary organic aerosols? What
are the types of vegetation, vehicle exhaust, and burning that emit these
precursors and under what conditions?

Richard Kamens, Myoseon Jang, Sangdon Lee, andMohammed Jaoui, Department of
Environmental Sciences and Engineering, UNC-Chapel Hill, Email:kamens@unc.edu; tel: 919
966 5452

Summary
For the purposes of this discussion secondary organic aerosol (SOA)material will be defined as
organic compounds that reside in the aerosol phase as a function of atmospheric reactions that
occur in either the gas or particle phases. Monoterpenes (C10H16), that are emitted from
vegetation, have long been implicated in secondary aerosol formation since Went published a
paper on the subject in 1960. Monoterpenes represent about 10% of the natural non-methane
hydrocarbon (NMHC) emitted by the vegetation to the atmosphere. Terpenes react in the
atmosphere with hydroxyl radicals (OH), nitrate radicals (NO3) and ozone (O3). Recent
measurements of individual terpene concentrations suggest ranges from 10 to 63 pptV.�-pinene
tends to be the most ubiquitous terpene. Given its average ambient concentration, and aerosol
potential, on a reacted mass basis, it may account for about 20-25%% of the potential secondary
aerosol mass from terpenoid type compounds; d-limonene may be as high as 20% and�-pinene
from 7-15%.

Susquiterpenes are a class of unsaturated C15H24 biogenic compounds also released from
vegetation. There is a dearth of data on the emissions strength of sesquesterpenes, although it has
been estimated by Helmig et al. that sesquiterpenes may contribute as much as 9% to the total
biogenic emissions from plants. Other estimates are much lower. Lifetimes in the presence of a
night time average background of NO3 (5x108 molecules cm-3), for all of the sesquiterpenes, with
the exception of longifolene, are in the range of 1-5 minutes. In the presence of 30 ppb of O3 �-
caryophyllene and�-humulene have life times on the order of minutes. These compounds on a
reacted mass basis have 3-5 times the aerosol potential of either���or��pinene. In addition to
monoterpenes and sesquiterpenes, a number of oxygenates are emitted by vegetation. These
include alcohols, carbonyls, acetates and organics acids. Of significance is that in many instances
the oxygenate emissions may be higher, depending on the plant species, than monoterpene
emissions.

Natural and anthropogenic fine aerosol emissions to the atmosphere are on the order of 200 to
300 Tg yr-1. Biogenic aerosols represent ~10% of this figure. A modeling estimate by Griffin et
al. for biogenic aerosols is 13 to 24 Tg yr-1; it is on the same order of magnitude for predictions
of anthropogenic soot, and natural or anthropogenic nitrates, but much less than sea salt or natural
or anthropogenic sulfate aerosols.

According to the USEPA the major atmospheric sources of aromatics in the US from
1988 to 1998 were solvent utilization and transportation sources. Volatile aromatic
compounds comprise a significant part of the urban hydrocarbon mixture in the
atmosphere, up to 45% in urban US and European locations. Toluene, m-and p-xylenes,
benzene and 1,2,4-trimethyl benzene, o-xylene and ethylbenzene make up 60-75% of this
load. In the rural setting the picture is quite different. At a rural site in Alabama in the
summer of 1990, aromatics contributed ~1.7 % to the overall VOCs. Alkenes were the
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major category, with isoprene and� -pinene and� -pinene making up 37, 3.5, and 2% of
the VOCs. Alkanes made up 9% and oxygenates 46%. In a recent study on the
hydrocarbon emissions from two tunnels aromatic emissions comprised 40-48% of the
total nonmethane hydrocarbon emissions for light and heavy duty vehicles. On a per mile
bases heavy duty trucks emit more than twice the aromatic mass, that light duty vehicles
emit, and the distribution of aromatic is different between these two classes. The six
aromatic compounds mentioned above comprised ~60% of the light duty emissions, but
only about 27% of the heavy duty emissions.

The chamber work of many investigators clearly demonstrate that aromatics have to
potential to generate secondary aerosol material. The primary atmospheric reaction of
gas phase aromatics involves the OH radical. This reaction produces a host of
dicarbonyls, carboxylic acids, and hydroxy carbonyl compounds. At a TSP concentration
of 100� g/m3, and using the Pankow relationship for absorptive partitioning, 0.1% of the
multi carbonyl-OH compound, 0.06% of a buten-al-oic compound, and 15% of a
dicarbonyl-alcohol-carboxylic acid would be in the aerosol phase. A host of new ring-
opening products, which include oxo-butenoic, dioxo-pentenoic, methyl-oxo-
hexendienoic, oxo-heptadienoic and trioxyohexanoic carboxylic acids, as well as similar
analog aldehdyes were recently identified by Jang and Kamens, along with chemical
mechanisms to explain their formation have recently been reported. Many of these
products were major components in the particle phase. Very few of these products have
been observed in ambient samples, although the under predicted receptor modeling of
dicarboxylic acid aerosol content by Schauer el al., may be a result of these processes.

Of the major SOA products observed in the Jang and Kamens toluene experiment, the
experimental partitioning coefficients between the gas and the particle phases (iKp) of
aldehyde products were much higher and deviated more from predictediK. This has also
been observed with� -pinene systems for product aldehydes such as pinonaldehdye and
pinalic acid. This is an extremely important result, because it suggests that aldehyde
products can further react through heterogeneous processes and may be a very significant
SOA generation mechanism for the oxidation of aromatics in the atmosphere. As product
aldehydes become incorporated into larger molecules in the particle phase, more parent
aldehdyes partition from the gas to the particle phase. In a very recent study is has just
been reported that inert particles acidified with sulfuric acid can promote these reactions
and form much higher yields of secondary products than when acid is not present. This
study also shows that dialdehydes such as glyoxal, as well as hexanal and ocatanl can
directly participate in secondary aerosol formation, but this process is significantly
enhanced by the presence of an acid seed aerosol. The same phenomena was observed
for the reaction of aldehydes and alcohols. The products of particle phase aldehyde
reactions that lead to this SOA increase are probably thermally unstable and do not
usually survive the workup procedure for traditional analysis techniques.

Based on the above summary of the literature the following research needs are:
1. Determine the importance of particle phase reactions as a source of SOA.
2. Determine the importance of sesquiterpenes in SOA formation.
3. Clarification of the impact of drought and relative humidity on biogenic emissions is

needed so these factors can be incorporated into emission models.
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4. Integrated chemical mechanisms for predicting SOA from biogenics and aromatic
precursors.

5. New analytical techniques to detect and quantify particle phase reactions. These need to
be non-invasive or “chemically soft” so that complex particle phase reactions products
are not decomposed.



Secondary Organic Aerosols Research Strategy 4/3/2003

62

What current sampling and measurement technologies are available to
measure these marker components (i.e. of secondary aerosol)? How can
these be practically applied at remote locations in pristine environments?

Dr. Barbara Zeilinska

1. Sampling

Organic species are the most numerous class of chemicals, and in the atmosphere each individual
compound is generally present as a small proportion of the total amount of organic carbon. In
remote locations, where particle concentrations are low, a long sampling time may be necessary,
on the order of days, to collect enough sample to satisfy the detection limits of analytical
methods. The long sampling time may increase sampling artifacts and limit the information
concerning temporal resolution.

1.1 Filter Sampling

At present the most commonly used method is filter collection of ambient aerosol, followed by
laboratory analyses. Since organic compounds, including secondary organics, are associated with
fine particles (i.e. below 2.5µm aerodynamic diameter), the use of an appropriate cut-off inlet is
necessary. From the point of view of a sample size, a cyclone, which allows for higher sampling
flow, would be recommended.

The selection of a filter depends on the type of analysis that will be run on the sample later. For
thermal carbon analysis, a quartz fiber filter is appropriate, since it withstands temperatures up to
1000°C. It can also be extracted with organic solvents for further organic compounds speciation.
Both analyses require pre-firing the filter, to clean it of organic impurities. However, due to the
large specific surface area, a quartz filter is prone to positive sampling artifact, i.e. adsorption of
organic gases during sample collection.

Teflon membrane filters have much smaller exposed surface area and are thought not to adsorb
organic gases, but they are not thermally stable and not easy to use for extraction. They cannot be
easily pre-cleaned before use, so they may contribute some organic impurities. Teflon-coated
glass fiber filters (TIGF) are not stable enough in high temperatures to be use for carbon analyses,
but they are an excellent choice for the collection of samples to be used for organic solvent
extraction. They can be easy pre-cleaned by extraction with solvents, they are easy to work with
(in contrast to quartz filters), are available in many different sizes and types (including filters with
improved efficiency for sub-micron particles), and are inexpensive. The effectiveness of Teflon
coating in reducing adsorption has not been studied; however, our data indicate that the
adsorption is not significant for these types of filters.

Figure 1 shows the comparison of polycylic aromatic hydrocarbons (PAH) concentrations in
diluted (~30 times, using the DRI dilution tunnel) light duty diesel exhaust, collected using a
XAD-coated annular denuder (Gundel et al., 1995) and a Teflon-coated glass fiber filter (TIGF,
T60A20) backed by a PUF/XAD/PUF “sandwich” cartridge. The filter samples from the denuder
and filter/PUF/XAD/PUF sampler are compared (B.Zielinska, unpublished results). The PAH
quantified ranged from naphthalene (present entirely in the gas phase) to coronene (adsorbed on
particles); see Table 1 for the explanation of mnemonics (methyl-, dimethyl-, and trimethyl-
isomers are combined for clarity of presentation). Figure 1 shows a relatively good agreement
between denuded and undenuded filter samples, with the denuded filter sample being usually
higher than the undenuded sample. This indicates that volatilization during sample collection
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(blow-off, negative artifact) is probably more important than filter adsorption for the sample
collected on Teflon-coated glass fiber filters.

To account for positive artifact when samples are collected on quartz fiber filters, the second
quartz filter is placed behind the first (i.e. QQ combination), or a second sampling port is added
containing a Teflon filter followed by a quartz filter (i.e. Q and TQ combination) (McDow and
Huntzicker, 1990; Turpin et al., 1994). Since the Teflon filter is thought not to adsorb vapor
phase organics, it would trap particles and allow vapors to pass through to the back-up quartz
filter. The Q filter alone in the other sampling port would receive both particle and vapor phase
material. Thus, a measure of organic carbon (OC) just from particles is found by subtracting the
OC present on the back-up Q from that on the single Q. However, it has to be emphasized that
this method does not correct for volatilization artifact, which can be substantial in pristine areas
with significant secondary aerosol fraction. Literature estimates of artifact contributions to OC
mass measurements range from –80% for volatilization-induced bias to +50% for adsorption-
induced bias (Turpin et al., 2000).

The other artifacts associated with filter sampling include chemical changes of some of the more
reactive organic compounds during prolonged sampling (such as reactions with ozone or nitrogen
dioxide in the presence of nitric acid) and contaminations due to the insufficient filter cleaning
before sampling or a filter contact with contaminated sampling equipment.

However, despite these disadvantages, this method is capable of providing the most detailed
information concerning the secondary organic aerosol, if it is combined with detailed chemical
speciation.

1.2 Size Segregated Sampling

Impactors can be used to obtain size-segregated samples of organic aerosol, however due to the
small sample sizes, their application to the detailed chemical speciation of organic aerosol is still
limited. Particles collected in impactors are usually subjected to smaller pressure drops than filter-
collected samples, resulting in lower losses due to volatilization. Particle bouncing may be a
problem, especially at low humidity, since organic analysis excludes the use of grease.

A Micro-Orifice Uniform Deposit Impactor (MOUDI) has a sampling rate of 30 L/min. Samples
can be collected on substrates such as aluminum foil, which does not adsorb organic gases, and
can be analyzed for total carbon by the thermal-optical methods. The information concerning
OC/EC split can be also obtained; however, since no optical correction for pyrolysis can be
applied, the split is approximate only. This may be more important for ambient samples with
higher fraction of secondary organic aerosol than for source samples, since secondary organics
tend to be more polar, thus more prone to pyrolysis. The aluminum foil can be extracted and
analyzed for selected organic compounds, but the generally low sample mass may preclude
detailed organic speciation. However, in our experience, the low sample mass is in part
compensated by the very low background of pre-cleaned aluminum foil. This allows the
concentration of the extract to a very low final volume (~ 20 ul), thus allowing for higher
analytical sensitivity.

1.3 Denuder Sampling

The denuder strips the gas-phase species from the air stream by diffusion to an adsorbent surface
(e.g. activated carbon, XAD resins, etc.) before collection of the particles on a filter. Since the
removal of gas-phase organics disturbs the gas-particle equilibrium and drives the volatilization
of the particulate material from the filter, an adsorbent bed (such as polyurethane foam, XAD
resins, etc) should be used downstream of the filter to capture any particle-phase organics
volatilized from the filter. The denuder technique is not really straightforward; the selection of
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the correct denuder type, its dimensions, flow rate, etc., greatly influence the results and incorrect
conclusions could be drawn if the user is not familiar with the denuder technique.

To obtain meaningful data from the denuder sampling, the collection efficiency of the denuder
should be either 100% or be accurately known for the species to be measured under variety of
ambient conditions. Denuder collection efficiency depends on the denuder surface area (+), the
diffusivity (+) and vapor pressure (-) of the compound, the temperature (-) and flow rate (-) of the
air stream, and the presence of competing species, including water vapor (Kamens and Coe,
1997; Lane et al., 1988). (The + and – indicates the effect of increasing each parameter on
efficiency). It has been shown (R. Rasmussen, private communication) that the efficiency of
activated charcoal denuders is greatly influenced by ambient humidity.

In order to increase the collection efficiency of the denuder, the PC-BOSS was developed by
Eatough and co-workers (1999), which uses a virtual impactor upstream of the denuder that
removes a majority of the gases and particles smaller than 0.1µm from the aerosol flow. The
disadvantage of this system is that the gas-particle distribution is changed even before the aerosol
enters the denuder. In addition, particulate OC estimates have to be corrected for particle losses
in the inlet of 46 to 48%.

In summary, although size-selective and denuder sampling methods are certainly very useful for
investigating the property of organic aerosol, a filter sampling method is presently the main
method for ambient PM sample collection, due to its simplicity, relatively low cost and a large
sample size. To account for semi-volatile organic compounds (SVOC), the filter is often
followed by a solid adsorbent, such as PUF plugs, XAD resins, or ”sandwich” type
PUF/XAD/PUF cartridges.

2. Analyses

A variety of methods are used to characterize organic carbon in atmospheric PM samples. The
methods may be divided into “total” methods that characterize only certain properties of organic
PM (such as organic carbon content, functional groups, isotope ratios, etc) and molecular-level
methods that characterize individual organic compounds

2.1 “Total” Analyses

2.1.1 Thermal/Optical Carbon Analysis

Thermal/optical carbon analysis allows for measuring and separating total amount of organic and
elemental carbon (OC/EC). The basis of this technique is that organic carbon is volatilized from a
sample (collected on quartz filter) when heated without oxygen, whereas oxygen is required for
elemental carbon combustion (Johnson et al., 1981; Chow at al., 1993). There are several
methods and protocols for conducting these analyses, which can differ in their OC/EC split
designation. It is important to realize that the definition of OC and EC is operational only and it
is tied to the method of carbon measurement (TOT, TOR, NIOSH 5040, see Chow et al, 2001, for
the method comparison) and do not necessary correspond to a physical meaning of “organic” or
“elemental” carbon. For obtaining the estimation of organic compound mass concentration, the
OC concentration is generally multiplied by values ranging from 1.2 to approximately 1.8 to
account for hydrogen, oxygen and other elements that constitute organic molecules. However,
this factor itself is a source of uncertainty, since it depends on organic compound composition,
which may be different in different locations. In remote locations, the higher contribution of
secondary organic aerosol, which contains higher proportion of oxygenated (oxidized)
compounds, would result in a higher average molecular weight per carbon weight ratio. Turpin et
al. (2000) suggest that a ratio 1.9 –2.3 is more accurate for aged aerosol, 2.2 – 2.6 for an aerosol
heavily impacted by wood smoke and 3.2 for “water soluble” organic PM.
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Although thermal/optical carbon analysis is a useful method in combination with other
measurements, it provides very little insight into the types of sources of the organic compounds
present.

2.1.2 Spectroscopic Methods

Fourier transform infrared (FTIR), Raman, nuclear magnetic resonance (NMR) and other
spectroscopic methods provide functional group and bond information. FTIR spectra can be
obtained directly from ZnSe impactor substrates, without extraction. Blando et al. (1998) used
sequential rinsing of ZnSe impactor substrates with hexane (to remove non-polar organics), then
acetone (to remove polar organic) and finally water (to remove inorganic salt). This method has
been used to determine the polarity of various organic functional groups in the sample. The
method does not provide quantitative information, or the information concerning individual
compounds.

2.2 Molecular Level Methods

Organic compound speciation provides the most valuable information about organic aerosol
composition, sources, and atmospheric transformation processes. Presently it is not possible to
completely resolve all organic carbon mass into concentrations of specific organic compounds
and no single analytical technique is capable of analyzing the entire range of organics. The
molecular level methods usually require extraction of a sample with organic solvent(s), followed
by analysis by gas chromatography/mass spectrometry (GC/MS), GC/FTIR/MS, GC with various
detectors, HPLC/MS and other methods.

2.2.1 GC/MS, GC/FTIR/MS

The most widely used analysis method for complex mixtures of organic compounds is high-
resolution capillary gas chromatography with mass spectrometric detection (GC/MS). Sequential
extraction with solvents of increasing polarity and liquid chromatographic separation are
frequently used prior to GC/MS analysis to simplify the complex organic mixtures. However,
GC/MS methods have typically resolved only 10-15% of the organic mass into specific
compounds (Turpin et al., 2000). This is because high-molecular organics (>C40) and highly
polar compounds (especially multifunctional) do not elute through a GC column. Polar organic
compounds require derivatization prior to analysis, to convert them into less polar and more
volatile derivatives that will elute through a GC column. However, the derivatization techniques
are compound-class specific and thus several different methods may be required for a
comprehensive analysis of one ambient sample. The derivatization reagent by-products, the
complexity of derivatization products, lack of standards, and limited mass spectral libraries makes
these analyses difficult and time consuming.

The most widely used derivatization methods include silylation (replacement of active hydrogen
atom in -COOH or -OH functional groups with trimethylsilyl group) and methylation (for
example, with diazomethane for mono- and dicarboxylic acids). For ketoacids, dicarbonyls, and
hydroxyacids, conversion of carbonyl groups to dibutoxy acetal (Kawamura et al., 1996) and two
step derivatization technique with O-(2,3,4,5,6-pentafluorobeznyl) hydroxy amine (PFBHA),
followed by silylation with BSTFA (Yu et al, 1998) have been used. This last method utilizes
PFBHA reaction with carbonyl group to form oxime derivatives, thus preventing enol formation
from carbonyls, since the enol could react with BSTFA and complicate data interpretation.

Since the derivatization methods are currently the main tool for polar compound analysis,
research is needed to simplify and standardize the derivatization procedures. There is a need for
better and more universal derivatization reagents and less laborious procedures. For example, on-
line, inlet based trimethylsilyl derivatization procedure for GC analysis of mono- and
dicarboxylic acids has been proposed (Docherty and Ziemann, 2001). This technique involves
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the co-injection of analyte and BSTFA reagent, followed by a gas-phase derivatization reaction
in the injection port of a GC/FID or GC/MS system. Although the technique was tested for a
limited number of compounds (only mono- and dicarboxylic acids), this is certainly a step in a
right direction.

The combined GC/FTIR/MS technique offers the advantage of additional information from the
FTIR spectrum, complementary to mass spectrum information, and helpful in identification of
individual components, especially isomers; often these compounds have very similar mass
spectra, but unique IR spectra.

2.2.2 High-Performance Liquid Chromatography (HPLC)

HPLC coupled with a mass spectrometer or a photodiode array detector seems to be especially
suitable for the analysis of polar organic compounds. Aqueous solutions can be injected into
reverse-phase columns, and polar compounds do not need a derivatization step in order to elute
from most of the LC columns. However, compared with GC and GC/MS, HPLC has seldom
been used for the study of organic aerosol (Jacobsen et al., 2000). This is probably because LC
columns offer less resolving power than GC columns and are usually designed for a narrower
compound class. In addition, although several LC/MS systems are commercially available, they
are not necessary optimized for atmospheric research. From the two types of interfaces available
between LC and MS, electrospray and particle beam, the particle beam seems to be more
promising. Further development of separation methods and mass spectral libraries is also needed.

2.2.3 Novel Analytical Approaches

Several new and promising methods have recently been proposed for a molecular-level organic
aerosol characterization. Neususs and co-workers (2000) used flash evaporation by Curie point
pyrolysis coupled with GC/MS (CPP-GC/MS) for direct analysis of atmospheric semi-volatile
organic compounds. The advantage of this method is that only a few micrograms of sample is
needed (thus it could be used with size-segregated sampling) and no sample preparation is
necessary. The disadvantage is that very polar compounds may either not elute from a GC
column, or be destroyed during a flash evaporation process.

To compensate for this, the same authors (Neususs et al., 2000) proposed to use a complementary
method, capillary electrophoresis (CE) for analysis of dicarboxylic and hydroxy dicarboxylic
acids, as well as the common inorganic ions and methanesulfonate. In CE, ions are separated in a
strong electric field, because of their different electrophoretic mobilities. The advantage of this
method over ion chromatography and GC or HPLC is that inorganic and organic ions can be
analyzed in a single run. Also, the separation efficiency is higher than in LC and the required
sample amount is very low.

Thermal desorption particle beam mass spectrometry has been recently developed and used for
identification of secondary organic aerosol products formed in an environmental chamber (Tobias
and Ziemann, 2000). In this method, a number of particles were trapped on a cold stage and
slowly heated, to separate compounds according to their volatility. This method have a great
potential for organic compounds identification formed in controlled laboratory experiments, but it
does not have sufficient resolving power to identify and quantify, compound by compound,
organic complex mixtures of atmospheric aerosol.

3. In situ analysis techniques

3.1 Continuous OC/EC measurements

An automated carbon analyzer with1 hour resolution time is now commercially available from
Sunset Laboratory, Inc. It could be easy deployed in the field; it offers laser-based optical
correction capabilities and comparability to NIOSH 5040 Method. However, since it uses a
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quartz filter as a substrate, it does not resolve the problem of positive/negative filter artifacts. An
automated, continuous carbon analyzer with OC/EC capabilities that does not use any filter as a
substrate would be a solution to this problem.

3.2 Single Particle Mass Spectrometry

Single particle mass spectrometry is a promising technique for a real time characterization of
individual particles. Although there are some differences between various instruments, the
principle of operation is to fragment each particle into positive and/or negative ions using either a
high-power laser or a heated surface and to measure the ions by a time-of-flight mass
spectrometer (e.g. Thompson and Murphy, 1994; Johnston and Wexler, 1995; Silva and Prather,
1997). At present, quantitative determinations are difficult (or not possible) for this technique,
and the instruments are generally more suitable for inorganic than organic species, but the future
development of this technique could overcome these challenges.
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Table 1. PAH listed in Figure 1

Mnemonic PAH
naphth Naphthalene
mnaph Methylnaphthalenes (2 isomers)
biphen Biphenyl
dmenaph Dimethylnaphthalene (6 isomers)
mebiph Methylbiphenyls (3 isomers)
tmenaph Trimethylnaphthalenes (12 isomers)
acnapy Acenaphthylene
acnape Acenaphthene
fluore Fluorene
phenan Phenanthrene
meflu Methylfluorenes (3 isomers)
xanone Xanthone
acquone Acenaphthenequinone
mephen Methylphenanthrene (5 isomers)
anrquone Anthraquinone
dmephen Dimethylphenanthrene (7 isomers)
anthra Anthracene
fluora Fluoranthene
pyrene Pyrene
bntiop Benzonaphthothiophene
mefl/py MePyrene/MeFluoranthene (6 isomers)
bzcphen Benzo(c)phenanthrene
baanth Benz(a)anthracene
chrysn Chrysene
bzantone Benzanthrone
baa7_12 Benz(a)anthracene-7,12-dione
chry56m 5+6-methylchrysene
bbjkfl Benzo(b+j+k)fluoranthe
bepyrn BeP
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peryle Perylene
bapyrn BaP
incdpy Indeno[123-cd]pyrene
bghipe Benzo(ghi)perylene
dbanth Dibenz(ah+ac)anthracene
corone Coronene
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Figure 1. Comparison of PAH concentrations in diluted diesel exhaust collected on denuded and undenuded Teflon-coated glass fiber filters (see
Table 1 for the explanation of mnemonics).
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Workshop Guest Presenter Abstracts

Source Apportionment of PM2.5 and Carbon in Seattle using Chemical
Mass Balance and Positive Matrix Factorization

Authors: Naydene N. Maykut, Puget Sound Clean Air Agency, 110 Union St., Seattle, WA
98101;Joellen Lewtas, US EPA, National Exposure Research Lab., 1200-6th Ave, Seattle, WA
98101;Timothy V. Larson, Department of Civil and Environmental Engineering, Box 352700,
University of Washington, Seattle, WA 98195

Three years of PM2.5 speciated data were collected and chemically analyzed using the IMPROVE protocol
at the Beacon Hill site in Seattle. The data were analyzed by the Chemical Mass Balance Version 8
(CMB8) and Positive Matrix Factorization (PMF) source apportionment models. These models were both
used to identify the major sources of PM2.5mass, whereas only the PMF model was used to apportion the
sources of organic and elemental carbon. The major sources of PM2.5 identified by the PMF model are
vegetative burning and diesel vehicles. This is generally consistent with the CMB8 analysis which also
identified motor vehicles (combined diesel and gasoline) and vegetative burning as major sources. Both
models identified secondary sulfate and nitrate as contributing 20-30% of the PM2.5. Using individual
organic carbon (OC) and elemental carbon fractions (EC) in the PMF analysis allowed this model to
allocate the PM2.5, OC and EC to vegetative burning, diesel vehicles, gasoline vehicles, fuel oil and
secondary sources associated with sulfates. A major difference in the results from the two models was the
split between vegetative burning and motor vehicles. In the PMF analysis vegetative burning accounted for
35% of the mass, 57% of the OC and 47% of the EC. The CMB8 model attributed 17% of the PM2.5 mass
to vegetative burning. Using CMB, motor vehicles accounted for the largest source of PM2.5 (44%). Using
the PMF model, two motor vehicle source profiles were identified. One profile clearly corresponded to
diesel vehicles (16% PM2.5) and accounted for 36% of the total EC and 19% of the total OC in the aerosol.
The second motor vehicle source profile was less dominated by EC and likely represents the gasoline and
other non-diesel mobile sources. This motor vehicle source accounted for 6% of PM2.5, 4.5% of the total
OC, and 1% of the EC. The present study was undertaken to refine the results from previous analyses and
to determine the usefulness of applying the PMF model to the Seattle ambient aerosol data. Results from
the PMF model add insight to the source apportionment results. We found that using both models produces
more robust results than using either model alone.This work has been funded by the U S Environmental
Protection Agency. It has been subjected to Agency review and approved for publication.

For more information:
Joellen Lewtas, Senior Research Scientist
U.S. EPA, NERL, Human Exposure and Atmospheric Sciences Division
1200-6th Ave., OEA-095
Seattle, WA 98101
phone 206-553-1605 FAX –0119
lab phone 360-871-8872, (FAX –8747)
lewtas.joellen@epa.gov

Secondary vs. Primary Particles
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Authors: Alex Laskin, Martin Iedema, James Cowin

Source apportionment of combustion and secondary aerosols is a difficult yet high priority task. We are
measuring the quantitative oxygen to carbon ratios in hundreds of thousands of individual articles, using a
customized version of computer-automated scanning-electron microscopy/energy-dispersed x-ray analysis.
We get quantitative elemental analysis of each particle (down to 0.1 to 0.2 micron in size), for all elements
( > B), including the light elements. Different combustion sources have different O/C ratios as averaged
over all the particles. The carbonaceous aerosols on a particle-by-particle basis have O/C ratios from 0 to
50%. The O/C ratio measured by this single particle method in just the crabbiness particles, both in the
average value, and in the distribution over O/C ratios provide a new method of apportioning combustion
aerosols. We also see inorganic markers (S, Ca, N, K, V, Pb, etc) in the same individual carbonaceous
particles, that should allow even better apportionment. The inorganic elemental markers can include those
that would be otherwise masked by soil, etc. contributions, when only bulk analysis methods are available.
Our small automated field collector permits time resolved (1 minute) or time-integrated measurements, and
our high analysis rates (up to 50,000 particles per day) make for an effective and relatively inexpensive
field tool.

For more information, contact: James P. Cowin, Senior Chief Scientist; Environmental Molecular
Sciences Laboratories; Pacific Northwest National Laboratory; Box 999 M/S K8-88; Richland, WA; 509-
376-6330; ( FAX -6066);jp.cowin@pnl.gov

The Semi-volatile Nature of Secondary Organic Aerosols
Authors: Delbert J. Eatough, Department of Chemistry and Biochemistry, Brigham Young
University, Provo, UT

Recent research conducted by Brigham Young University has indicated the following about secondary
organic aerosol:

Secondary organic aerosol is essentially all semi-volatile organic material.
Secondary organic aerosol is not retained on the heated filter of a TEOM monitor and hence is not detected
by this sampling technique.
Essentially all of the organic material lost from the heated filter of a TEOM sampler is secondary organic
aerosol. In addition, secondary ammonium nitrate is also lost.
Some secondary organic aerosol is also lost during sampling from single filter samplers such as the FRM
PM2.5 sampler and equivalent techniques.
The amount of secondary organic aerosol lost from single filter samplers can vary from less than 1/3 during
cold winter conditions to essentially all during warm summer aerosol collection.
Secondary organic aerosol can only be reliable collected using an appropriate denuder sampler.
Either a FRM PM2.5 sampler or the IMPROVE sampler can be easily modified to a denuder sampler with
filters which can be analyzed by EPA and IMPROVE analytical procedures.

The research upon which these statements are based is briefly summarized in the following paragraphs.

Ammonium nitrate and semi-volatile organic compounds, SVOC, are significant components of fine
particles in many urban atmospheres. These components however, are not properly identified with current
EPA accepted methods such as the PM2.5 FRM or other single filter samplers due to a large loss of semi-
volatile material, SVM, from the filter during sampling. Continuous PM2.5 mass measurements are
attempted using methods such as the R&P TEOM monitor. This method however, heats the sample to
remove particle-bound water which also results in evaporation of significant amounts of semi-volatile
material.

Continuous RAMS (Eatough et al. 2001) and collocated TEOM monitor PM2.5 data have been obtained at
the EMPACT and STAR sampling site in Salt lake City and Bountiful, Utah during a two-year period.
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Results obtained for the continuous determination of total PM2.5 mass with the RAMS have been validated
by comparison with results obtained from collocated PC-BOSS (Lewtas et al. 2001, Modey et al. 2001)
diffusion denuder integrated samples at the EPA EMPACT and STAR sampling sites in Salt Lake City and
Bountiful, Utah during three intensive sampling periods (winter 1999-2000, summer 2000, and winter
2000-2001) (Long et al, 2002a,b). The continuous monitor results are illustrated in Figure 1. The
difference between the RAMS and TEOM monitor measurements is due to both semi-volatile organic
material and ammonium nitrate (SVM, semi-volatile material) which is not collected by the TEOM
monitor. Comparison with single filter samplers (e.g. the FRM PM2.5) indicates that the extent of collection
of this SVM on a single Teflon or quartz filter is a function of temperature and relative humidity. In
humid, winter conditions, an average of 20% of this SVM is lost from single filter samplers. In dry
summer condition, essentially all of this SVM is lost from single filter samplers and the FRM PM2.5

measurements agree with those obtained by a TEOM monitor(Long 2002b).

The PM2.5 data illustrated in Figure 1, obtained using the above listed sampling methods were combined
with other atmospheric data (Aethalometer EC and SO2, CO and NOx gas phase data) indicative of
emissions from various types of sources to estimate the probable sources of fine particulate material (Long
et al. 2002a,b). During the 1-4 August period, the Salt Lake EMPACT site was heavily impacted by
emissions from forest fires in the Wasatch Mountains to the east of the sampling site. During this time
period, essentially all the PM2.5 was from this source. The results of the 1-hour average apportionment
calculations for this time period for the concentrations of primary PM2.5 from wood smoke and the
concentrations of 1-hour average EC measured with an Aethalometer are given in Figure 2. As expected,
these two measurements have identical time patterns. In addition, the wood smoke PM2.5 apportionment
also matched exactly the TEOM monitor data, e.g. see Figure 1. Essentially all of the PM2.5 measured by
the TEOM monitor during this time period is nonvolatile primary wood smoke. In contrast, the semi-
volatile material (SVM, the difference between the RAMS and TEOM monitor) has a different time pattern
and is delayed in concentration peaks by 3 to 6 hours, Figure 2. For these samples, all of the SVM is
secondary organic aerosol, the concentration of ammonium nitrate in these samples being small. The
appearance of the SVM follows the formation of ozone, Figure 3. The SVM not measured by the TEOM
monitor (or by the FRM PM2.5 sampler) is the secondary organic aerosol formed from photochemical
reactions from the organic and NOx emissions from the forest fires (Long 2002 a,b).

The difference between the RAMS and TEOM monitor for the two winter sampling periods also shown in
Figure 1 is also due to secondary aerosol. For these sampling periods both secondary organic aerosol and
ammonium nitrate contribute to the SVM. The sources of the gas phase organic material and the NOx

which contribute to this secondary aerosol include emissions from wood smoke, mobile sources and oil
refineries.

Evidence for day-time photochemical formation of sem-volatile secondary organic material is also seen in
the diurnal pattern of PM2.5 in the Pittsburgh urban area. The pattern of formation of sulfate, nonvolatile
OM and SVOC at the NETL sampling site in Pittsburgh for a week in July 2001 is shown in Figure 4.
Consideration of meteorological and back-trajectory data indicate that sulfate is a secondary aerosol formed
during long range transport and the SVOC is secondary organic aerosol formed from local organic gas
emissions (Modey 2002). As was the case for the Utah results, the semi-volatile secondary organic aerosol
is not measured with either a TEOM monitor or the FRM PM2.5sampler during the summer. Some, but less
than half, of this secondary organic aerosol is retained on a single filter sampler during the winter.

Finally, we have recently completed the evaluation of modification of the R&P Speciation monitor for the
measurement of semi-volatile secondary organic material. One channel of the sampler was modified by the
addition of a small BOSS denuder (Eatough 2001) followed by a filter pack with a quartz filter and a
charcoal impregnated glass fiber filter, CIG. The positive quartz filter sampling artifact is eliminated with
this sampler and total organic PM2.5 material, including the secondary organic aerosol can determined. A
comparison of the results obtained using the PC-BOSS and the modified speciation sampler are shown in
Figure 5 (Carter 2002). While, we have analyzed collected CIG samples by a TPV approach, researchers at
both the University of Hawaii and Carnegie Mellon University have shown these filters can be analyzed
using the EPA speciation analysis protocol.
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Secondary Versus Primary Aerosols
Authors: Gary Casuccio, Traci Lersch, Steven Schlaegle

The characterization and apportionment of the carbonaceous component associated with PM2.5is of great
interest because it typically comprises a significant amount of the sample mass. Although much has been
learned in recent years on elemental and organic carbon, there is still much to be learned. Electron
microscopy methods (scanning electron microscopy, computer controlled scanning electron microscopy
and transmission electron microscopy) can be used to provide detailed information (size, morphology and
elemental composition) on individual particle characteristics that can be used to complement bulk
analytical results. This presentation will provide a brief overview of the capabilities of the various electron
microscopic techniques and how they are being used to assist in the characterization of carbonaceous
particulate matter. The presentation will also discuss the potential to integrate Raman spectroscopy
instrumentation with the scanning electron microscope to provide information on molecular structure.

For more information, contact: Gary S. Casuccio, RJ Lee Group, 350 Hochberg Rd., Monroeville, PA, 724-
387-1818,gcasuccio@rjlg.com
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Hydration
Authors: Alex Laskin, Martin Iedema, James Cowin

Hygroscopicity of particles, and their ability to nucleate condensation, are strong functions of the particle
composition, and will be strongly influenced by even very thin coatings of hygroscopic or hydrophobic
compounds. And this changes with time as the particles age. We use an "environmental "scanning
electron microscope, that is fully automated, to look at the hygroscopic nature of field-collected particles,
from 0 to 100% relative humidity. It is differentially pumped, permitting a technique normally requiring
vacuum conditions to operate at ambient water vapor pressures. The size of the particles is noted
automatically as the relative humidity is raised. Then after re-evacuation, the same particles are analyzed
elementally (>boron) by automated energy-dispersed x-ray analysis. Hundreds or thousands of particles can
be studied per hour. The field collector for this is a small automated device that permits time resolved (1
minute) or time-integrated measurements. The particles are sealed and refrigerated... an archive for the
humidity/elemental studies.

James P. Cowin
Senior Chief Scientist
Environmental Molecular Sciences Laboratories
Pacific Northwest National Laboratory
Box 999 M/S K8-88
Richland, WA
509-376-6330 (FAX -6066)
jp.cowin@pnl.gov

Radiocarbon Measurements of SOA-Relevant Fractions for Source
Attribution

Authors: George Klouda1, Charles Lewis2, George Hidy3, Delbert Eatough4, Joseph Conny1
and Lynn Hildemann5

1 Atmospheric Chemistry Group, National Institute of Standards and Technology, Gaithersburg,
MD 20899-8372

2 National Exposure Research Laboratory, U.S. Environmental Protection Agency,
Research Triangle Park, NC 27711

3 Envair/Aerochem, 6 Evergreen Dr., Placitas, NM 87043
4 Department of Chemistry and Biochemistry, Brigham Young University, Salt Lake

City, UT 84602
5 Civil & Environmental Engineering Department, Stanford University, Stanford, CA

94305-4020

Radiocarbon (14C) measurements of atmospheric fine particulate matter (PM2.5) provide a quantitative
distinction between fossil-fuel-derived PM2.5 and biogenic sources of PM2.5 for source attribution. The
14C method has been applied to EPA-NIST projects over the last two decades, most recently in Nashville
(SOS, 1999) and the Houston Area (TexAQS2000). These studies involved summertime PM2.5 which
showed that natural biogenic sources are responsible for as much as 50% of the organic PM2.5 in these
areas. Future intensive studies to model sources of secondary organic aerosol (SOA) through chemical
measurements should include comparisons with14C measurements of SOA-relevant organic fractions. We
propose for consideration a multi-component isotopic and chemical study of the seasonal composition of
primary and secondary organic aerosol. Seasonal comparisons are likely to be important to help distinguish
natural sources of SOA from anthropogenic sources of primary as well as secondary aerosols. Emphasis
would be on high-volume integrated sampling (>100 L min-1) for tens-of-microgram quantities of
particulate-organic carbon with robust procedures for artifact correction, as well as semi-volatile organic
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carbon using, for example, the PC-BOSS system. The preparative chemistry would involve exhaustive
extractions and methodologies including pressurized fluid extraction to isolate hydrophilic and hydrophobic
compounds associated with SOA. Instrumental techniques such as GC-MS, Thermal Desorption-GC-MS,
LC, LC-MS need to be developed to provide the means to identify as well as separate individual
compounds via automated fraction collection to isolate SOA-relevant fractions for14C measurement.

For more information, contact: George A. Klouda, National Institute of Standards and Technology, 100
Bureau Dr., Gaithersburg, MD 20899-8372; 301-975-3931;(Fax: 301-216-1134);george.klouda@nist.gov

Measurement Methods
Authors: Alex Laskin, Martin Iedema, James Cowin

Source apportionment of combustion and secondary aerosols is a difficult yet high priority task.
We are measuring the quantitative oxygen to carbon ratios in hundreds of thousands of individual
articles, using a customized version of computer-automated scanning-electron
microscopy/energy-dispersed x-ray analysis. We get quantitative elemental analysis of each
particle (down to 0.1 to 0.2 micron in size), for all elements ( > B), including the light elements.
Different combustion sources have different O/C ratios as averaged over all the particles. The
carbonaceous aerosols on a particle-by-particle basis have O/C ratios from 0 to 50%. The O/C
ratio measured by this single particle method in just the crabbiness particles, both in the average
value, and in the distribution over O/C ratios provide a new method of apportioning combustion
aerosols. We also see inorganic markers (S, Ca, N, K, V, Pb, etc) in the same individual
carbonaceous particles, that should allow even better apportionment. The inorganic elemental
markers can include those that would be otherwise masked by soil, etc. contributions, when only
bulk analysis methods are available. Our small automated field collector permits time resolved (1
minute) or time-integrated measurements, and our high analysis rates (up to 50,000 particles per
day) make for an effective and relatively inexpensive field tool.

Multicapillary Collection Device for Speciated Analyses of Organic
Aerosols and Vapors
Authors: Paul V. Doskey1, Judith A. Perlinger2, David E. Tobias2, Patrick S. Morrow2, and

David L. Perram2

1Environmental Research Division, Argonne National Laboratory, Argonne, IL 60439
2Civil & Environmental Engineering Department, Michigan Technological University, 1400 Townsend
Dr., Houghton, MI49931

We are developing a multicapillary diffusion denuder that separates aerosols and organic vapors. Thermal
desorption of the denuder and the aerosols with subsequent analysis by high-resolution gas chromatograpy
will provide speciated organic analyses of both phases, information that will be useful in understanding
secondary organic aerosol formation. The multicapillary diffusion denuder contains 289, ZB-1 (5� film
thickness; Phenomenex, Torrance, CA) fused silica capillaries (0.254 m� 0.53 mm ID, ) in a 1.6 cm OD
Silcosteel coated (Restek, Bellefonte, PA) stainless steel tube. The column sections are fused together with
polyimide resin (HD Microsystems, Parlin, NJ). A glass fiber or quartz filter is positioned downstream of
the diffusion denuder for collection of aerosols. The analytes are thermally extracted from the collection
device and filters in specially designed thermal desorption units (CDS Analytical, Oxford, PA). The
desorbed analytes are cryofocused in a cryogenically cooled, Gerstel inlet that is packed with fused silica
wool. Analysis is by high-resolution gas chromatography with a Hewlett Packard 6890 gas chromatograph
(Agilent, Wilmington, DE).
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Characterization of fine particle associated organic compounds:
Interlaboratory comparison and development of standard reference
materials
Authors: Joellen Lewtas*; Michele M. Schantz and Stephen A. Wise, NIST, Analytical Chemistry
Division, 100 Bureau Drive Stop 8392,Gaithersburg, MD 20899-8392

Organic chemicals adsorbed to fine particulate matter (PM) in the ambient air account for a major
component of the mass and include source tracers as well as toxic compounds that may contribute to
adverse human health effects. The US EPA has established a PM 2.5 research program including aerosol
characterization studies at seven sites in the US and additional exposure and health studies at PM Research
Centers. A working group of investigators from these and related research programs was established to
advance the quality and comparability of data on the organic composition of aerosols. This group is
conducting a series of interlaboratory trials using interim reference materials. The initial trial utilized
particles sieved to less than 63 microns from a bulk portion of standard reference material (SRM) 1649a,
Urban Dust, and an extract of these particles. The original SRM 1649, collected in Washington, DC and
issued in 1982, has recently been recertified as 1649a (Wise et al. Polycyclic Aromatic Compounds 13:419-
456, 2000). The second trial will utilize PM2.5 samples recently collected in Baltimore. A new bulk
PM2.5 sample will be collected from the same site for a final expanded trial and development of a new
SRM for contemporary PM2.5. Results from these trials will provide the basis for improved quality
assurance measures and methods for characterizing the organic matter associated with PM. The target
organic analytes vary among the participants and include: alkanes (including hopanes and cholestanes),
alkenes, aromatic and polycyclic aromatic hydrocarbons (PAH), nitrated PAH, sterols, carbonyl
compounds (e.g., ketones and aldehydes), acids (alkanoic and resin acids), phenols, methoxy phenols, and
sugars. The participating laboratories are not constrained by a specific analytical method, however the
analytical methods will be reported as well as detection and quantification limits.This work has been
funded by the U S Environmental Protection Agency. It has been subjected to Agency review and approved
for publication.

For more information:
Joellen Lewtas, Senior Research Scientist
U.S. EPA, NERL, Human Exposure and Atmospheric Sciences Division
1200-6th Ave., OEA-095
Seattle, WA 98101
phone 206-553-1605 FAX –0119
lab phone 360-871-8872, (FAX –8747)
lewtas.joellen@epa.gov
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