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Abstract

Aerosols represent an important component of the Earth’s atmo-
sphere. Because aerosols are composed of solid and liquid particles
of varying chemical complexity, size, and phase, large challenges
exist in understanding how they impact climate, health, and the
chemistry of the atmosphere. Only through the integration of field,
laboratory, and modeling analysis can we begin to unravel the roles
atmospheric aerosols play in these global processes. In this article,
we provide a brief review of the current state of the science in the
analysis of atmospheric aerosols and some important challenges
that need to be overcome before they can become fully integrated.
It is clear that only when these areas are effectively bridged can we
fully understand the impact that atmospheric aerosols have on our
environment and the Earth’s system at the level of scientific certainty
necessary to design and implement sound environmental policies.
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1. INTRODUCTION

Atmospheric aerosols in the troposphere are composed of solid and liquid particles of
varying composition and phase (1). Examples include smoke, fog, clouds, and smog
(2). Particles play major, yet poorly understood, roles in affecting human health,
visibility, air quality, and our overall climate (3). Figure 1 shows a schematic of
the major processes contributing to atmospheric aerosols. Primary particles can be
directly emitted into the atmosphere by combustion sources (e.g., coal combustion,
biomass burning, and vehicle emissions) or other wind-driven processes such as the
resuspension of dust and sea salt. Secondary particles are formed from photochemical
reactions of gas-phase species that are emitted directly into the atmosphere, producing
more highly oxidized, less volatile species, which can then form new particles or
condense on existing particle surfaces. The most common example of this occurs when
gas-phase organics undergo oxidation producing less volatile organic species that
condense on particle surfaces; these particles are termed secondary organic aerosols
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Figure 1

Illustration of the Earth’s atmosphere as a chemical reactor. This figure shows examples of the
natural and anthropogenic processes producing gases and particles in the atmosphere.
Subsequent processes can transform and age these particles as they are transported through
the atmosphere.
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(SOA). Temperature reduction, as well as reactive uptake via heterogeneous processes
and adsorption of chemical species, also shift species from the gas to particle phase.

Details on the variability of chemical species within individual particles remain
limited. Additionally, our understanding of chemical speciation within particles is lim-
ited by the availability of analytical techniques used to measure them. We understand
far more about gas-phase atmospheric components, including ozone, NO, (NO +
NO.,), and volatile organic species (4). Analytical methods are typically designed to
target a specific molecule or class of molecules in the gas phase. In contrast, each
particle is composed of many chemical species, and it is difficult to find a single ana-
lytical method that can measure all of them. As discussed below, mass spectrometry
(MS) has become the most commonly used method for analyzing the composition
of individual particles in recent years as it serves as a universal on-line detector of a
broad range of chemical components.

Recent atmospheric chemistry studies have focused much effort on developing
new techniques for measuring aerosols. A strong size dependence exists with submi-
crometer particles comprising primarily carbonaceous species, including elemental
carbon (i.e., soot) and organic carbon, as well as inorganic species such as metals,
sulfate, nitrate, and ammonium. Supermicrometer particles are made up of inorganic
species such as sea salt and dust and thus are composed mostly of transition met-
als, silicates, and alkali metals (5). Heterogeneous processing adds secondary species
to primary particles such as dust and sea salt, resulting in nitrate and sulfate in the
particles (6, 7).

Aerosols represent the largest uncertainty in understanding how humans are
changing our climate. Thus, more studies are aimed at developing analytical tech-
niques that can be used in laboratory and field studies at the necessary level to better
understand and quantify their role in affecting climate. Particles affect climate through
several mechanisms: (#) scattering and absorbing solar radiation; (b) scattering, ab-
sorbing, and emitting thermal radiation; and (¢) acting as cloud condensation nuclei.
The first two mechanisms are called the direct climate effect and relate to the optical
properties of particles based on their size, shape, and chemistry. The third mechanism
is called the indirect climate effect.

Currently, the study of atmospheric aerosols includes three scientific approaches:
(@) field measurements of aerosol particles; (b) laboratory studies of the chemistry
and physical properties of model systems representative of atmospheric aerosols; and
(¢) modeling analysis that includes gas-phase chemistry, photochemistry, heteroge-
neous chemistry, and optical properties so that models can be effectively used to
predict important global climate impacts of aerosols. Integration of these three ap-
proaches is essential if we are to fully understand the roles of atmospheric aerosols in
climate and air pollution.

One complicating factor in the integration of field, laboratory, and modeling stud-
ies is the different treatment of aerosol complexity. Field measurements show that
nearly every particle differs in size, physical properties, and chemical characteris-
tics. Laboratory studies typically use model systems to decrease the complexity of
different particle types. For example, these studies often use NaCl as a surrogate
for sea salt, metal oxides to mimic mineral dust, and single-component mixtures as
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surrogates to study properties of organic aerosols. Many atmospheric chemistry mod-
els treat aerosols as a single entity. Even studies that distinguish between aerosol types
(e.g., mineral aerosol) treat particles as a single component without considering that
different compositions have different reactivities (8, 9). Because the complexity of
aerosols is treated so differently, a key question is how to achieve integration of these
activities when such different and seemingly disparate approaches to complexity are
being taken.

This review provides some examples of the state of the science in the analysis of
atmospheric aerosols. We describe some important results that have emerged when
the integration problem has been addressed. Due to space limitations, this is not an
exhaustive review of previous studies on aerosols, but instead it provides examples of
how analytical chemistry performed in the field and laboratory has shed new light on
our understanding of the role aerosols play in air pollution and climate change. The
final half of this review provides some key issues and needs in the field of analytical
chemistry of atmospheric aerosols.

2. SELECT EXAMPLES OF FIELD MEASUREMENTS AND
LABORATORY STUDIES OF ATMOSPHERIC AEROSOLS

Field measurements provide an opportunity to determine the atmospheric species
and processes that are indeed driving the chemistry of the atmosphere. Investiga-
tors then use field observations to develop laboratory studies that can be conducted
under well-controlled conditions in an effort to quantify these atmospheric chem-
ical processes. Additionally, laboratory studies can provide insightful data that can
aid the interpretation of field observations. Furthermore, laboratory data can also
be expressed in a form that is useful for modeling analysis so that models can pre-
dict atmospheric composition. Synergy is thus required between field and laboratory
studies to perform the studies required to better understand the atmosphere. In this
give-and-take approach, one can more fully understand the important processes and
the parameters affecting different measurements. The ultimate goal is to incorpo-
rate detailed laboratory mechanistic and kinetic data, acquired in studies motivated
by field study findings, into models that can be used to accurately predict and repro-
duce field measurements. Also, models allow the results to be extrapolated over much
larger global scales, giving broad spatial data that would be impossible to obtain in
field studies. This closure will allow us to quantify the impact of gases and particles
on atmospheric chemistry and climate on global and regional scales.

2.1. Field and Laboratory Measurement Approaches and Questions

Individual field studies are designed to address specific scientific objectives; thus,
researchers select the region in which the study is to be conducted in order to best
suit these objectives. Some of the questions regarding aerosol chemistry addressed in
coupled field-modeling studies are listed below.

1. How does the single-particle mixing state of particles impact the physical, op-
tical, and chemical properties of the particles, as well as the regional climate of
specific regions (e.g., marine versus urban, Indo-Asian haze) (10, 11)?
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2. How do ocean-atmosphere interactions play a role in cloud formation in marine
environments (12)?

3. How does the presence of mineral dust affect the overall resulting chemistry
and clouds in the atmosphere?

4. Whatare the major carbonaceous components in atmospheric aerosols, and are
most produced from primary sources, or are they formed through secondary
reactions?

5. What is the spatial variability of the chemistry and sources of atmospheric
aerosols, and how much does long-range transport of pollutants and aerosols
play a role in affecting air pollution and climate on a global scale?

As many laboratory studies typically use simplified model systems to begin to ask
fundamental questions about the chemistry and physics of atmospheric aerosols, some
key issues and questions in laboratory studies include the following:

1. Which model systems best describe a particular class of atmospheric aerosols?

2. How close can these model systems come to mimicking atmospheric aerosols,
and how close do they need to be to provide answers to important scientific
issues, such as the impact of aerosol on the chemical balance of the atmosphere,
Earth’s climate, and the health of humans and ecosystems?

3. As laboratory studies probing aerosol chemistry are often performed using
powders, thin films, and isolated particles deposited on substrates as well as
suspended particles, questions arise, such as do results from these different
model systems agree, and are they applicable to aerosol chemistry?

4. Which combination of analytical techniques is best suited for bridging the
results from laboratory studies with field studies of atmospheric aerosols?

Early field studies focused on deriving a better understanding of gas-phase re-
action processes, typically measuring ozone and its precursors. More recently, field
studies have begun focusing on the particle component of air pollution via platforms
such as airplanes, balloons, ships, ground-based sites, unmanned aerial vehicles, and
even space shuttles. Advancing an instrument from the laboratory to a field version
can be quite challenging. Smaller instruments with lower power requirements and
robust operation that can handle extreme temperatures are required. Interestingly,
many of the state-of-the-art instruments used in the laboratory are now being devel-
oped for the field (13). Field studies serve as an opportunity to intercompare multiple
instruments using different approaches for measuring the same, or slightly different,
components of the aerosol (14, 15). However, field studies are limited to studying a
relatively small spatial scale, and thus models and satellite measurements are impor-
tant for extrapolating findings to a larger scale.

The ultimate goal of any analytical technique developed for atmospheric studies is
to quantitatively identify all species within each individual particle as rapidly as possi-
ble to monitor real-time changes in aerosol chemistry. This represents an enormous
challenge as particles come in many shapes and sizes and can be quite small and highly
complex. Their size range spans from 1 nm up to 10 um, corresponding to a mass
range of 107! g to 1077 g, respectively. Different instruments are used to measure
particle size in various ranges: a scanning mobility particle sizer for particles in the
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3- to 600-nm size range and an aerodynamic particle sizer or optical particle counter
for larger particles (>500 nm). Size metrics include optical, aerodynamic, geometric,
and mobility diameters. [We refer the reader to a review that details the methods used
to obtain particle size (16).] In the atmosphere, particle chemistry undergoes dynamic
changes owing to heterogeneous reactions, the partitioning of species to and from
the gas phase, and aqueous phase processes. Capturing these changes within a minute
volume and for such a small mass represents an enormous challenge, requiring high
time-resolution measurements, especially for airborne platforms.

The sections below provide a brief overview of traditional aerosol chemistry mea-
surements with a focus on the types of questions and techniques used to address them
in two rapidly growing areas: (#) the characterization of organic species in aerosols
and (§) single-particle measurements of mixing state. Finally, we describe results from
a case study, ACE-Asia, to demonstrate how a combination of laboratory studies, field
measurements, and modeling analysis can provide unique insights into atmospheric
aerosols.

2.2. Off-Line Aerosol Analysis

Traditionally, field studies use filter-based techniques to collect particles for sub-
sequent analysis. To obtain enough material for quantification and identification by
standard analytical methods, researchers collect samples for periods of hours to weeks.
Once in the laboratory, multiple traditional analytical techniques, such as gas chro-
matography/MS and liquid chromatography/MS, are used to analyze major compo-
nents.

One downside to the off-line approach is sampling artifacts, including the gain or
loss of species and reactions that can alter the sample. Thus, questions exist as to how
representative the filter samples are of the actual atmospheric aerosol. Also, one goal
of field studies is to capture real-time changes in particle chemistry and relate this to
other parameters. For these reasons, there has been a major push over the past decade
to shift to on-line measurements of aerosol chemistry coupled with other physical
and optical properties with high time resolution.

2.3. Characterization of Organic Aerosols

On-line MS analysis has become the method of choice for many environmental stud-
ies, including the study of atmospheric aerosols (17). Large research efforts focus on
characterizing the organic fraction because it is the most poorly understood com-
ponent of atmospheric aerosols (18, 19). The organic fraction can account for 50%
of the fine particle mass (PM,5) on an annual average, yet only 10%-15% of the
organic species have been identified. As a result of photochemical processing, many
organic aerosol species are highly oxidized (20). The low-volatility properties that
cause substances to exist predominately in the particle phase make it challenging to
desorb them into the gas phase for analysis and identification. Additionally, heating
the sample to induce vaporization can cause organic species to break down or even
polymerize in the presence of an acidic aerosol (21). Thus, electrospray ionization

Prather o Hatch o Grassian



Annual Review of Analytical Chemistry 2008.1:485-514. Downloaded from www.annualreviews.org
by Fordham University on 12/16/11. For personal use only

and atmospheric pressure chemical ionization coupled with MS have emerged to
identify new organic species in aerosols via off-line analysis (22-24). Water-soluble
organic carbon and other inorganic ions can now be analyzed in real time using an ion
chromatograph instrument adapted for the field (25, 26). Until recently, the majority
of organic species identified in aerosols had molecular weights of less than 300 Da.
However, recent smog chamber photochemical studies, as well as field studies, have
shown the production of high-mass oligomeric species, which have recently been
analyzed using off-line and on-line laser-desorption MS (27-29). Additionally, humic
substances similar to those found in aqueous environments have been shown to exist
in atmospheric aerosols (30). These complex high-mass species are quite difficult to
analyze by conventional analytical methods.

2.3.1. Field studies of organic aerosols. High-sensitivity, universal detection of
virtually any chemical species and the recent demonstration of smaller, portable, and
rugged instruments make MS an ideal choice for field measurements of aerosols.
The basic design can be subdivided into those mass spectrometers that measure the
chemistry of particle ensembles and those that measure the chemistry of one particle
at a time. Different methods of ionization are inherently linked to each class of mass
spectrometer (31). One type measures the chemistry of particle ensembles by using a
filament to flash vaporize species from the particles and electron impact ionization to
form ions. More recently, thermal desorption was coupled with chemical ionization
to ionize species evaporated from the particles (32, 33). A commercial version of the
electron impact ionization-based mass spectrometer is an aerosol mass spectrometer
developed by Aerodyne, Inc. This instrument uses a quadrupole mass spectrometer,
and most recently a time-of-flight mass spectrometer, to provide mass concentrations
of submicrometer nonrefractory species including ammonium, nitrate, sulfate, and
organic carbon with high time resolution (34, 35). The aerosol mass spectrometer has
been used in aircraft- and ground-based measurements in a number of field studies
around the world as well as in the laboratory. The instrument has been used to
distinguish between different forms of nonrefractory carbonaceous species, namely
oxidized organic aerosol and hydrocarbon organic aerosol. By examining these basic
organic types, investigators have used the aerosol mass spectrometer for extensive
studies focusing on the importance of oxidized organic species and SOA formation
(36, 37). Recent high-resolution measurements using a newly added time-of-flight
mass spectrometer have the potential to delve more deeply into the complexity of
the organic fraction (34). Additionally, thermal desorption has been coupled with gas
chromatography/MS to separate and identify organic species in atmospheric aerosols
(38).

2.3.2. Laboratory studies of organic aerosols. Laboratory studies of the properties
of organic aerosols including carbonaceous aerosols (which consist of soot, black
and brown carbon, and biomass-burning aerosols) are of particular interest from
a global climate perspective as their impact on climate forcing depends on their
physiochemical properties, which vary significantly depending on the source. In the
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case of carbonaceous aerosols, recent laboratory studies have attempted to determine
the most appropriate reference materials for these species (30, 39-41).

Recent studies using a state-of-the-art single-particle analysis technique, scan-
ning transmission X-ray microscopy/near-edge X-ray absorption fine structure spec-
troscopy, of various laboratory surrogates concluded that carbonaceous aerosols are
extremely diverse, and atmospheric aging processes alter their composition (40).
Thus, no single standard is available that accurately represents atmospheric car-
bonaceous aerosols. However, efforts are promising as the International Steering
Committee for Black Carbon Reference Materials believes that #-hexane soot is the
most appropriate standard available (42). Additionally, an inverted methane/air dif-
fusion flame produces soot that appears to be representative of atmospheric black
carbon and thus may also be a suitable standard reference material, particularly for
light-absorption studies (39, 41). As the physiochemical properties depend strongly
on the composition and atmospheric processing, these types of studies are important
and should be continued so that appropriate surrogates are identified.

As biomass-burning particles collected in the field show highly complex and het-
erogeneous particles, it is difficult to study the physiochemical properties of these
aerosols because there is currently no appropriate surrogate for laboratory use. Some
studies utilize single components observed in biomass plumes (43, 44). Tivanski et al.
(40) have shown that biomass-burning particles resemble atmospheric humic-like
substances (HULIS) in terms of composition and structural ordering and that they
are dissimilar to black carbon standard reference materials. Therefore, atmospheric
HULIS may be more representative of biomass-burning aerosol than black carbon
standards that have been previously used as surrogates. However, as representative
HULIS atmospheric samples are not easily attainable, many laboratory studies sub-
stitute atmospheric HULIS with humic and fulvic acids from terrestrial and aquatic
sources. Although these surrogates are similar to HULIS as they comprise large-
molecular-weight, multifunctional organic molecules and appear to have similar in-
frared spectral characteristics, there are many differences between terrestrial and
atmospheric humic substances (30, 45). For example, water-soluble organic carbon-
derived HULIS from fine atmospheric aerosol tend to have higher surface activity,
less aromatic functionalities, smaller molecular sizes, and weaker acidity than aquatic
fulvic acids. Thus, there remains a need for appropriate surrogates for atmospheric
HULIS and biomass-burning aerosols so that we can better understand the properties
of carbonaceous aerosols.

Organic aerosols are complex, and many factors play a role in affecting their cloud
condensation nuclei (CCN) potential, including surface tension, impurities, contact
angle, deliquescence, morphology, age, and volatility (46). Researchers use all these
factors when theoretically predicting and interpreting field results for CCN activa-
tion. Obviously, deconvoluting the relative impact of each property on CCN activa-
tion is more straightforward in well-controlled laboratory experiments. In an effort to
better integrate laboratory and modeling studies, Roberts etal. (47) suggested report-
ing the hygroscopic growth and CCN activity of aerosols studied in the laboratory
relative to pure ammonium sulfate, a well-known CCN active aerosol. Additionally,
Petters & Kreidenweis (48) theoretically developed a single parameter, «, related to
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hygroscopicity that can integrate both laboratory and field CCN properties. As more
such systems are developed and utilized, our understanding of atmospheric process-
ing and climate effects of various types of aerosols will strengthen. Thus, laboratory
studies are essential for providing necessary information for input into more detailed
atmospheric models. However, as many laboratory studies focus on the CCN prop-
erties of single-component aerosol, future studies of more complex, multicomponent
systems are needed to understand the effects of mixing state on cloud formation.

The poorly understood factors affecting SOA formation are being investigated
through careful smog chamber studies (49). However, most early studies used or-
ders of magnitude higher concentrations of reactants/oxidants than are present in
the atmosphere to simulate atmospheric aging processes that occur over days in the
relatively short time period of a smog chamber experiment (hours). These unrealistic
reactant concentrations influence the actual aerosol products that form (50). Smog
chamber studies, made feasible by the advent of on-line instruments that provide
higher sensitivity, are now being conducted at lower, more realistic oxidant concen-
trations (51). A question still exists as to how to replicate atmospheric concentrations
and timescales, reduce wall losses, and extend the results of smog chamber studies
using relatively simplistic aerosols to the real atmosphere. Recently, several research
groups have moved in a direction that will better bridge this gap by making aging
measurements of aerosols formed under more realistic conditions and emitted from
specific sources (29, 52). Although these are still relatively complex chemical mixtures,
they are more representative of processes occurring in the atmosphere, and the results
are easier to interpret relative to field studies. Smog chambers have been used to study
the CCN activation of SOAs, providing insight into how CCN activation changes
for slightly more complex organic mixtures (53). These studies represent important
steps in bridging field and laboratory studies, and more studies such as these are
needed.

2.4. Single-Particle Measurements of Mixing State

An alternative approach for measuring the chemistry of aerosols involves measure-
ments of single particles rather than collections of particles. Such measurements
are being used to directly address the diversity of different compositions within the
aerosol mix of the atmosphere. A key requirement to answer many climate-related
models involves insight into the properties of atmospheric aerosols as a function of
chemical mixing state (54, 55). Mixing state refers to the distribution of chemical
species within individual particles. The combination of species in a single particle is
important in determining the reactivity, water uptake, and optical properties of the
particles. Perhaps the most important example of how mixing state can influence the
optical properties and radiative forcing of aerosols involves the soot-sulfate mixture
(56, 57). Soot is the strongest absorber of tropospheric solar radiation and leads to
warming (58, 59). In contrast, sulfate scatters light back to space and leads to cooling.
Internally mixed soot-sulfate mixtures are predicted to absorb up to three times more
strongly than soot and sulfate in separate particles (57, 60). Soot and sulfate con-
centrations vary in different regions of the world; thus a better understanding of the
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spatial variability of the soot-sulfate mixing state is critically needed. If more accurate
input on mixing state is provided for models, field observations of aerosols and their
radiative properties may be in better agreement with model predictions (61, 62).

To obtain single-particle chemical information, investigators use electron mi-
croscopy, MS, and laser-induced breakdown spectroscopy (63). Electron microscopy
has been used extensively to characterize the size, morphology, water uptake proper-
ties, and chemistry of individual particles (64, 65). Techniques such as micro-proton-
induced X-ray emission can provide insights on species distribution within individual
particles (66). High-resolution scanning electron microscopy/energy dispersive X-
ray spectroscopy has been used to estimate the complex refractive index of individual
atmospheric particles. One issue with electron microscopy is that most studies exam-
ine very few particles; thus statistical questions arise as to whether an atmospherically
representative sample was obtained. In addition, other semivolatile components evap-
orate under vacuum and the intense energy of the electron beam. To overcome losses
in vacuum and to study the hygroscopic properties of single particles, a number of
researchers use environmental scanning electron microscopy (67).

To establish an understanding of real-time changes in particle size and mixing
state, investigators developed single-particle MS. Statistics are not an issue as the size
and chemistry of millions of particles can be analyzed. Two recent reviews summarize
the different designs of single-particle mass spectrometers and how each provides
different types of data (31, 68). Figure 24 shows a typical mass spectrum obtained
via bulk (ensemble) averaging, which analyzes, by necessity, multiple particles. A rea-
sonable interpretation of the spectrum is that all particles are composed of the same
average chemical composition. In contrast, mass spectra of single particles (Figure 25)
clearly show that this interpretation is incorrect and that there are distinct particles
with different compositions. Thus, the bulk composition analysis predicts incorrect
particle properties in this case. The ion fingerprints in the deconvoluted mass spec-
tra show unique combinations of OC, EC, K, and metals (i.e., Zn, Pb, Cr, Ag) that
provide unique insight into the specific source of each particle type (Figure 254). The
presence of nitrate and sulfate demonstrates which particle types have undergone
atmospheric aging processes. These single-particle mass spectral signatures provide
critical insights into the partitioning of species to different particle types, the reac-
tions different particle types undergo in the atmosphere, and the original source that
produced each particle.

Friedlander and coworkers (69) developed the original design of these single-
particle instruments in the early 1980s. Early mass spectrometers used a filament to
desorb the particle and electron impact ionization coupled with a quadrupole mass
spectrometer. Today, the majority of single-particle mass spectrometers use time-of-
flight technology to obtain the entire mass spectrum of each particle. In fact, many
systems now use a dual polarity time-of-flight mass spectrometer, so both positive
and negative ions can be obtained from each particle (70). The time-of-flight mass
spectrometer is ideally suited for pulsed laser desorption/ionization (LDI), offering
the advantage of high-throughput analysis. The particles are under vacuum for less
than 1 ms before analysis, and thus minimal artifacts are encountered. The advantage
to using a pulsed laser is that all chemical species in each particle can be analyzed.

Prather o Hatch o Grassian



Annual Review of Analytical Chemistry 2008.1:485-514. Downloaded from www.annualreviews.org
by Fordham University on 12/16/11. For personal use only

a Bulk (average) measurements b Single-particle measurements
1.0 T
T T T T T T T T T Cr-Ag EC sulfate
nitrate
1% Il |
2 2 i ahll
] | 2
€ 06 - c | Biomass OC sulfate
E E sulfate
2 S |
- o
g 04 | S|
© ®©
% ° Dust nitrate ZnPbCl
r 02 i K
1N
0 I
-100 -80 -60 -40 -20 0 20 40 60 80 100 miz
miz
Al K Zn Pb W Al K Zn Pb ¥ Al K Zn Pb
EC OC Na EC OC Na EC OC Na : c_:'Atg
S02- NO: CI- A S0 NO; CI- A SO NO; CI- Rate sulfate
Al K Zn Pb W Al K Zn Pb ¥ Al K Zn Pb {
EC OC Na EC OC Na EC OC Na ; A"ft't;‘;‘t‘:t e
R 1 su
S02- NO; CI- A SOz NO; CI- A SOz NO; CI- Y
Figure 2

Comparison of mass spectra obtained using (#) bulk ensemble analysis versus (b) single-particle
analysis. The interpretations of the bulk versus single-particle analyses are shown below.

Quantification is more challenging, but various groups are working on this aspect
(71-76). One key to improving the quantification step involves homogenizing the
LDI laser beam to reduce the shot-to-shot variability of the ion intensity between
particles (77).

LDI at the proper wavelengths can produce molecular ions, but the quantifica-
tion of individual organic species has not been accomplished (78). Two-step LDI
shows promise; a pulsed infrared laser heats the particle and rapidly desorbs intact
neutral molecules from the particles, and a second, lower-power, ultraviolet laser can
ionize the desorbed gas-phase species (79). Investigators have also used extremely
high-powered lasers to obtain quantitative results on total elemental composition in
individual particles by ablating species from the particles and fragmenting molecules
down to elemental forms (80). One recent approach involves desorption with a laser
followed by the introduction of low-energy photoelectrons thatattach to the desorbed
neutrals (81). The Johnston group (82) has shown that vacuum UV photoionization
can be used for soft ionization and the characterization of organic species in aerosols.

www.annualreviews.org o Atmospheric Aerosols

495



Annual Review of Analytical Chemistry 2008.1:485-514. Downloaded from www.annualreviews.org
by Fordham University on 12/16/11. For personal use only

Mineral dust aerosol: soil

particles primarily from

desert or semiarid regions
mobilized by wind currents

and entrained in the
atmosphere

496

Details on the surface chemistry and structure of single particles are critical to
understanding their reactivity, optical properties, and water uptake potential (83-85).
Off-line analysis by time-of-flight secondary ion mass spectrometry has been used
to study hydrophobic compounds on the surfaces of atmospheric particles (86). Baer
and coworkers (87) demonstrated in laboratory studies that one can study the surface
versus core chemistry of individual particles using two-step LDL

Single-particle mass spectrometers are a relatively new approach for determining
the major sources of atmospheric pollution (88, 89). One can use the mass spectral
fingerprints (Figure 2b) to identify and determine the relative fractions of particles
from different sources (89, 90). Using a combination of unique gas-phase tracers
coupled with unique single-particle MS signatures, Guazzotti et al. (91) showed that
biomass/biofuel emissions were the most abundant aerosol particle type in the region
in shipboard measurements during the Indian Ocean Experiment.

Some promising recent advances in single-particle MS studies couple the instru-
ment with other measurements. Researchers are now using information on particle
volatility, hygroscopicity, density, and optical properties to obtain linked chemical-
optical or chemical-physical information on individual particles (92-96).

2.5. Case Study: ACE-Asia

Advances in analytical techniques for aerosol analysis pave the way for a greater
understanding of atmospheric aerosols through both field and laboratory studies.
However, a complete understanding will only be achieved upon integration of these
studies with modeling efforts. Below, we discuss important results and remaining
issues that have emerged via integrated efforts during ACE-Asia.

2.5.1. Field studies. Heard (97) reviewed measurements, techniques, and locations
for a number of major field campaigns. ACE-Asia represents an excellent example
of an intensive field study aimed at quantifying the spatial and vertical distributions
of aerosol concentrations, processes controlling aerosol formation and evolution,
and the radiative impacts of aerosols in spring 2001. Over 250 publications describe
results from this campaign, reflecting how a combination of laboratory, field, and
modeling efforts can help unravel the contributions of aerosols to climate change.
Three aircraft, two research ships, a lidar network, and many surface sites measured
Asian aerosols during the spring dust storm season. A wide range of aerosol models
(including microphysical, radiative transfer, chemical transport models, and global
climate models) was used to assess how Asian aerosols are influencing pollution and
climate in this region. Satellite data provided a larger scale view of the radiative
impacts of aerosols over the region under different air mass conditions (98). One
major facet of ACE-Asia involved studying the impact of large Asian dust plumes
lofted into the free troposphere by dust storms emanating from the desert regions.
Mineral dust aerosol represents an important component of the Earth’s system that
links land, air, and oceans in a unique way, and although it is a naturally occurring
aerosol, anthropogenic activities clearly influence the effects of dustin the atmosphere
(99). For example, dust serves as a major sink for trace gases in the atmosphere by
providing a large surface area upon which heterogeneous chemistry can occur (100).
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Figure 3

The relative distribution of peak areas for three major mineral dust components sampled
during ACE-Asia (Fe, Ca, and Al) mixed with secondary acids (6). Copyright 2007.
Reproduced with permission. The same dust particles are displayed in both panels with the
symbol color corresponding to (#) the sulfate absolute peak area and (/) the nitrate absolute
peak area. This figure shows that AlSi dust particles have a higher abundance of sulfate,
whereas Ca dust particles contain more nitrate.

Arimoto and coworkers’ (101) review presents an overview of the findings on the
impacts of dust on tropospheric chemistry during ACE-Asia. A unique finding from
aerosol time-of-flight mass spectrometry (ATOFMS) measurements made onboard
the R/V Ronald H. Brown during ACE-Asia was that, when large amounts of sulfate
and nitrate were present, they tended to segregate and partition to dust particles with
differing mineralogy (6). The ternary plots in Figure 3 demonstrate this, displaying
the relative ATOFMS single-particle mass spectral ion signals from three major dust
mineral components: Al, Ca, and Fe. Figure 3 shows dramatically different mixing
behavior for nitrate versus sulfate and reflects the segregation of nitrate from sulfate
in dust particles. The sulfate-rich dust particles lie predominantly near the Al vertex,
indicating an association with AlSi dust particles. The nitrate dust particles are mostly
located toward the Ca vertex and thus are most likely associated with calcite-rich dust.
Notably, this field observation confirmed predictions based on carefully controlled
laboratory studies (102). In light of this example, we note that current models treat
dust as a single entity that reacts with species such as sulfate and nitrate with one rate
constant. Including more kinetic rate data for heterogeneous reactions on dust of dif-
fering mineralogy is one specific area in which models can be significantly improved.

Another interesting observation during ACE-Asia occurred upon the arrival of
the dust front: Prior to the dust front, high amounts of nitrate were observed on sea
salt particles. When the dust front descended into the boundary layer and mixed with
the ground-level pollution, nitrate suddenly shifted from being associated with sea
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salt to the dust particles (103, 104). This rapid change could result from a variety of
factors, including available surface area, the arrival of a new air mass, or the fact that
dust reacts faster with NO, precursors than sea salt. To sort out the possible factors
leading to these significant changes, we have begun to design and perform laboratory
experiments focusing on heterogeneous chemistry processes observed during ACE-
Asia. Ultimately the findings from these laboratory studies will be used as inputs for
chemical transport models.

2.5.2. Laboratory studies of dust. Laboratory studies of mineral dust typically
focus on the common components, including clay, carbonate, and oxide minerals,
and therefore can address important issues with respect to dust mineralogy. Recent
reviews on heterogeneous reactions of mineral dust describe how the mechanisms for
the reaction chemistry of mineral aerosol need to be better understood (105, 106). One
important consideration is the need for laboratory studies measuring heterogeneous
reaction kinetics of mineral dust as a function of relative humidity (RH). For example,
several studies have shown that adsorbed water, which increases as a function of RH,
can play an important role in the heterogeneous reactions of nitric acid on Arizona
test dust (107), a complex, well-characterized dust mixture; montmorillonite (108),
a swellable clay mineral; and calcite (109), a reactive component of mineral dust.
Furthermore, laboratory studies analyzing the uptake of other trace gases (such as
HCI, CO;, and SO,) have also shown that adsorbed water can significantly increase
the uptake of these gases on major mineral components (110).

Recently, in addition to the role adsorbed water plays in the heterogeneous chem-
istry of mineral aerosols, laboratory studies have begun to explore water adsorption
over the full dynamic range, including water uptake and hygroscopicity under subsat-
urated conditions and CCN activity under supersaturated conditions. Figure 4 shows
a schematic of a multianalysis aerosol reaction system developed at the University of
Towa for studying CCN activation and water uptake (111, 112). This instrument has
the capability of measuring CCN activity and hygroscopic growth of size-selected
aerosol, as well as heterogeneous processing and aerosol infrared extinction over a
range of RH values. For example, CaCOj is highly reactive and can be converted
to Ca(NO;), upon heterogeneous reaction with gas-phase HNOs. The Ca(NOs),
reaction product is more soluble and thus takes up significantly more water than
the unprocessed CaCOj; aerosol. Figure 4¢ shows the hygroscopic growth curves
for 100-nm size-selected CaCOjs and the reaction products with HNOj;, Ca(NO3),.
The CCN activity of Ca(INOs), is significantly greater than that of CaCOj; and is
comparable with common CCN such as ammonium sulfate (Figure 4d).

Many recent surface characterization studies have begun to investigate the speci-
ation of adsorbed products on the surfaces of processed mineral aerosol using tech-
niques such as X-ray photoelectron spectroscopy (113, 114). However, more studies
are needed to work out details of surface speciation and the role of adsorbed water in
the heterogeneous mechanism of atmospheric gas uptake on mineral aerosol.

2.5.3. Model-laboratory-field comparisons. Model analysis was also an important
component of the ACE-Asia campaign, both from a forecasting perspective during the
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Figure 4

(@) A schematic of a laboratory apparatus that measures hygroscopic growth and cloud
condensation nuclei (CCN) activity of aerosols representative of mineral dust (CaCO3) and
reacted mineral dust [Ca(NO3);], as well as the infrared extinction spectra and size
distributions of aerosols. Ca(NO3), forms as a result of heterogeneous reactions of CaCOs3
with nitrogen oxides in the atmosphere (111). Copyright 2006, American Chemical Society.
Reproduced with permission. (b)) CCN activity plotted as a function of nuclei that are CCN
active versus the total number of condensation nuclei as a function of percent supersaturation
(112). Copyright 2006, American Geophysical Union. Reproduced with permission.
Hygroscopic growth data comparing (¢) 100-nm CaCOs (111, 112) and (4) 100-nm Ca(NO3),
particles (111, 112). Panels ¢ and d reproduced with permission. Copyright 2006, American
Chemical Society; copyright 2006, American Geophysical Union. Abbreviations: APS,
aerodynamic particle sizer; CPC, condensation particle counter; FTIR, Fourier transform
infrared spectrometer; MCT, mercury cadmium telluride; RH, relative humidity; SMPS,
scanning mobility particle sizer.

study and as a tool for understanding observations made during the study. ACE-Asia
provided an opportunity to compare the model predictions with atmospheric mea-
surements. Figure 5 illustrates results from the three-dimensional global sulfur trans-
port and deposition model used to predict the influence of heterogeneous chemistry
on some important chemical species, including O3, NO,, SO,, and HNO; (115). Each
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(@) The four heterogeneous reactions on mineral dust used by Tang et al. to model dust aerosol
chemistry. (b)) Contour plots showing averaged influences on O3, NO;, SO;, and HNOj3
concentrations due to heterogeneous chemistry on mineral dust aerosol below 1 km (115).
Panel 4 reproduced with the permission of the American Geophysical Union. Copyright 2004.

plot represents differences between the gas-phase concentrations of two model runs,
one thatincludes four important heterogeneous reactions on mineral dustand another
that includes only gas-phase reactions. The resulting contour plots show that hetero-
geneous reactions decrease the gas-phase composition of all these species. The great-
est influence is on HNOj concentrations, which decrease by 90% in some regions.
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Finally, new insights were acquired into the partitioning of chloride on atmospheric
particles during ACE-Asia. Currently, chloride on filters is used to calculate the
amount of unreacted sea salt present in the atmosphere. However, during ACE-Asia
a new real-time observation showing the uptake of HCl released from sea salt by dust
was measured using single-particle MS (116). This resulted in substantial amounts
of Cl on dust rather than sea salt. Model predictions compared with the observations
showed poor agreement. Thus, this heterogeneous process is now being studied in
the laboratory to obtain kinetic information, which will be added to the model. This
example demonstrates how investigators can use field observations, coupled with
chemical models, to design laboratory studies to better understand such processes.
The modeling used during ACE-Asia represents a major effort to understand the
role of heterogeneous reactions on mineral aerosol, but only four heterogeneous
reactions were studied in the model. The incorporation of other species along with
the effects of RH and dust composition will significantly improve these efforts in
the future. In atmospheric chemistry models, heterogeneous chemistry needs to be
treated in a more complex manner if the chemical composition of Earth’s atmosphere
is to be understood. Ideally, this understanding needs to be at a level that allows
models to be used in a predictive fashion for various possible scenarios involving
projected future anthropogenic activities and the consequences of these activities.

3. KEY ISSUES AND MEASUREMENT NEEDS

3.1. Marine Aerosols, Oceanic Productivity, and Clouds

As the ocean represents ~70% of Earth’s surface, we need a better understanding
of marine aerosol-cloud-climate interactions (117). A strong link exists between the
chemical and biological processes in the ocean and the chemistry of the atmosphere
above the ocean (118, 119). Thus, field studies focusing on marine environments
are vital to furthering our understanding of marine aerosol production and cloud
formation.

3.2. Organic Speciation

In the past few years, multidimensional gas chromatography has shown that tens of
thousands of different organic species exist in aerosols collected in a single air mass
(120). Thus, new methods emphasizing the speciation of organic aerosol are needed.
Recent breakthroughs in the areas of near-edge X-ray absorption fine structure spec-
troscopy, Fourier transform infrared mapping, chemical ionization mass spectrome-
try, and high-resolution MS are shedding new light on the complexity of the organic
fraction of aerosols (121, 122). After identifying a larger fraction of the organics in
aerosols, the next step will involve quantifying the actual amounts of these species and
better understanding their heterogeneity in particles using real-time measurements.
Also, measurements are needed of the interactions between water and organic and
mixed organic/inorganic/aqueous particles and the impact of phase changes, hygro-
scopic growth, cloud activation, and ice nucleation.
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3.3. Understanding Cloud Formation and Reducing Uncertainties
in the Indirect Effect

CCN formation is an area in which there is a significant disconnect between labo-
ratory findings and field observations (123, 124). Making simplistic aerosols in the
laboratory with one or two components has provided a better understanding of the
fundamental properties that lead to more effective CCN. Direct measurements of
the size-resolved single-particle mixing state of the actual cloud nuclei will improve
our understanding of atmospheric CCN (125). For example, recent single-particle
MS field measurements yielded new insight into how atmospheric aging affects the
number of CCN formed in marine environments (126). Single-particle MS has also
been employed to measure the chemistry of individual ice nuclei (95). Currently, it
is believed that insoluble materials such as dust and soot play the largest role in ice
nucleation (127-129). However, this has been difficult to test in field studies owing
to the extremely low number concentrations of ice nuclei that are present. Future
aircraft flights will focus on making further direct measurements of the chemistry of
ice nuclei (130).

3.4. Linking Size-Resolved Mixing State with Optical Properties

Many field studies have investigated how chemical composition and size influence the
radiative forcing in a particular region (10, 131-133). Most commonly, researchers
measure particle size, optical properties, and chemistry using three separate tech-
niques. Ideally, coupled size-shape-chemical-optical measurements would be made
on the same individual particles. Steps have been taken in this direction in single-
particle MS (92, 96). The ultimate measurement involves multiangle light-scattering
measurements on the same individual particle, the power of which has been demon-
strated for particles of known composition (134). Such direct measurements of the
optical properties of a specific mixing state and size of real atmospheric aerosols are
required as model inputs to reduce the uncertainties associated with regional and
global radiative forcing on climate, as detailed in the recent Intergovernmental Panel
on Climate Change report (135). Also, aerosols show strong vertical variability with
multiple layers often observed; this vertical structure strongly impacts the overall
amount of radiative forcing. To account for this, it is critical that we have a better
understanding of how particle chemical mixing state varies as a function of altitude
in different regions.

3.5. Nanoparticle Characterization

Particle formation via nucleation occurs in the smallest sized particles (<10 nm) on
very rapid timescales. The processes involved in nucleation in urban environments
are still under debate. Furthermore, with increased interest in the environmental
health and safety, including toxicity, of engineered nanoparticles (136), investigators
are developing methods that can measure the chemistry of single particles in the
10-nm size range (136, 137). The high sensitivity of MS allows one to detect the
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contents of an individual particle down to the sub-10-nm size range. However, parti-
cles this small cannot be detected using standard optical detection methods, which rely
on the particle being larger than ~80 nm. One could condense water on the particles
to grow them to a detectable size range and measure their chemistry via single-particle
MS (138). However, charged aerosol detection has been developed as an alternative
approach for detecting smaller particles than optical detection allows; it is being
used as a universal detector in high-performance liquid chromatography analysis

(139).

3.6. Miniaturization of Aerosol Chemistry Instruments

The size of the sampling platform has become very small, with the recent demon-
stration of using unmanned aerial vehicles to study aerosol-cloud interactions in the
Indo-Asian region (140). This study did not obtain aerosol chemical information, but
this may be possible in future missions. Time-of-flight mass spectrometers as small
as 3 inches are now available (141). Optical spectroscopy techniques do not require
pumping systems, and thus single-particle analysis using laser-induced breakdown
spectroscopy may be able to meet smaller payload requirements. As is always the
case, trade-offs exist between size and performance, but having some chemical in-
formation will be a major advance in studies of the spatial variability of aerosols on
larger scales.

3.7. Determining the Factors Controlling Gas-Particle Partitioning
of Real Atmospheric Aerosols

We need a better understanding of how the seed chemistry of a particle affects the par-
titioning and reactivity of aerosols (142). A number of recent studies have shown that
far more species are associated with the particle phase than predicted from standard
models (143). The acidity of the seed has been shown to affect the amount of species
partitioned from the gas to particle phase and more recently to induce oligomeriza-
tion in the particles (21, 143, 144). Because particles are highly concentrated and thus
nonideal solutions, the behavior at the surface cannot be approximated, assuming no
chemical interactions occur. Techniques that probe interfacial chemistry and inter-
actions and rapid processes occurring at the molecular scale are required (145, 146).
Also, we need a better understanding of how chemical mixing state influences the
distribution of condensing SOA species.

3.8. Bioaerosols

There is a great deal of interest in the public health issues associated with bioaerosols,
which include pollen, viruses, bacteria, and proteins. Issues range from understand-
ing the spread of emerging infectious diseases to concerns over bioterrorism. Con-
ventional analytical methods used for these aerosols include microscopy, protein
staining, and microorganism cultivation. However, molecular-based studies have just
recently begun and have the potential to provide mechanistic information on the
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immune response of these reactions (147). Recently, investigators used a single-
particle mass spectrometer based on the ATOFMS design for the on-line analysis
of single bioaerosols (148). Additionally, bioaerosols are known to undergo nitration
when proteins are exposed to parts-per-billion levels of nitrogen dioxide (149). Such
heterogeneous reactions may be important triggers for adverse immune reactions,
such as allergies and asthma, in humans. However, little is known regarding the effects
of the interaction of pollution and bioaerosols. Thus, this remains a largely unexplored
area and should be considered in future field measurements and laboratory studies.

4. SUMMARY

As the field of atmospheric analysis moves forward, itis clear that atmospheric aerosols
need to be better understood. Over the past decade, there has been a tremendous
amount of growth in the number of analytical measurement techniques being devel-
oped to measure atmospheric aerosols. These advances are just beginning to unravel
the complexity of atmospheric aerosols. Additional instruments that make rapid, real-
time measurements of particle interfaces, as well as probe particle heterogeneity and
phase, are needed to understand the processes contributing to aerosol formation in the
atmosphere. Accurate information will ultimately allow for models to better under-
stand and predict atmospheric aerosol composition and, in turn, to understand the im-
pact these aerosols have on our climate on regional and global scales. In this review, we
have highlighted the critical need for synergism between laboratory studies, field mea-
surements, and modeling analysis to achieve the next level of understanding of atmo-
sphericaerosols. Such a combined effort will put us in a much better position for devel-
oping sound environmental policies that protect our planetas we move into the future.
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