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ABSTRACT

Aerosol particles are an important component of the Earth-Atmosphere system because
of their influence on the radiation budget both directly (through absorption and
scattering) and indirectly (through cloud condensation nuclei (CCN) activity). The
magnitude of the raditaive forcing attributed to the direct and indirect aerosol effects is
highly uncertain, leading to large uncertainties in projections of global climate change.
Real-time measurements of aerosol properties are a critical step toward constraining the
uncertainties in current global climate modeling and understanding the influence that
anthropogenic activities have on the climate.

The objective of the work presented in this thesis is to gain a more complete
understanding of the atmospheric transformations of aerosol particles and how such
transformations influence the direct and indirect radiative effects of the particles. The
work focuses on real-time measurements of aerosol particles made with the Aerodyne
Aerosol Mass Spectrometer (AMS) developed in collaboration with the Boston College

research group. A key feature of the work described is the development of a light



scattering module for the AMS. Here we present the first results obtained with the
integrated light scattering — AMS system. The unique and powerful capabilities of this
new instrument combination are demonstrated through laboratory experiments and field
deployments.

Results from two field studies are presented: (1) The Northeast Air Quality Study
(NEAQS), in the summer of 2004, conducted at Chebogue Point, Nova Scotia and (2)
The Megacity Initiative: Local and Global Research Observations (MILAGRO) field
campaign conducted in and around Mexico City, Mexico in March of 2006. Both field
studies were designed to study the transformations that occur within pollution plumes as
they are transported throughout the atmosphere. During the NEAQS campaign, the
pollution plume from the Northeastern United States was intercepted as it was transported
towards Europe. In this study, particles were highly processed prior to sampling, with
residence times of a few days in the atmosphere. The MILAGRO campaign focused on
the evolution of the Mexico City plume as it was transported north. During this study,
regional and locally emitted particles were measured with residence times varying from
minutes to days in the atmosphere. In both studies, the light scattering — AMS system
provided detailed information about the density and composition of single particles,
leading to important insights into how atmospheric processing transforms the particle
properties. In Mexico City, the light scattering-AMS system was used for the first time
as a true single particle mass spectrometer and revealed specific details about the

atmospheric processing of primary particles from combustion sources.



To quantify the radiative effects of the particles on climate, the processing and
ultimate fate of primary emissions (often containing black carbon or soot) must be
understood. To provide a solid basis for the interpretation of the data obtained during the
field studies, experiments were conducted with a well characterized soot generation-
sampling system developed by the Boston College research group. The laboratory soot
source was combined with the light scattering — AMS system and a Cloud Condensation
Nuclei Counter (CCNC) to measure the change in cloud-forming activity of soot particles
as they are processed in the atmosphere.

Because of the importance of black carbon in the atmosphere, several instruments
have been developed to measure black carbon. In July of 2008, an intercomparison study
of 18 instruments was conducted in the Boston College laboratory, with soot particles
produced and processed to mimic a wide range of atmospherically-relevant conditions.
Transformations in the physical, chemical, and optical properties of soot particles were
monitored with the combined suite of aerosol instrumentation. Results from the
intercomparison study not only calibrated the different instruments used in the study, but
also provided critical details about how atmospheric processing influences the radiative

effects of primary combustion particles.
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Figure 4-12. Time trends in the number (upper panel) and number fraction of ‘coated’
particles for (a) intermediate-HOA particles and (b) low-to-zero-HOA particles.
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Figure 4-13. (a) Measured (i.e. real) single particle NH4 mass plotted versus calculated
single particle NH4 mass for the subset of single particles with high chloride content. (b)
Single particle mass spectrum for a typical high chloride content particle (identified in (a)
with the arrow).

Figure 5-1. Calculated supersaturation S as a function of the solution droplet diameter d,
for a particle composed of adipic acid. The adipic acid particle has a dry diameter of 145
nm and a critical supersaturation S, of 0.166%.

Figure 5-2. Critical supersaturations as a function of initially dry particle diameter,
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(solid line). See text for details.

Figure 5-3. Calculated deliquescent supersaturations Sg.; (plotted on the S, axis) as a
function of the dry particle diameter for adipic acid using water activities of 0.990 (gray)
and 0.997 (green). The upper bound for each activity corresponds to a surface tension of
0.072 J/m* while the lower bound corresponds to a surface tension of 0.060 J/m”.
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sulfate particles. The critical supersaturation (S.) calculated from the critical temperature
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dashed lines are calculated using Kdhler theory.
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Figure 5-9. Published critical supersaturations (S.) for adipic acid as a function of dry
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activation was dry unless otherwise noted. Critical supersaturations predicted by the
standard Kohler theory are shown as solid lines for ammonium sulfate (red line), adipic
acid (orange line), and an insoluble but wettable substance (black line). See text for
details.

Figure 5-10. S, plotted as a function of particle diameter for dry adipic acid particles
(blue symbols). Kohler theory lines are the same as in Figures 5-1 and 5-3. The shaded
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Figure 6-2. Improved soot generation-sampling system apparatus with alignment
controls. Stainless steel support structure not shown.
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CHAPTER 1

INTRODUCTION



1.1 BACKGROUND

The field of atmospheric chemistry has recently gained the attention of the general
public because of issues associated with climate change. Projections of catastrophic
events including sea level rise and increasingly violent storms in connection with man-
made climate change have reached a fearful and captivated audience of economists,
policy makers, media outlets, and the general public. The underlying science of climate
change relies on a multi-disciplinary combination of historical data, global climate
modeling and real-time atmospheric measurements and observations. The 2007 Nobel
peace prize was awarded jointly to Al Gore (for his documentary on climate change) and
the scientists on the Inter-Governmental Panel on Climate Change (IPCC) who
established a comprehensive, cross-disciplinary overview of the current scientific
knowledge about climate change (IPCC Fourth Assessment Report, 2007). Such
recognition emphasizes the central importance of climate change in the lives and future
of all who inhabit planet Earth. Although the overwhelming majority of the scientific
community accepts global warming as a well documented phenomenon, the rate of
warming and the role of anthropogenic factors in the warming process are still not well
understood. At present, the effects of atmospheric aerosol particles present the largest
uncertainties in the quantification and modeling of global climate change.

The objective of the work described in this thesis is to improve our understanding
of the physical and chemical properties of atmospheric aerosol particles. The work
includes instrument development, laboratory experiments, and ambient aerosol sampling.
In this chapter, we outline the basic principles of the Earth’s energy budget and identify

the components within the Earth-atmosphere system that influence radiation. This is
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followed by an overview of the properties of atmospheric aerosol particles and the
challenges one must face when devising aerosol measurement strategies. The chapter

closes with a summary of the work presented in the subsequent chapters of the thesis.

1.2 THE ENERGY BUDGET

The Earth’s primary source of energy is the sun (> 99%). To visualize how
radiation interacts with the Earth-atmosphere system, consider a view of Earth from
space: clouds and snow-covered regions appear white, continental regions appear in
varying degrees of green and brown, and the oceans are blue. This image of Earth is the
consequence of varying degrees of reflection and absorption by the components of the
Earth-atmosphere system. The bright white clouds and snow-covered peaks reflect more
sunlight than the oceans and continents. This is due to the higher reflectance, or albedo,
of clouds and ice compared to the reflectance of soil or liquid water. The global mean
planetary albedo (R,) defines the fraction of incoming solar radiation reflected back into
space by clouds, air molecules, atmospheric particles, and the Earth’s surface.
Approximately 30% of the total incoming solar radiation is reflected back into space with
approximately 2/3 reflected by clouds and 1/3 reflected by atmospheric constituents
(primarily aerosol particles) and Earth’s surface (Seinfeld and Pandis, 2006). Of the
remaining incoming solar radiation, approximately 50% is absorbed by the Earth’s
surface and 20% is absorbed by atmospheric constituents. In return, the Earth’s surface
emits energy back into the atmosphere via thermal infrared radiation, latent heat

contained in evaporated water vapor, or sensible heat (local heating of the air in contact



with the Earth’s surface). The majority of this emitted energy is in the form of longwave
infrared radiation. Compared to incoming shortwave UV/Visible solar radiation,
longwave radiation is preferentially absorbed by gas phase species in the atmosphere.
After absorption by these species, radiation is re-emitted in all directions with a portion
eventually released from the Earth-atmosphere system to space.

To understand the energy balance of the Earth-atmosphere system, it is necessary
to quantify the flux density of incoming and outgoing energy at the top of Earth’s
atmosphere. This balance of energy is summarized in equation 1-1 as:

Fyet = Fyi = (Fs,r + F1) (1-1)

The terms Fj; F;,, and F; are the flux densities of incoming solar radiation,
reflected solar radiation, and emitted longwave radiation respectively. The equation
shows that for energy balance (i.e. F,; = 0) to occur, the sum of emitted longwave
radiation and reflected solar radiation must equal the total incoming solar radiation
measured at the top of the atmosphere. This balance is shown schematically in Figure 1-
1. At the top of the atmosphere, Fy; = 342 W/mz, F;, =107 W/rnz, and F;= 235 W/m?.
Under these conditions, the temperature of the Earth remains constant. Changes to the
earth-atmosphere system (such as an increase in greenhouse gas concentration or the
number concentration of aerosol particles) result in F,,.,# 0. The temperature of the Earth
will either decrease (F,; < 0) or increase (£, > 0) in response to the change.

Figure 1-1 also summarizes the emission-absorption processes that occur within
the Earth-atmosphere system. At the surface of the Earth, the flux density of emitted
infrared radiation is a function of the temperature of the surface. On average the Earth’s

surface is 15°C which corresponds to a total emissive flux of 390 W/m®. The total
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emissive flux of the Earth is calculated via Equation 1-2, which relates the radiation
emitted by a blackbody to its absolute temperature:
F=oT (1-2)

Here, F' is the radiation emitted by a blackbody (i.e. the earth), ¢ is the Stefan-
Boltzmann constant (5.671x10® W m? K™), and 7 is the temperature of the blackbody.
The spectral irradiance of the sun (another example of a blackbody) peaks in the visible
region of the electromagnetic spectrum with ~40% of all incoming solar radiation within
the wavelength range of 0.4 - 0.7 um (Seinfield and Pandis, 2006). Incoming radiation is
not effectively absorbed by atmospheric gases at these wavelengths. The atmosphere is
nearly opaque to radiation with A <290 nm. The absorption here is mostly due to O, and
O3 molecules. On the other hand, the radiation emitted from the Earth’s surface is mostly
10 < A <25 pm. Within this range, the gas molecules CO, and H,O are strongly
absorbing. As a result, the net effect of atmospheric species such as water vapor and
greenhouse gases is to decrease the flux of longwave radiation reaching the top of the

atmosphere, warming the planet.
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Figure 1-1. Estimate of the global mean energy balance. (Kiehl and Trenberth, 1997)

Three types of changes to the Earth-atmosphere system will alter the radiative
balance and thus the temperature of the Earth: (1) A change in the incoming solar
radiation (Fj;) (e.g. by variations in the solar irradiance), (2) a change in the reflectivity
of the Earth-atmosphere system (Fj,) (e.g. by changes in particles, cloud cover, or land-
use), or (3) a change in the amount of infrared radiation that is released to space (F)) (e.g.
an increase in atmospheric concentration of greenhouse gases or water vapor).
Perturbations in the radiative balance are expressed as radiative forcings, in W/m?. In
2007, the IPCC calculated the radiative forcing due to each of the major factors of the
Earth-atmosphere system that influence climate (/PCC, 2007). These results will be

summarized in the following section.



1.3 RADIATIVE FORCING

The technical definition of radiative forcing used by the IPCC is: ‘the change in
net (down minus up) irradiance (solar plus longwave; in W/m?) at the tropopause’ after
allowing for stratospheric temperatures to readjust to radiative equilibrium, but with
surface and tropospheric temperatures and state held fixed at unperturbed values’
(Ramaswamy et al., 2001). This rather complex definition is to be understood in the
following way. The natural response of the earth-atmosphere system to an energy
imbalance is to either cool or warm. The energy imbalance (radiative forcing) at the top
of the atmosphere is determined by holding the Earth surface and troposphere
temperature constant.

Radiative forcing (RF) values are reported as the difference in RF between current
(~2005) and pre-Industrial revolution (1750) atmospheric conditions.  Therefore,
depending on how a given factor (e.g. greenhouse gas, aerosol particle, land use) has
changed since the Industrial revolution, it can have either a positive (warming) or a
negative (cooling) radiative forcing effect on the climate. In addition to estimating the
sign and magnitude of each component’s RF value, the uncertainty (statistical value) and
current level of scientific understanding (structural uncertainty) of each component is
provided.

The total radiative forcing due to all components of the Earth-atmosphere system

originating from anthropogenic activities is estimated to be +1.6 [-1.0,+0.8] W/m® (IPCC,

" The tropopause is located between the troposphere and stratosphere and is typically
found at an altitude of ~15 km.
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2007). The numbers in the brackets are the 90% confidence interval (minus sign
determining the lower limit (A-X), plus sign determining upper limit in the form (A+Y).

In addition to carbon dioxide (CO,), the long-lived anthropogenic greenhouse
gases are methane (CHg), nitrous oxide (N,O), halocarbons(CFC’s) and sulfur
hexafluoride (SF¢). The current RF due to greenhouse gases is +2.63 [£0.26] W/m®
(IPCC 2007; and Collins et al., 2006). In addition to greenhouse gases, the IPCC
identifies six other components within the Earth-atmosphere system that influence
climate. These are ozone (including tropospheric and stratospheric), water vapor
produced by oxidation of stratospheric CHy, surface albedo (R,), total aerosol, linear
contrails, and solar irradiance. With the exception of solar irradiance, changes in these
parameters since the Industrial revolution are considered anthropogenic. The radiative
forcing, spatial scale, and level of scientific understanding (LOSU) of each component
are listed in Figure 1-2.

Although water vapor is the most abundant greenhouse gas in the atmosphere, it is
not included in the list of radiative forcing agents in Figure 1-2 because human activities
do not have a strong direct influence on water vapor concentrations. However, the water
vapor concentration in the atmosphere is indirectly influenced by human activities. For
example, as the climate warms (largely due to anthropogenic activities), more water
vapor is released into the atmosphere, which subsequently absorbs more infrared
radiation causing further warming. This process is considered a positive feedback

because the response of the system amplifies the initiating change.
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Figure 1-2. Magnitude and uncertainty in the radiative forcing attributed to the different

components of the Earth-atmosphere system (/PCC, 2007).

Anthropogenic aerosol is the second strongest radiative forcing agent of the
Earth-atmosphere system. The cumulative effect of aerosols is to cool the climate,
offsetting the warming influence of the long-lived greenhouse gases to some extent. One
key difference between aerosols and greenhouse gases is that aerosol particles remain in
the atmosphere for only a few weeks whereas greenhouse gases last for hundreds of years

in the atmosphere. As a result, the spatial distribution of aerosol particles is highly



dependent on the strength and number of particle sources within a given area. Notice that
the uncertainty in the RF of aerosols is much larger than that of the greenhouse gases and
the level of scientific understanding is listed as ‘low’ indicating that the radiative
properties of aerosols are not well characterized. The non-uniform distribution of aerosol
particles in the atmosphere is one reason for this large uncertainty.

Aerosol particles influence the radiation budget directly and indirectly and these
effects are differentiated in Figure 1-2 as the direct effect and cloud albedo effect
respectively. The direct effect is due to the scattering and/or absorption of incoming
solar radiation by the particles. The extent to which a given aerosol particle will scatter
or absorb light depends on the chemical composition, size, morphology, and atmospheric
residence time of the particle. Most atmospheric particles tend to scatter rather than
absorb incoming solar radiation. Atmospheric salt species (e.g. ammonium sulfate,
ammonium nitrate, and sodium chloride) are examples of particles that exclusively scatter
incoming solar radiation. These types of particles increase the reflectivity of the Earth-
atmosphere system and decreasing the total energy flux reaching the Earth’s surface.
Therefore, particulate salt species have a net a negative radiative forcing influence.

In contrast to particulate salt species, soot particles originating from biomass
burning or combustion sources can absorb as well as scatter incoming radiation. Soot
particles, containing black carbon, are one of the key atmospheric species capable of
absorbing incoming solar radiation. With increased atmospheric residence time, soot
particles are often coated with atmospheric salt species and/or oxidized organics. Such

coatings can enhance the absorption of the original soot particle by focusing more light
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into the soot core. Soot particles have a net positive radiative forcing influence, resulting
in a warmer climate.

Current measurements and models show that ambient aerosols scatter more
incoming solar radiation than they absorb. Such enhanced scattering increases the
planetary albedo (or reflectivity) causing a decrease in the amount of solar radiation
absorbed by the Earth and atmosphere. The net result of aerosol particles is therefore to
cool the planet. On average, the radiative forcing attributed to the total aerosol direct
effect is -0.5 [£0.4] W/m” (See Figure 1-2).

The IPCC report estimates the direct effect of the various types of aerosol particle
mass as follows: sulfate, -0.4 [+0.2] W/m?*; fossil fuel organic carbon, -0.05 [+0.05]
W/mz; fossil fuel black carbon, +0.2 [+0.15] W/m?; biomass burning, +0.03 [£0.12]
W/mz; nitrate, -0.1 [£0.1] W/mz; and mineral dust, -0.1 [£0.2] W/m?. The uncertainty in
the RF values for individual aerosol species is high due to limited real-time
measurements of aerosol concentration, size, and shape throughout the troposphere. As
stated earlier, black carbon and biomass burning aerosol particles have net positive
(warming) RF values while the other aerosol species have net negative (cooling) RF
values.

The formation of cloud droplets in the atmosphere requires a nucleus which is
provided by atmospheric aerosol particles. These cloud-droplet-forming particles are
called cloud condensation nuclei (CCN). The indirect or cloud albedo effect refers to the
process of particles acting as CCN. The cloud then influences the radiative budget by
scattering and absorbing incoming solar radiation and absorbing surface-emitted infrared

radiation. The radiative influence of a given cloud depends on its altitude, location, and

11



microphysical properties. Clouds formed in polluted atmospheres with high number
concentrations of aerosol particles tend to consist of a higher number of smaller water
droplets. This microphysical structure decreases the precipitation efficiency of the cloud
and increases the cloud’s atmospheric lifetime and reflectivity. The overall influence of
the aerosol indirect effect is to cool the planet. The current RF due to the aerosol indirect
effect is -0.7 [-1.1, +0.4] W/m” as shown in Figure 1-2. Note that the uncertainty in the
aerosol indirect effect is larger than any of the other individual uncertainties. Without
improvements in the measurement and characterization of atmospheric aerosols as cloud
condensation nuclei, the current evaluation and future projections of man-made climate

change will remain uncertain.

1.4 ATMOSPHERIC AEROSOL PARTICLES

An aerosol is defined as a suspension of fine liquid or solid particles in a gas
(Hinds, 1999). Atmospheric aerosol particles include dust, mist, fog, haze, fume, smoke,
and smog (Seinfeld and Pandis, 2006). Cloud droplets are not considered to be aerosol

particles.

1.4.1 General Considerations

Although the main focus of this work is the atmospheric/radiative aspect of
aerosols we point out that aerosol particles affect other aspects of the ecosystem.
Adverse effect of aerosols on ecosystems include deposition of acidic particles to poorly
buffered soils and lakes, enhanced eutrophication of lakes and alpine regions by nitrate

deposition, and the reduction of photosynthetic fluxes by heavy aerosol loadings
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downwind of industrial and urban centers. Aerosol particles also reduce visibility which
results in transportation safety problems and aesthetic degradation (Park et al., 2006;
Rokjin et al., 2006).

While aerosol particles are needed as seeds for the formation of cloud droplets,
clouds formed in the presence of high number of particles have reduced precipitation
efficiency. This leads to significant changes in ecosystem water transport and
evapotranspiration (Wang et al., 2008). Currently, the expansion of desert regions is
thought to be caused by the inhibition of rainfall from such clouds. Such changes raise
the potential for epidemic disease within certain ecosystems that could result in
widespread amphibian extinctions (Pounds et al., 2006).

The adverse health affects of aerosol particles are well documented (Pope et al.,
2000). Epidemiological studies show increased mortality due to cardiopulmonary disease
and lung cancer in local and metropolitan environments with particulate mass
concentrations persistently above ~10-20 pug/m’ (Dockery et al., 1993; Pope et al., 2002;
and Symons et al., 2006). Further details of the health effects and descriptions of the
challenges facing aerosol regulation are surveyed in Grahame and Schlesinger, (2007)

and Peng et al., (2006).

1.4.2 Sources of Aerosol Particles

Aerosol particles originate from both natural and anthropogenic sources. Natural
aerosol sources include sea spray, volcanic activity, terrestrial dust, and biomass burning
(which in some instances qualify as an anthropogenic source). Particles are generally

classified as primary or secondary based on their formation mechanism in the
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atmosphere. Particles emitted directly into the atmosphere are called primary aerosol
particles. Particles formed in the atmosphere from gas phase pre-cursors are called
secondary aerosol particles. The formation of secondary aerosol particles is initiated by
photo-oxidation reactions of the organic and inorganic gas phase species. Such reactions
tend to lower the vapor pressure of the species which results in condensation onto
existing particles or nucleation to form new particles.

Anthropogenic sources produce both primary aerosols and the gas phase
precursors to secondary aerosols. Primary aerosol particles originate from industrial
processes, the combustion of fossil fuels, non-industrial fugitive sources (i.e.,
construction work), and transportation sources (e.g., automobiles and trucks). A principle
component of anthropogenic primary particles is black carbon (BC). Black carbon, also
known as soot or elemental carbon, is a by-product of incomplete combustion. Black
carbon particles typically have complex morphologies and unique optical properties. For
these reasons, measurements of black carbon particles have become increasingly
important toward increasing our knowledge of the radiative influence of the aerosol

particle ensemble.

1.4.3 Aerosol Particles Atmospheric Lifetimes

The atmospheric lifetime of a particle is determined by the efficiency of the
removal mechanisms acting on the particle. Particles are removed from the atmosphere
by either dry or wet deposition. Therefore, the atmospheric lifetime of a particle is a
function of the particle size, chemical composition, density, and surrounding

meteorological conditions. Generally, atmospheric residence times for particles vary
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from a few minutes to several weeks. This is to be contrasted to the residence time of
greenhouse gases which have lifetimes of decades or longer. With much shorter
residence times than greenhouse gases, aerosol particles present a unique measurement
challenge to the atmospheric science community. That is, aerosol particles are not
homogeneously distributed around a hemisphere or the globe. Instead, the number
concentration, chemical composition, and size of particles are highly dependent on the
source location and formation mechanism. Adding to this challenge, particles undergo
physical and chemical transformations during their relatively short atmospheric lifetimes.
Therefore, residence time is an important parameter for tracking important changes in the
particle properties. Without understanding such changes, the effect of the aerosol

particles on climate cannot be determined.

1.4.4 The Size of Atmospheric Aerosol Particles

Atmospheric particles are generally grouped into one of two size modes: coarse
mode; particle diameters > 2.5 um and fine mode; particle diameters < 2.5 pm. It is
important to differentiate coarse and fine mode particles because particles within each of
these modes typically originate from different sources and have different chemical,
physical, and optical properties. Fine and coarse mode particles also undergo different
atmospheric transformations, are removed from the atmosphere by different mechanisms,
and subsequently have different influences on the ecosystem, visibility, human health,
and climate.

Coarse mode particles contain a significant portion of the total mass of the aerosol

ensemble but do not occur in large numbers (typically less than ~1.0 p/cm’ air) due to
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their large sedimentation velocities causing them to have relatively short atmospheric
lifetime. Coarse particles are produced through mechanical processes such as abrasive
contact of machinery used in industrial and agricultural applications, entrainment of
roadside dust from paved and unpaved roads, wind blown soil and biological particles,
and sea spray. Because of their large size, coarse particles scatter more light than smaller
atmospheric particles resulting in the reduction of visibility where coarse particle exist in
the atmosphere.

Fine mode particles are categorized into two types: Aitken mode (0.01-0.1 pm),
and accumulation mode (0.01-2.5 um). Aitken mode particles account numerically for
most of the aerosol particles but because of their small size, only a few percent of the
total aerosol mass is in this particle mode (Seinfeld and Pandis, 2006).

Aitken mode particles are produced by vapor condensation during combustion
processes and nucleation of low volatility gas phase species. Aitken mode particles are
important for understanding new particle formation and growth in the atmosphere.
Nucleation events have been observed in a variety of different environments including
coastal, forested, rural, urban, and arctic regions arising from both natural and
anthropogenic pre-cursor compounds (See Zhang et al., 2005 and references therein).
The atmospheric lifetime of Aitken mode particles is relatively short due to coagulation
to form particles > 0.01 pm, impaction onto surfaces, and evaporation (Seinfeld and
Pandis, 2006). Because of their high number concentration and small size, Aitken mode
particles are a potentially important source of cloud nuclei within continental

atmospheres (Kerminen et al., 2007).
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Continental atmospheres typically contain between 1,000 and 100,000 particles
per cm’ of air with diameters between 0.1 um - 2.5 um. Particles within this size range
are called accumulation mode particles because atmospheric removal mechanisms (dry
and wet deposition) are relatively inefficient for particles of this size. As a result, the
particles accumulate in the atmosphere over time. Typical mass loadings for
accumulation mode particles range from 1-100 pg/m’ (Seinfeld and Pandis, 2006).

Accumulation mode particles are typically formed in the atmosphere via
coagulation of particles < 0.1 um, emitted directly as primary particles from various
combustion processes, or formed from secondary processes in the atmosphere. Because
of their relatively long atmospheric lifetimes, accumulation mode particles undergo
transport on regional and continental scales. During transport, physical and chemical
transformations occur due to coagulation, gas-to-particle condensation, chemical
reactions, and cloud processing. One of the main challenges when measuring aerosol
particles is to accurately characterize the atmospheric transformations that are taking
place. To quantify the direct and indirect radiative influences of ambient particles, the

atmospheric processes that control the particle properties must be clearly understood.

1.4.5 The Challenge of Measuring Atmospheric Aerosol Particles

The chemical composition, size and structure of a given aerosol particle depends
on the particle source, the amount of time the particle has spent in the atmosphere, the
composition of the regional atmosphere, and the meteorological conditions of the region.
At a given time and location, multiple sources contribute to the ambient aerosol

ensemble. The number concentration, size, shape, and chemical composition of the
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particles are initially dependent on the nature of the source. Because particle sources are
non-uniformly distributed, particles within the ambient ensemble often have different
atmospheric residence times and have been exposed to varying degrees of atmospheric
processing. To adequately characterize the particles and atmospheric processes that are
taking place, measurements must be made in real-time with high spatial and temporal
resolution. To obtain highly resolved spatial measurements, aerosol instrumentation must
be portable and simple to maintain. As will be illustrated later, such instruments usually
collect a large amount of data which need to be analyzed and interpreted. Reliable
software programs must be written that provide a common analysis framework from
which to inter-compare data sets from different regions. A comprehensive picture of the
global aerosol distribution and atmospheric processes influencing the particle properties

must be obtained.

1.5 SUMMARY OF THE CURRENT WORK

Relevant information about aerosol particles is obtained in field studies. Such
studies have the advantage of providing measurements and observations of the real
atmospheric system. However, under ambient conditions, a wide range of variables
influences the aerosol properties. These variables continually change in the ambient
atmosphere, further complicating our understanding of how the aerosol particles are
transformed and how these transformations affect the climate forcing properties of the
particles. Therefore, it is difficult to interpret field data and identify particle sources,
transformations, and their radiative effects. Laboratory-based experiments can provide

information that allows a more informed interpretation of the field data.
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Laboratory experiments are designed to more closely examine the influence of
single, controlled variables on the particle properties of interest. In well designed
laboratory experiments, conditions are kept as close as possible to those encountered in
the ambient atmosphere. (Often this is a daunting task.) Ultimately, both laboratory and
field measurements are necessary to understand the properties of aerosol particles and the
atmospheric processes that transform these properties over time. As a result of combined
lab and field-based observations, the accuracy of computational models of the climate
system and projections of man-made climate change improve.

The work presented in this thesis focuses on instrumentation and measurements
that provide information about the size, chemical composition, density, shape, and CCN
activity of aerosol particles. Through the combination of instrument development,
laboratory experiments and field measurements a more complete description of the
mixing state and atmospheric transformations of aerosol particles is obtained. The

chapters are organized as follows.

Chapter 2: Instrumental Methods.

The physical and chemical complexity of atmospheric aerosol particles
necessitates the simultaneous use of multiple analytical techniques to understand particle
properties. Chapter 2 summarizes the operating principles of the instrumental methods
used in the current work with an emphasis on the combination of measurement
techniques required to obtain a more complete characterization of the particles. The link
between each instrument and measurements of size, chemical composition, density,
shape, CCN activity, and mixing state is described.
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Chapter 3: Particle Density Measurements using a Light Scattering Module with the
Aerosol Mass Spectrometer.

To obtain single particle information from within the Aerodyne AMS instrument,
a light scattering module was integrated into the Q-AMS system. The laboratory
characterization of this new instrument combination (called LS-AMS) is described in
Chapter 3. Results from the initial field deployment of the LS-AMS at Chebogue Point,
Nova Scotia during the North East Air Quality Study (NEAQS-2004) are presented.
Calibrations obtained during the laboratory experiments were used to enable single
particle density measurements in the field. The LS-AMS provided details about the
ambient ensemble mixing state and atmospheric transformations of the aerosol particles

transported away from the Northeastern United States towards Europe.

Chapter 4: Single Particle Measurements during the MILAGRO Campaign in Mexico
City.

The light scattering module was integrated into the second generation AMS
instrument, equipped with a time-of-flight mass spectrometer. With the combined
instrument (called LS-ToF-AMS), single particle mass spectra were triggered and saved
based on the presence of a scattered light pulse. With this new instrument combination, a
unique, quantitative approach to single particle mass spectrometry is achieved. The LS-
ToF-AMS was deployed to Mexico City, Mexico in March of 2006 as part of the
Megacity Initiative: Local and Global Research Observations (MILAGRO) field
campaign. The single particle data provided detailed information about sources,
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atmospheric processing and mixing state of the ambient aerosol ensemble ~40 km

downwind of the city center.

Chapter 5. CCN activation studies.

The indirect effect of aerosol particles on climate remains the most uncertain of
all radiative forcing components in the Earth-atmosphere system. In chapter 5 results
from laboratory studies of CCN activation of ammonium sulfate, adipic acid, and soot
particles are discussed. To determine the influence of atmospheric transformations on
CCN activity, ammonium sulfate cores were coated with different organic materials of
varying water solubility. Modified Kohler theory was used to model the two-component
systems. The CCN activity of soot cores, coated with different water soluble compounds

1s also discussed.

Chapter 6: Intercomparison studies of black carbon.

Particles composed of black carbon (BC) or soot are directly emitted into the
atmosphere as a result of incomplete combustion. Such particles are one of the dominant
absorbers of solar radiation in the atmosphere. Given the ubiquitous nature of
combustion as an energy source on the planet, black carbon particles are found
throughout the atmosphere, especially in urban areas. Methods designed to measure
black carbon have been recently developed that exploit different properties of the black
carbon including incandescence or absorption. Such methods must be held to a common
standard before the quantitative nature of the measurements is established. Two

intercomparison studies of black carbon instruments have been conducted in the Boston
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College laboratory. In Chapter 6, lessons learned from the 1% intercomparison are
outlined and improvements to the soot generation-sampling apparatus are summarized.

Preliminary highlights from the 2™ intercomparison study are provided.

1.6 SYMBOLS AND ABBREVIATIONS

The abbreviations and symbols used throughout the text are listed in Appendix A.
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CHAPTER I1

INSTRUMENTAL METHODS
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2.1 OVERVIEW

The key measurements of particle size, chemical composition, density, shape,
CCN activity, and mixing state featured in the current work require the simultaneous
operation of a combination of instruments. In this chapter, the operating principles of
each instrument and instrument combination are described.

The vaccum aerodynamic diameter (d,,), mobility diameter (d,,), and dynamic
shape factor are three key parameters measured with the instruments described in this
chapter.

The vacuum aerodynamic diameter (d,,) is defined as:

d —q 2L 2-1)

va ve po Z
Where d,. is the volume equivalent diameter, defined as Volume = 7/6 dve3, P, is the

particle density, p, is a normalizing density (1.00 g/cm’), and y is the dynamic shape

factor. Therefore, the vacuum aerodynamic diameter is a function of the size, shape, and

density of the particle.
The dynamic shape factor is defined as:

Drag on particle
¥ = £onp (2-2)
Drag on sphere of equal volume

As is evident from the definition (Eq. 2-2), y = 1 for a sphere and y > 1 for non-spherical

particles.

The mobility diameter is defined as:
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Here, the C.(d) parameters are the Cunningham slip correction factors, which
account for the reduced drag on a particle in the transition and free-molecular flow

regimes (Allen and Raabe (1982, 1985a,b)).

In 2004, DeCarlo and Slowik presented the theoretical and experimental
framework for determining the dynamic shape factor, fractal dimension, density, and
composition of laboratory generated soot particles from simultaneous measurements of
the mobility diameter and vacuum aerodynamic diameter (DeCarlo et al., 2004 and
Slowik et al., 2004). Since that time, the system of equations have been used to study the
morphological transformations of fractal soot particles coated with liquid and solid
organics (Slowik and Cross et al., 2007) and during the first inter-comparison study of
black carbon instruments conducted at Boston College in May of 2005 (Slowik and Cross
et al, 2007). In the work presented here, the system of equations was used to provide
information about the change in shape of coated soot particles in CCN activation studies
(Hings et al., 2008), as well as characterization of soot particles produced during the 2™
intercomparison study of black carbon instruments conducted at Boston College in July

of 2008 (Cross et al., 2008).

2.2 INSTRUMENT DESCRIPTIONS

The measurements used in the current work include: (1) Combined optical and

vacuum aerodynamic diameter measurements to yield particle density and mixing state
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information (Cross et al., 2007; Cross et al., 2008a), (2) Combined mobility and vacuum
aerodynamic diameter measurements to yield particle shape, fractal dimension, and
chemical composition (Slowik et al., 2004, DeCarlo et al., 2004, Slowik and Cross et al.,
2007, Slowik and Cross et al., 2007), and (3) Combined measurements of chemical
composition, CCN activity, mobility diameter, and vacuum aerodynamic diameter to
determine the influence of particle shape and composition on CCN activity (Hings et al.,
2008).

An additional feature of the current work includes the development and
characterization of a stable hydrocarbon combustion source for use in laboratory studies

of soot particles (Wrobel, 2008; Cross et al., 2008b).

2.2.1 Combined Optical and Vacuum Aerodynamic Diameter Measurements

The Aerodyne Aerosol Mass Spectrometer (AMS) is the central instrument used
in the laboratory and field studies discussed in this thesis. A major component of the
research presented here is the development, characterization, and use of a light scattering
module integrated into the AMS. One advantage of the internal light scattering module is
that for every particle that scatters sufficient light for detection, an optical and vacuum
aerodynamic diameter are obtained. As will be discussed in greater detail in the
following sections, the combination of optical and vacuum aerodynamic diameters
provides a real-time, single particle measure of the effective density (p.;). Measurements
of single particle densities yield valuable information about the mixing state and

atmospheric transformations of the ambient aerosol ensemble.
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2.2.1.1 Aerodyne Aerosol Mass Spectrometer (AMS)

A schematic of the AMS is shown in Figure 2-1. The AMS has been described in
detail in other publications (Jayne et al. 2000; Jiménez et al. 2003; Drewnick et al. 2005;
and DeCarlo et al. 2006); here we provide a brief overview of the instrument. The AMS
consists of three main sections: (1) aerodynamic inlet, (2) time of flight region
(dimensions shown) and (3) particle vaporizer and mass spectrometer. Particles enter the
AMS through a 100 um orifice and pass through a series of aerodynamic lenses. In their
passage through the inlet, particles are accelerated by the pressure drops and are focused
into a narrow beam that passes through the time of flight region of the instrument. The
particles then impact a heated surface where the non-refractory components of the
particle are vaporized at T ~ 600°C. The non-refractory chemical composition is
measured by ionizing the vapor plume via electron impact (~70 eV), and characterizing
the chemical constituents with a mass spectrometer. The AMS detection process has
sufficient sensitivity and time response to detect single particle vaporization events
occurring on a ~100 us time scale which is fast compared to the particle time-of-flight
(approximately 5 ms). The aerosol mass loadings (in pg/m3) for identified chemical
species are obtained by summing the ion signals in the mass spectrum and using

instrument calibrations of the ionization and collection efficiencies for each species.
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Figure 2-1. Schematic of the LS-AMS.

The AMS directly measures two critical properties of the aerosol particles: (1) the
vacuum aerodynamic diameter and (2) the non-refractory chemical composition. These
measurements are obtained by alternately operating the instrument between two data
acquisition modes: (1) Particle Time-of-Flight (PToF) mode and (2) Mass Spectrum
(MS) mode.

In the PToF mode, a spinning chopper wheel (~ 120 Hz) with a 1% slit modulates
the particle beam. Typical ambient particle number concentrations (5,000-8,000 p/cm’)

result in a single particle entering the time-of-flight chamber 95% of the time. Single
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particles enter the time-of-flight chamber and the particle velocity is based on the time-
of-flight between the chopper opening and time of a chemical ion signal at the vaporizer.
As shown in Figure 2-1, the light scattering module is located within the time-of-flight
region of the AMS, 0.130 m ahead of the vaporizer surface. Light scattering data are
acquired while operating the instrument in PToF mode. The light scattering pulses
provide an additional (and more accurate) measure of the particle velocity based on the
time-of-flight between the chopper opening and the laser beam.

In the MS mode, an ensemble average mass spectrum is obtained by alternately
blocking and opening the particle beam and calculating a difference mass spectrum. (The
subtraction eliminates the effect of background signal in the mass spectrometer.)There is
no particle size information available while running in MS Mode.

The original version of the AMS used a quadrupole mass spectrometer for
chemical ion detection (Q-AMS - shown schematically in Figure 2-1 and described in
Jayne et al, 2000). In more recent versions of the AMS, the quadrupole mass
spectrometer has been replaced with a time-of-flight mass spectrometer (ToF-AMS -
shown schematically in Figure 2-2 and described in Drewnick et al., 2005 and DeCarlo et

al., 2006).
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Figure 2-2. Schematic of the LS-ToF-AMS.

The key difference between the ToF-AMS and Q-AMS instruments is the time
necessary to acquire a full mass spectrum. In the case of the quadrupole, a full scan (10-
300 amu) takes approximately 300 ms. With the time-of-flight mass spectrometer, a full
mass spectrum is obtained in approximately 12 us. Typically, the particle time-of-flight
from the chopper to the vaporizer surface is 4-5 ms. Therefore, in PToF mode, the ToF-
AMS is capable of measuring full mass spectra for single particles whereas the Q-AMS is
limited to analyzing a single m/z signal over the time required for single particle
detection. Light scattering modules have been integrated into both Q-AMS and ToF-
AMS systems. The general components of the light scattering module are described in
the following section. The unique advantages of having the light scattering module
integrated with the Q-AMS (called LS-AMS) and ToF-AMS (called LS-ToF-AMS) are

described in detail in Chapters 3 and 4 respectively.
33



2.2.1.2 Light Scattering Module

A simplified schematic of the light scattering module is shown in Figure 2-3. The
module is comprised of five principle components: a diode pumped 405 nm continuous
wave 50 mW laser (CrystaLaser, LC BCL-050-405), external mirrors for alignment of the
light beam, an ellipsoidal mirror for scattered light collection (Opti-Forms E103-2-01), a
razor blade beam stop for quenching the throughput laser light, and a photomultiplier
tube (PMT) for light detection (Hamamatsu H6779-00). The spurious scattered light is
reduced by a series of apertures along the laser beam (x) axis identified in Figure 2-3.
The laser beam axis is oriented perpendicular to the particle beam axis (z-axis) and the
intersection point between the laser and particle beams is centered at one focal point of
the ellipsoidal mirror, while the active surface of the PMT is mounted at the second focal
point. A 15 kQ resistor terminates the output of the PMT, and the output pulses are

transmitted to the computer via an ADC board (National Instruments).
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Figure 2-3. Components and Orientation of Light Scattering Module

The main difference between the optical detection method used in the LS-AMS
system and optical sizing techniques previously employed (Murphy et al. 2004; Salt et al.
1996; Dutcher 2004; Moffet et al. 2005) is in the diameter of the laser beam. In the LS-
AMS, the laser beam is diverging at the intersection with the particle beam whereas in
other cited systems the laser beam is tightly focused. In Figure 2-3, the particle beam is
displayed as a solid dot, along the z-axis (into and out of the paper), perpendicular to the
laser beam axis. With a broad laser beam (~2.7 mm in diameter along the y axis) nearly
all particles that impact the vaporizer first pass through the laser beam. Therefore, the
LS-AMS system, via the optical scattering signals, detect all particles that impact the
surface of the vaporizer if they are larger than the optical size detection limit (d, > 180

nm).
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2.2.2 Differential Mobility Analyzer (DMA)

The DMA (also known as an electrostatic classifier) is the most commonly used
instrument to measure particle size (Knutson and Whitby, 1975a,b). The DMA classifies
particles as a function of their electrical mobility diameter (d,,) which is the diameter of a
sphere with the same migration velocity in constant electric field as the particle of interest
(DeCarlo et al,, 2004). In the DMA, a polydisperse size distribution of particles is
passed through a Krypton-85 source. The source produces both positive and negative air
ions that are attracted to the oppositely charged particles. This results in an equilibrium
charge distribution centered on particles with zero charge with a smaller fraction of
particles containing + 1, 2, or 3 elementary charges. The configuration of the DMA, after
the neutralizer, consists of a hollow, grounded cylinder with a concentric charged rod.
The polydisperse distribution of particles enters the top of the column and combines with
a sheath flow of particle-free air. The sheath flow is typically set to be approximately 10
times the polydisperse aerosol flow. The sheath and polydisperse aerosol flow travel
axially between the charged rod and the inner wall of the column. Near the bottom of the
column a slit is cut into the central rod allowing a fraction of the particles to exit the
instrument. The transmitted particles are size-selected based on their electrical mobility.
The electrical mobility of the particles refers to the steady-state migration velocity of the
particle per unit electric field strength. By varying the voltage of the central rod and the
subsequent strength of the electric field, particles of different mobilities (i.e., sizes) can

be selected for different voltage settings.
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2.2.3 Condensation Particle Counters (CPC)

Condensation particle counters (CPC, e.g. TSI model 3010, TSI Inc., Shoreview,
MN, USA) provide a continuous measure of the total number concentration in
particles/cm’ air (p/cm’) of particles sampled above a certain size (typically d, > 0.010
pum = 10 nm). Particles smaller than 10 nm are not easily detected. The principle of the
CPC is to grow the particles by condensation to a size that is optically detected. In the
CPC particles are passed through a supersaturated reservoir (often several hundred
percent supersaturation) containing either water or n-butyl alcohol. The vapor condenses
onto the particles with growth factors of 100-1000 resulting typically in 10 um diameter
droplets. The droplets pass through a laser beam where they are then optically detected
and counted. The high supersaturations used in the CPC make the instrument insensitive
to the chemical composition differences. The vapor pressure of the fluid used to grow the
particles must be (1) high enough to allow condensational growth to 10 um droplets in ~
0.3 s of exposure time and (2) low enough to ensure that the gas flow through the
instrument is not dominated by the condensable material. Different CPCs will have

different minimum size detection limits and size-dependent collection efficiencies.

2.2.4 Scanning Mobility Particle Sizer (SMPS)

When operated in series, the DMA and CPC measure the mobility diameter size
distribution of the particles. As discussed above, the voltage applied to the central rod
within the DMA permits particles of a given mobility to be transmitted through the DMA
column. As the voltage is changed, the size of the transmitted particles also changes. In

an SMPS, the DMA column voltage is scanned while the CPC continuously monitors the
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total number concentration at each voltage. In this way, the size distribution of the
sampled particles can be obtained. In the laboratory experiments presented here, two
DMA’s were used. The first DMA size selected a single size from a polydisperse
distribution of particles produced by a source, while the second DMA (coupled to a CPC
and used as an SMPS) scanned the distribution providing a mobility diameter distribution
of the size-selected particles and detected changes in size as a result of particle

conditioning after the first DMA.

2.2.5 Combined CCN and SMPS-AMS Measurements

The CCN activity of aerosol particles depends on the particle size, shape, and
chemical composition. Therefore, when conducting CCN studies a combination of
instruments must be used to characterize the particles properties of interest. A Cloud
Condensation Nuclei counter (CCN, Droplet Measurement Technologies, Boulder, CO,
USA) has been combined with the SMPS-AMS system to characterize the influence of
particle size, shape and chemical composition on the CCN activity of coated and
uncoated particles (Hings et al., 2008). The operational details of the CCN instrument
are presented in this chapter. The improved soot source was used to study the influence
of particle morphology and chemical composition on the CCN activity of coated soot
particles. Results from CCN studies of coated and uncoated particles are presented in

Chapter 5.

2.2.5.1 Cloud Condensation Nuclei Counter (CCNC)
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The Cloud Condensation Nuclei Counter (CCNC, Droplet Measurement
Technologies, Boulder, CO) used in the current work was operated in a continuous flow
mode. That is, the instrument provided fast sampling by continually monitoring the CCN
activity of the particles passing through it. The instrument was capable of generating
nearly constant values of supersaturation between 0.07% and 3.7% which brackets
atmospheric conditions. ~ The stated accuracy, by the manufacturer, of these
supersaturation values is +2%. Supersaturation was easily controlled and maintained,
making it possible to scan the full range of supersaturations for a given particle size.

A schematic of the CCNC is shown in Figure 2-4. The aerosol flow introduced
into the CCNC instrument is split into an aerosol and a sheath flow. The sheath flow is
filtered (to remove the aerosol particles), humidified and heated. This sheath flow
constrains the main aerosol flow to the centerline of the cylindrical CCNC column. The
inner wall of the column is continually wetted and a positive temperature gradient d7 is
applied to the column in the direction of the flow. Water vapor supersaturation is
therefore generated along the centerline of the column (due to the difference in diffusion
rates between water and heat). Particles begin to grow at the point when the
supersaturation inside the instrument is equal to the critical supersaturation, S.. Droplets
that grow to diameters larger than 1 pm are detected by an optical particle counter (OPC)
at the exit of the column and are defined as CCN-active particles.

The supersaturation in the CCNC column is primarily a function of the
temperature difference (d7) between the top (upstream) and the bottom (downstream) of
the CCNC column. It also depends on the flow and the pressure inside the instrument.

The relationship between supersaturation (S) and the measured temperature difference
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(d7T) inside the CCN column is determined by calibration with ammonium sulfate
particles at a specific flow and pressure. The CCN activity of ammonium sulfate
particles of known size (d,) is used as the calibration standard. To obtain reliable
experimental results, the CCNC apparatus must to be carefully calibrated in each
application. Detailed descriptions of the CCNC and its calibration have been described

(Roberts and Nenes, 2005, Lance et al., 2006, and Rose et al., 2008).
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Figure 2-4. Schematic of the DMT CCNC instrument (Roberts and Nenes, 2005).
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2.3 LABORATORY SOOT SOURCE

The key feature of the black carbon experiments conducted at Boston College is
the soot generation system. In the current work, the stability of the soot
generation/sampling system has been improved through modifications to the sampling
interface (Wrobel, 2008; Cross et al., 2008). A description of the soot generation-
sampling system and modifications to the system are provided in Chapter 6. The
improved soot source was used in the most recent inter-comparison study of black carbon

instruments, results from which are summarized in Chapter 6.
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CHAPTER III

PARTICLE DENSITY MEASUREMENTS USING A LIGHT SCATTERING

MODULE COUPLED TO AN AEROSOL MASS SPECTROMETER
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3.1 OVERVIEW

Real-time density determination often requires the use of multiple instruments.
This factor makes real-time density determination particularly challenging during field
measurement campaigns. To address the need for instrumentation capable of measuring
density from a single operating platform, a light scattering module was integrated into the
AMS (LS-AMS). The objective of this chapter is to describe the technical details and
measurement capabilities of the LS-AMS system through laboratory and ambient aerosol
measurements. The chapter begins with a summary of current particle density
measurements used in the field. The operating principles of the LS-AMS are then
described in the context of these other techniques. Results from the laboratory
characterization of the LS-AMS method are then provided, including a quantitative
analysis of the measurement uncertainties associated with this new method of density
determination. In the final section of the chapter, results are presented from the field
deployment of the LS-AMS system to Chebogue Point, Nova Scotia which was part of
the Northeast Air Quality Study (NEAQS-2004). The ability of the LS-AMS system to
provide real-time density determination for the ambient aerosol ensemble is illustrated.
The extension of the LS-AMS method to determine the mixing state of the ambient
aerosol ensemble is discussed.

The material presented in this chapter was published as Cross, E.S., Slowik, J.G.,
Davidovits, P., Allan, J.D., Worsnop, D.R., Jayne, J.T., Lewis, D.K., Canagaratna, M. &
Onasch, T.B. 2007, "Laboratory and ambient particle density determinations using light
scattering in conjunction with aerosol mass spectrometry", Aerosol Science and

Technology, vol. 41, no. 4, pp. 343-359.
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3.2 BACKGROUND SUMMARY OF PARTICLE DENSITY MEASUREMENTS

The influence of atmospheric aerosol particles on both regional and local climate
depends on aerosol composition, size, shape, density, and number concentration (Seinfeld
and Pandis, 2006, Ramanathan et al., 2001; Lohmann and Lesins 2005). For effective
modeling of climate forcing by aerosols, accurate knowledge of these properties is needed.
Such knowledge requires routine and broad-based monitoring of aerosols.

The real-time determination of aerosol particle density is particularly important.
For example, through real-time density determination, number distributions can be
converted to mass or volume distributions (McMurry et al., 2002). Likewise, density
relates the aerodynamic diameter to the Stokes diameter which, in the case of a compact
sphere, is equal to the geometric diameter. Density also provides the connection between
the electric mobility diameter and aerodynamic diameter both of which are routinely
measured with available instrumentation (DeCarlo et al., 2004).

The density of aerosol particles will change as a result of chemical and physical
processing as they are transported through the atmosphere. For example, it has been
shown that the density of humic-like substances (HULIS) increases due to oxidation with
atmospheric lifetime (Dinar et al., 2006). Similarly, it is likely that the density of urban
organic aerosols increases due to oxidation of hydrocarbons during their atmospheric
residence time (Turpin and Lim 2001). It is thus evident that measurements of aerosol
density as a function of time and location provide key information about atmospheric
processing. Such information yields data required to classify aerosol emission sources and

to determine source apportionment.

47



While the basic definition of density is simple, (particle mass/particle volume), the
irregular shape and complex composition of aerosol particles make actual real-time
determination of density challenging. Particle morphology (shape and structure), size,
composition, and phase must be considered when determining aerosol density from
available measurable parameters. To take into account the aerosol complexity, the
concept of “effective” (sometimes called “apparent”) density (o.;) has been introduced
(Baron et al., 2001; Hand et al., 2002; McMurry et al., 2002; Jimenez et al., 2003). The
definition of effective density depends on the measurement technique as discussed by
DeCarlo et al., (2004) and is a function of the actual particle density (p,) and the particle
dynamic shape factor (y) (See equation 3-3)). (The dynamic shape factor takes into
account deviations from spherical shape. It is unity for a sphere and is usually greater than
one for non-spherical particles.) The effect of particle morphology on p. is likewise
discussed by DeCarlo et al., (2004).

For non-spherical particles of unknown shape factor () and complex but known
composition and no internal voids, the three parameters particle mass (m,), electrical
mobility diameter (d,,), and aerodynamic diameter (d,) yield the particle density p, (Kelly
and McMurry 1992; DeCarlo et al., 2004). For such non-spherical particles any two of
these parameters yield p.p

The relationships between the three parameters m,, d,,, and d, are such that if one
knows or assumes that the particles are spherical, particle density can be determined from
two of the three measurable parameters (DeCarlo et al., 2004). For spherical particles, the

mobility diameter is equal to the physical diameter (d,,) of the particle.
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The electrical mobility diameter is defined as the diameter of a sphere that has the
same migration velocity in a constant electric field as the particle of interest. The
aerodynamic diameter is defined as the diameter of a sphere with standard density that
settles at the same terminal velocity as the particle of interest. As discussed in greater

detail below d, depends on the flow regime surrounding the particle.

3.2.1 Instruments used for measuring the density parameters

Typically, different instruments are required to measure each of the parameters m,,
dn, and d,. The particle mass can be measured physically or chemically. Physical
measurements of particle mass are made with standard gravitational methods using filters,
Tapered Element Oscillating Microbalances (TEOM), or aerosol particle mass analyzers
(APM) including the Couette centrifugal particle mass analyzer (CPMA). Chemical
measurements of the particle mass can be obtained with a Micro-Orifice Uniform Deposit
Impactor (MOUDI) or calibrated aerosol mass spectrometers such as an AMS.

The mobility diameter (d,,) is measured with instruments such as a differential
mobility analyzer (DMA) or scanning mobility particle sizer (SMPS) (See section 2.2.2.1).
As discussed in DeCarlo et al., 2004, the type of aerodynamic diameter (d,) measured
depends upon the flow regime of the gas around the particle. Aerodynamic diameters
measured in the continuum regime are denoted as d., while those measured in the free-
molecular regime are referred to as vacuum aerodynamic diameters, denoted d,,. The
aerodynamic particle sizer (APS) is an example of an instrument that provides a measure
of d.,. Here the particle time-of-flight is obtained by accelerating the particles in a gas jet

at ambient pressure (Ananth and Wilson 1988; Brockmann and Radar 1990). Aerosol
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mass spectrometers that utilize a low-pressure (~1.5 Torr, 200 Pa) aerodynamic inlet or a
converging nozzle, measure the particle d,,. This includes: the aerosol time-of-flight mass
spectrometer (ATOFMS) (Prather et al., 1994), the single particle laser ablation time-of-
flight mass spectrometer (SPLAT-MS) (Zelenyuk and Imre 2005), and the AMS (Jayne et
al., 2000). For high altitude (~ 40 mbar) aircraft sampling of aerosol particles, the particle
analysis by laser mass spectrometry instrument (PALMS) (Murphy and Thomson 1995)
also measures the particle d,,. These types of instruments offer the distinct advantage of
simultaneously obtaining physical (d,,) and chemical (mass spectra) information on the
same particles (for a recent review of online aerosol instrumentation see Sullivan et al.,
2005).

Studies that utilized the combination of two physical measurements to yield
particle density include those of Kelly and McMurry (1992) and Schleicher et al., (1995)
who used a DMA to measure d, and an impactor in conjunction with a particle
concentration measurement to obtain m,. McMurry et al., (2002) used an APM developed
by Ehara et al., (1996) along with a TDMA (Tandem Differential Mobility Analyzer)
system, to measure the effective density of ambient urban aerosol particles. Khlystov et
al., 2004 developed an algorithm for combining SMPS and APS size distributions. This
algorithm was tested by comparing size distributions measured using a MOUDI cascade
impactor and mass concentrations measured with a PM, s TEOM. More recently, Geller et
al., (2006) used the DMA-APM method of McMurry to perform effective density

measurements of ambient aerosol particles at several California sites.

When coupled to a DMA apparatus, aerosol mass spectrometers can measure the

particle density from the relationship between d,, and d,, (See section 2.2.2). The SPLAT-
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MS instrument has been used in this way to make high precision density measurements of
spherical laboratory generated particles (Zelenyuk et al, 2005) and effective density
measurements on non-spherical laboratory particles (Zelenyuk et al., 2006a). In our
previous studies, we obtained particle densities using the combination of a DMA to select
d, and an Aerodyne aerosol mass spectrometer (AMS) to measure d,,, obtained from the
particle time-of-flight within the AMS, and m,, measured with the calibrated AMS (As
described in section 2.2.2 and in DeCarlo et al., 2004 and Slowik et al., 2004). The DMA-
AMS system has been utilized to measure the density of fractal soot particles (DeCarlo et
al., 2004; Slowik et al., 2004) as well as changes in the density of spherical particles
undergoing heterogeneous chemical reactions (Katrib et al., 2005). For these studies,
particle densities were determined from the average size (d,, and d,,) distributions of

ensembles of well-defined laboratory aerosol particles.

3.2.2 Optical Sizing Measurements

In the above experiments, the physical particle size (d,) was obtained via
measurement of particle mobility. It is possible to obtain a measure of particle size from
calibrated optical scattering signals as was demonstrated by Hand et al., (2002). In their
experiment, the particle flow was split. Optical scattering by the particles was measured
with an optical particle counter (OPC) in one branch and d, (specifically d.,) was
measured in the other branch using an Aerodynamic Particle Sizer (APS). These two
separate ensemble average measurements provided the information necessary for effective

density determination.
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Murphy et al., (2004) was one of the first to emphasize the advantage of measuring
the optical and aerodynamic diameters of individual particles within a traditional
aerodynamic sizing instrument. In their field study, the optical scattering pulse heights
generated from particles within the time-of-flight region of a PALMS instrument were
used in combination with the measured aerodynamic diameter to estimate particle density.
They found that the average density measurement based on the optical and aerodynamic
diameters was consistent with the density inferred from the chemical mass spectra. Salt et
al., (1996) provided an assessment of the simultaneous measurements of scattered light
intensity (collected at a single angle) and aerodynamic size with the ATOFMS. It was
found that reliable optical sizing of the particles was not possible due to signal-to-noise
constraints. Expanding on the earlier work of Dutcher et al., (2004), Moffet et al (2005)
measured scattered light intensity and d,, of laboratory aerosol particles using an
ATOFMS. Via an absolute calibration of the collection optics, refractive index and

density of the sampled particles was determined.

3.2.3 Real-Time Density Determination with a LS-AMS

In this chapter, a recently developed light scattering (LS) module integrated into
the AMS (LS-AMS) is described. The central feature of this technique is that for every
particle greater than the light scattering detection limit (~180 nm) that enters the AMS the
magnitude of the scattered light signal (R;s) and the vacuum aerodynamic diameter (d,,)
are determined. The scattered light signal yields an optical diameter (d,). In this way, the
LS-AMS instrument can determine two diameters, d, and d,, for the same particle.

Particle density can be determined from these two diameter measurements assuming the
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particles are spherical. In addition to the physical parameters, d, and d,,, the quantitative
chemical composition of the aerosol particles is measured with the LS-AMS. This allows
one to compare the physically derived density (from d, and d,,) with the chemically
derived density (from m,). In addition to the density information, the particle by particle
light scattering signal provides an in-situ measurement of the collection efficiency of the
AMS.

The LS-AMS uses a different approach to optical scattering than the systems used
by Murphy et al., (2004) and Moffet et al., (2005). The LS-AMS uses a diverging laser
beam to intercept all of the particles focused by the aerodynamic inlet. The broad laser
beam and aerodynamic focusing provides two advantages: (1) Deviations in scattered
light signal as a function of different particle trajectories through the laser beam are
minimized. Thus, the broad laser beam enables more accurate correlation between the
scattered light intensity and particle size. (2) The vaporization efficiency of the AMS can
be measured because all particles that strike the vaporizer first cross the laser beam and
are optically detected (d, > 180 nm).

Here, we describe the calibration and operation of the LS-AMS system using both
laboratory and field measurements. The capability of the LS-AMS system to measure
ambient aerosol density is demonstrated with sample results obtained during the Northeast

Air Quality Study (NEAQS) in the summer of 2004.
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3.3 THEORETICAL BASIS FOR THE LS-AMS DENSITY DETERMINATION

The LS-AMS simultaneously measures the vacuum aerodynamic diameter (d,,)
and the optical diameter (d,) of the particles. To connect d,, and d, to the calculation of
particle density, the volume equivalent diameter (d,.) must be introduced. The volume
equivalent diameter is defined as the diameter that the particle would have if it were
formed into a sphere while preserving its internal voids. Following the methodology and

assumptions discussed in DeCarlo et al., (2004), the particle density (p,) is expressed as a
function of the particle shape (), d,,, and d,. as:

Py = (dvdldve) o 2 (3-1)
Here py is unit density (1.0 g/cm3), and y, is the dynamic shape factor in the free-
molecular regime. For spherical particles, y, =1 and the d,. is equal to the physical
diameter of the particle (d,). Equation 3-1 then simplifies to

P = (dva/dp) po. (3-2)
For non-spherical particles of unknown y, the effective density (p.;) is obtained via
equation 3-3.

Pefi = (dvald) *po (3-3)
This formula is similar to equation 3-2, with the exception that the mobility diameter (d,,)
is now used as an approximation for the physical diameter of the particle. The effective
density in equation 3-3 is a function of the particle density, shape factor, and size
(DeCarlo et al., 2004).

In the LS-AMS the optical diameter (d,) of the particle is obtained from the optical

scattering signal produced by particles of known size and composition. This optical
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diameter serves as a surrogate for the physical diameter (d,) of the particle. The resulting
single particle density measurement made by the LS-AMS (denoted pys) is obtained from
equation 3-4,

Prs = (dva/do) po. (3-4)
One of the aims of the laboratory characterization of the LS-AMS is to demonstrate that
pPrsis a reasonable measure of p, for spherical non-absorbing particles.

For a given wavelength, the magnitude of scattered light from a particle is a
function of the physical diameter of the particle (d,), its complex refractive index (m), and
its shape. As will be shown, by measuring the scattered light from a wide range of
aerosols of known size, shape, and refractive index a single calibration curve valid for
atmospherically relevant aerosols is obtained. Since p;s is obtained on a per particle basis,
the LS-AMS has the potential to determine the mixing state of a given aerosol distribution.
That is, if the aerosol distribution is composed of an external mixture of particles with two
distinct densities, the LS-AMS will display a bi-modal single particle density (ors)
distribution.

Since the light scattering module is integrated into the framework of the AMS
operating platform, the quantitative non-refractory chemical composition of the sampled
aerosol particles is simultaneously measured with the p;s. Particle density can therefore
be calculated from the measured mass concentrations (m,;) and bulk densities (p;) for each
of the major chemical components. The density based on the chemical composition is

denoted p.. and is expressed as

pcc= 2 (mi / (mi /pl)) (3'5)
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We note that the AMS directly measures the non-refractory chemical composition of the
sampled aerosol particles. The AMS is not able to directly measure refractory
components. Therefore, in the case of particles that contain a significant refractory
content, p.. from the AMS measurement will differ from p,. A comparison of p..to prs
may provide an estimate of the amount of refractory material in the aerosol particles.

In addition to average mass concentrations, the LS-AMS also measures correlated
chemical ion signals on a particle-by-particle basis. Using instrument conversion factors
for ionization efficiency and species specific m/z fragmentation patterns, the chemically
measured mass of a given species is obtained on a single particle basis. With the
quadrupole mass spectrometer because the time required to obtain a full mass spectrum
scan, only one m/z ion signal component is obtained for each single particle sampled.
However, complete single particle mass spectra are obtained with an AMS that utilizes
time-of-flight mass spectrometry (ToF-AMS) (Drewnick et al., 2005, Cross et al., 2008).
In the current experiment, the quadrupole version of the AMS was used. In Chapter 4, we
present laboratory and field results obtained with a ToF-AMS equipped with a light
scattering module. In that application, the light scattering module enables the use of the
AMS as a true single particle mass spectrometer.

In summary, the LS-AMS provides correlated R;s, d,,, and a chemical ion signal
for each sampled particle Assuming that the particle is spherical and non-absorbing, d, is
obtained from R;g via calibrations, p;s is calculated using equation 3-4, and the total

particle mass can be estimated from d,, and p;s via equation 3-6.

Myotal = TE/6 .dva3/,0LSZ- (3'6)
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The ratio of the measured mass for a specific chemical ion signal to the derived total
particle mass (via equation 3-6) yields a real-time, single particle estimate of the mass
fraction of each measured chemical component. Because the quadrupole can measure
only a single m/z per particle event, single particle mass fractions must be averaged to

obtain an estimate of the full chemical composition of the single particles.

3.4 EXPERIMENTAL
3.4.1 Production of Characterized Aerosol Particles

The objective of the laboratory experiments is to obtain a relationship between the
optical scattering signal and the physical diameter of the particles and demonstrate that
prs (as shown in equation 3-4) is a reasonable approximation of p, for ambient aerosol
particles. Toward that end, particles of known size, shape, and composition (refractive
index) were generated. A schematic of the instruments used to produce and characterize
the aerosol particles is shown in Figure 3-1. Aerosol particles were generated from
materials covering a range of properties relevant to the ambient atmosphere. Aerosols of
oleic acid, NH4NOs;, polystyrene latex spheres, fomblin pump oil, and a series of
refractive index oils (Cargille Laboratory) were produced with an atomizer. Each
polydisperse size distribution was size-selected with DMA 1, which provided a
monodisperse distributions of known d,. Particles were then sampled with the SMPS
and LS-AMS instruments. The purpose of the SMPS was to confirm the mode of the d,
size distribution (recall that for spherical particles d,, = d,). The LS-AMS simultaneously

measures the vacuum aerodynamic diameter (d,,), scattered light intensity (R.s), and
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chemical ion signal intensity of the sampled particles. Single particle properties,
including Rys, d,, prs, and chemical ion signal intensity, are binned according to the
particle d,,. The average and standard deviation of each single particle property is

determined for each d,, size bin.

SMPS

Scanning

DMA
DMA

Atomizer CPC
IR
oY
V]
LS-AMS

Figure 3-1. Laboratory apparatus for aerosol generation and characterization.

3.4.2 Instrumentation

3.4.2.1 AMS Apparatus

The LS-AMS instrument was introduced in section 2.2.1 and shown in Figure 2-1.
Here we provide a brief overview of the instrumentation used in the laboratory
characterization studies. The AMS consists of three main sections: (1) aerodynamic inlet,
(2) time of flight region and (3) particle vaporizer and mass spectrometer. Particles enter
the AMS through a 100 um orifice and pass through a series of aecrodynamic lenses. In

their passage through the inlet, particles are accelerated by the pressure drops and are
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focused into a narrow beam that passes through the time of flight region of the
instrument. The particles then impact a heated surface where the non-refractory
components of the particle are vaporized at T ~ 600°C. The non-refractory chemical
composition is measured by ionizing the vapor plume via electron impact, and
characterizing the chemical constituents with a quadrupole mass spectrometer. The
detection process has sufficient sensitivity and time response to detect single particle
vaporization events occurring on a ~100 ps time scale which is fast compared to the
particle time-of-flight (approximately 5 ms). The aerosol mass loadings (ug/m®) for
identified chemical species are obtained by summing the ion signals in the mass spectrum
and using instrument calibrations of the ionization and collection efficiencies for each

species.

3.4.2.2 Light Scattering Module

The principle components of the light scattering module were shown in Figure 2-
3. The module is comprised of five principle components: a diode pumped 405 nm
continuous wave 50 mW laser (CrystaLaser, LC BCL-050-405), external mirrors for
alignment of the light beam, an ellipsoidal mirror for scattered light collection (Opti-
Forms E103-2-01), a razor blade beam stop for quenching the throughput laser light, and
a photomultiplier tube (PMT) for light detection (Hamamatsu H6779-00). The spurious
scattered light is reduced by a series of apertures along the laser beam (x) axis identified
in Figure 2-3. The laser beam axis is oriented perpendicular to the particle beam axis (z-
axis) and the intersection point between the laser and particle beams is centered at one

focal point of the ellipsoidal mirror, while the active surface of the PMT is mounted at
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the second focal point. A 15 kQ resistor terminates the output of the PMT, and the
output pulses are transmitted to the computer via an ADC board (National Instruments).
The main difference between the optical detection method used in the LS-AMS
system and optical sizing techniques previously employed (Murphy et al., 2004; Salt et
al., 1996; Dutcher 2004; Moffet et al., 2005) is in the diameter of the laser beam. In the
LS-AMS, the laser beam is diverging at the intersection with the particle beam whereas
in other cited systems the laser beam is tightly focused. With a broad laser beam (~2.7
mm in diameter along the y axis) all particles that impact the vaporizer first pass through
the laser beam. Therefore, the LS-AMS, via the optical scattering signals, detects all
particles that impact the surface of the vaporizer if they are larger than the optical size

detection limit (d, > 180 nm).

3.4.3 LS-AMS as a Potential Collection Efficiency Diagnostic

As previously mentioned, the fact that all particles striking the vaporizer are
optically detected allows one to determine the fraction of particles that do not produce a
measurable single particle signal in the mass spectrometer such as refractory particles
(elemental carbon or minerals) or other particles that bounce without complete
vaporization and subsequent detection. Therefore, the collection efficiency (d, > 180 nm)
of the AMS can be measured directly with the light scattering probe. In addition to
particle counting, the broad laser beam also provides a more uniform light intensity
distribution across the area sampled by the particle beam. Therefore, the scattered light
signals are less sensitive to the width of the particle beam formed by the aerodynamic

inlet as compared to systems using tightly focused laser beams such as the ATOFMS.
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3.4.4 Time-of-flight Measurement

The vacuum aerodynamic diameter of the particles (d,,) is determined from the
particle velocity attained at the exit of the aerodynamic inlet (Jayne et al., 2000; DeCarlo
et al., 2004). To determine this velocity, the start time (zy) of the particle time-of-flight is
measured by passing the particle beam through a spinning chopper wheel. Because the
distances between the chopper wheel and the optical scattering unit and vaporizer are
known (as indicated in Figure 2-1), the particle velocity can be obtained from any one of
three possible time-of-flight intervals: (1) chopper to scattered light pulse, (2) chopper to

chemical ion pulse or (3) scattered light pulse to chemical ion pulse.

Measuring the time-of-flight via option 1 (i.e. chopper to light scattering pulse)
allows velocity, R;s, and p5 determination for all particles including those that do not
yield a mass spectrometer signal. Option 2 is the standard AMS particle detection
method. The time-of-flight measurement via option 3 (i.e. scattered light pulse to
chemical ion pulse) eliminates the uncertainty introduced by the chopper width making it

the most accurate.

3.5 UNCERTAINTY IN THE LS-AMS DENSITY MEASUREMENT

The single particle density (o.s) determination is obtained via two measured
parameters the particle time-of-flight (yielding d,,) and the intensity of light scattered by
the particle (yielding d,) (See equation 3-4). The accuracy of the particle density
determination depends on the accuracy of these two measured parameters. One must also

consider the influence of the underlying assumptions of the LS-AMS method when
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assessing the accuracy of the single particle density determination (i.e. that the refractive

index is known and constant and that the particles are spherical).

3.5.1 Accuracy of time-of-flight determination

The accuracy of the time-of-flight measurement, yielding the particle d,,, depends

on how accurately the start time (#9) and arrival time (#) are measured per particle.

3.5.1.1 Determination of t,

When ¢, is set by the opening of the chopper wheel (options 1 and 2 above), the
uncertainty in time of flight is dominated by the chopper slit width. In this case, it is
assumed that the particle passes through the chopper slit when the opening is centered
along the axis of the particle path. However, particles can pass through the slit at either
extreme of the slit position. The resulting maximum uncertainty in the measurement of ¢
is the half-time (At/2) of the slit opening. Under standard operating conditions (2%
chopper slit width, spinning at 130 Hz) the maximum uncertainty in ¢y is approximately +
80 ps. Since the calibration between particle velocity and vacuum aerodynamic diameter
is non-linear, the effect of the ) uncertainty on particle d,, varies with particle size.

Alternately, when ¢ is set with the scattered light pulse (option 3), the uncertainty
in ¢y is due to the width of the laser beam and the uncertainty in the position of the

particle as it crosses the laser beam. In this case, the uncertainty in ¢y is shown to be + 2

us.

3.5.1.2 Determination of ty
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In the conventional operation of the AMS, the arrival time (#) is measured by the
timing of the ion pulse obtained from the mass spectrometer (options 2 and 3 discussed
above). Uncertainty in # is due to the vaporization time of the particle at the vaporizer
surface and the transit time of the ions through the quadrupole. In the conventional
operation of the AMS (without the light scattering module), the sum of these two time
intervals is included in the instrument velocity calibration by performing measurements
with polystyrene latex spheres (PSLs) of known diameters. However, the vaporization
time of a specific aerosol particle depends on the aerosol composition and the vaporizer
temperature. Further, in the calibration with the PSL spheres the ion-transit time through
the quadrupole was taken to be that of a m/z = 104 ion which is a large signal peak in the
PSL mass spectrum. However, since all singly charged ions have approximately the
same kinetic energy (~ 14 eV) in the quadrupole, the resulting ion transit time is
proportional to the square root of the mass to charge ratio of the ion sampled (Zhang et
al., 2005). Therefore, for a given aerosol particle, the uncertainty in the determination of
trand particle d,, depends on the difference between the vaporization and ion transit time
of the sampled particle and that of the PSL particle.

Using the LS-AMS, this uncertainty in #;can be eliminated because the sum of the
vaporization and ion-transit time for each particle type, and ion sampled, can be
determined directly. This is done by measuring the particle velocity using the scattered
light pulse and calculating, from the known geometry, the arrival time of the particle at
the vaporizer. The difference between the time of the observed ion pulse and calculated
arrival time at the vaporizer is the sum of the vaporization time and ion-transit time of the

sampled aerosol particle.
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Experimentally, the procedure for determining the vaporization ion-transit time is
performed as follows. For each m/z sampled, the particle time-of-flight measured
between the chopper and the light scattering pulse (option 1) is plotted as a function of
the particle time-of-flight measured between the chopper and the chemical ion pulse
(option 2). It can be shown that a linear fit to these points, measured for a range of
particle sizes, has a slope equal to the ratio of the flight path distances and an intercept
proportional to the vaporization ion-transit time. This procedure assumes that there is no
size dependence to the vaporization time of the particles. In reality, small particles will
tend to vaporize more rapidly than large particles of the same composition and sampled
m/z. The changing vaporization time as a function of particle size results in a measured
uncertainty in the vaporization ion-transit time (intercept) and #; determination of at most

+ 20 ps.

3.5.2 Overall Uncertainty in Particle Time-of-Flight and d,,

In Figure 3-2 we show the uncertainty in the d,, measurement as a function of d,,
for two methods of determining particle time-of-flight using the LS-AMS. For option 1
the uncertainty for a particle with a d,, = 200 nm is ~ 13% and for a 600 nm particle it is
~ 6%. With option 3 the uncertainty decreases from ~ 6 to ~ 2.5% over the same size

range.
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Figure 3-2. Percent difference in the particle d,, as a function of d,, for two different
time-of-flight determinations.

3.5.3 Uncertainty in Particle Size Determination Using Scattered Light Intensity

In the LS-AMS the particle optical diameter (d,) is determined from the
magnitude of the calibrated scattered light intensity. Because the laser beam intensity
profile is nearly Gaussian, the amount of scattered light (R;s) for particles of the same
size depends on the particle trajectory through the laser beam. To quantify this effect, a
particle beam width probe (described previously in Jayne et al., 2000 and Huffman et al.,
2005) was used to measure the divergence of the particle beam (i.e. the range of particle
trajectories) within the AMS time-of-flight chamber. The profile of the particle beam is

determined by translating a thin wire across the face of the vaporizer and measuring the
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percent attenuation of the mass signal as a function of wire position. Similarly, the
intensity profile of the laser beam is measured by translating a tightly focused
monodisperse distribution of ammonium nitrate particles across the vertical profile of the
laser beam. The change in scattered light intensity as a function of particle position
provides a measure of the laser beam width. Two lasers with different beam widths were
used in these experiments (shown in Appendix 3A, Figure 3A-1); one with a 1o effective
detection width (0jsser) of ~ 0.79 mm (referred to as laser A), the other with a o5 ~ 1.13
mm (referred to as laser B). If the diameters of the laser beam and particle beam are
known, the standard deviation in the scattered light intensity for a particle of a given
vacuum aerodynamic diameter (d,,) can be estimated. For the LS-AMS, the standard
deviations are measured directly by binning the data according to d,, and fitting each R;s
distribution to a Gaussian. The reported deviation of R;s is the 1 width of the Gaussian
fit. As shown in Appendix 3A, for a well focused particle beam, the measured standard
deviation in scattered light signal intensities (ors) is approximately 18% with laser A, and

approximately 10% with laser B.

3.5.4 Uncertainties Due to Assumptions

The description of the LS-AMS single particle density measurements has thus far
focused on spherical, non-absorbing aerosol particles. Given that ambient aerosol
particles may be non-spherical and may have significant absorption components to their
refractive index, it is important to comment on how such properties would influence the

LS-AMS density measurement.
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3.5.4.1 Non-spherical particles

For non-spherical particles the LS-AMS density measurement is an effective
density. Particle shape will influence the amount of scattered light collected by the LS-
AMS in two ways. First, the shape of the particle will influence the angular distribution
of the scattering and thus the recorded scattered light intensity. Second, non-spherical
particles are not as well focused by the aerodynamic lenses and will sample a greater
cross section of the laser beam. For the divergent particles, R, s tails to smaller signals for
particles passing through the edges of the laser beam causing d, to be underestimated on
average and the effective density to be overestimated due to the form of equation 3-4.
For slightly aspherical particles (e.g. pure solid ammonium sulfate particles), the latter

effect dominates the uncertainty in the LS-AMS density measurements.

3.5.4.2 Absorbing Aerosol Particles

Refractive index is expressed as a complex number where the real component
corresponds to scattering and imaginary component corresponds to absorption. Particles
such as soot, that have a significant imaginary component to their refractive index, will
absorb light in addition to scattering. Absorption will likely decrease single particle
scattering (Rys) causing an underestimation of d, and overestimation of effective density
in the LS-AMS. A systematic study of the effects of particle absorption is outside the
scope of the current chapter.

Non-spherical and absorbing particles, such as fractal-like soot particles, have not
yet been fully characterized by the LS-AMS in the current experiments; however, fractal

soot particles have a low effective density causing them to be measured in the AMS in a
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distinct and separate d,, mode from typical accumulation mode aerosol (Canagaratna et
al., 2004). These types of non-spherical and absorbing particles were not observed by the
AMS during the Chebogue Point measurements examined later in this chapter and the
observed black carbon content was measured to be less than 2% of the particulate matter

during the field study.

3.6 LABORATORY CHARACTERIZATION - RESULTS AND DISCUSSION
3.6.1 Single particle scattered light pulse

Figure 3-3 shows a scattered light pulse obtained from an oleic acid particle of d,,
= 322 nm. In this case, the particle velocity is measured to be v, = 103 m/s. The
scattered light intensity (R.s) is obtained by integrating the area under the pulse and
normalizing it with respect to the particle velocity (R;s = R.s * v, / v9, where vp= 1.0 m/s
to provide dimensional consistency). Because the particle size is negligible compared to
the laser beam width, the width of the scattered light pulse is the width of the laser beam
divided by the particle speed. The 1o full width of a Gaussian fit to the scattered light
pulse shown in the Figure is At ~ 20 us. This pulse width yields a laser beam width (10)
of ~ 2 mm which is within 10% of the manufacturer’s specification and provides
sufficient coverage of the downstream vaporizer (3.6 mm) to ensure 100% detection of

particles that strike the vaporizer.
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Figure 3-3. Scattered light pulse for an oleic acid particle of d,, = 322 nm.

3.6.2 Measurement of Vacuum Aerodynamic Diameter (dy,)

The measured d,, distribution for a monodisperse distribution of oleic acid
particles with d,, = 322 nm +/- 30 nm is shown in Figure 3-4. The vertical axis is the
dN/dLog(d,,) number distribution of the measured particles where N is equal to the
particle number concentration (particles/cm3 ) and dLog(d,,) is the difference between the
log of each subsequent d,, bin. The d,, bin size is set such that dLog(d,,) is constant.
The setting of dLog(d,,) depends on the instrument chopper slit width, which is the
principle determinant of the d,, resolution. For the LS-AMS used in the current
experiments, 50 d,, bins/decade were used. With this formalism, the area under each
curve in Figure 3-4 is the total number concentration of particles within that distribution.

The broken line shows the d,, distribution that results from defining #, with a 2% chopper
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slit width (option 1). The solid line shows the d,, distribution defining #) with the
scattered light pulse (option 3). In the former case, the width (10) of the d,, distribution
is 46 nm. This width is reduced to 24 nm in the latter case closely matching the

anticipated distribution width transmitted by the DMA.
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Figure 3-4. Measured number distributions as a function of particle d,, for a
monodisperse distribution of oleic acid particles at d,, = 322 nm +/- 30 nm. The dashed
line is the distribution with ¢y determined with a 2% chopper slit width. The solid line is
the distribution with #) determined with the scattered light pulse.

3.6.3 Measurement of Scattered Light Intensity (Rys)

Each d,, bin contains two sets of data; the total number of particles at the

designated d,, and the intensity of the scattered light (R;s) for each of those particles.
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Fluctuations in the scattered light intensities within each d,, bin (i.e. the standard
deviation of Ry, denoted oys) are due to two factors: (1) Chopper broadening (i.e. the
particle d,, may be incorrectly designated and therefore the corresponding R, s value may
be stored in the wrong d,, bin) or (2) variations in the particle trajectory through the laser
beam intensity profile. For example, when two particles having the same d,, pass
through different light intensity regions of the laser beam, the measured R;s values will
be different. In this section, the reductions in oy that result from (a) setting 7y with the
scattered light pulse (option 3) (i.e. removing the chopper uncertainty) and (b) using a
wider laser beam intensity profile are demonstrated.

Figure 3-5 plots R;s as a function of measured d,, for the same monodisperse
oleic acid particles shown in Figure 3-6 (i.e. nominal d,, = 322 +/- 30 nm). For the peak
d,, bin at 295 nm, o75/R;s is 24 % (see vertical error bars in the Figure). In this data set ¢,
was determined by the scattered light pulse (option 3). As is evident in Figure 3-6, when
ty 1s set with the 2% chopper slit width (option 1), the d,, distribution is broadened by the

uncertainty in the determination of #y. In the latter case, ors/R.s is ~ 46%.
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Figure 3-5. Experimental response of the LS-AMS for oleic acid monodisperse size
distribution d,, = 322 nm compared with the calculated response using Mie theory.

The d, corresponding to each d,, can be obtained via rearrangement of equation 3-
2 (d, = dviJpy, "~ po) because the density and shape of the oleic acid particles are known.
Given that the particles are spherical (d,, = d,) and the refractive index is known (n =
1.46), the theoretical scattering response of the system can be calculated via Mie theory
as discussed in Appendix 3B. The right hand axis (Ryqg) in Figure 3-5 refers to the solid
line and is the relative intensity of scattered light predicted by Mie theory. The amplitude
of the Mie scattering is defined as the ratio of the intensity of scattered light across the
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experimentally determined angles (/y) to the intensity of the incident light (Zp) (Ryur = Io/
Iy). Raue depends upon the wavelength of the laser used (in this case, A =405 nm). Since
A is constant for these experiments, the change in calculated scattered light intensity
(Raue) should be of the same order as the change in measured scattered light intensity
(Rrs) across the same particle size (d,) range. In Figure 3-5, the change in R;s closely
matches the change in Ryyx indicating that the experimental measurements are in good
agreement with the Mie theory for the sampled oleic acid particles and our determined
light collection angles (set by the ellipsoidal mirror geometry).

Two different laser beams were used to demonstrate the effect of the laser beam
profile on o5 as discussed in Appendix 3C. For the results shown in Figure 3-5 and
discussed above (ors/R.s = 24%) the effective detection width of the laser beam was ojyser
~0.79 mm. With a wider laser beam (0j4er ~ 1.13 mm) o75/R;s is approximately 10% for
the same sampled particles. The wider laser beam (4. ~ 1.13 mm) was used for all the

laboratory results presented in the following sections.

3.6.4 Correlation Between Ry s and d,

Particle density can be determined from the simultaneous measurement of d,, and
d, via equation 3-2, assuming that the particles are spherical. The LS-AMS instrument
yields d,, from a direct measurement of the particle time-of-flight. Here we provide a
relationship between the optical diameter (d,), measured via the optical response (R;s) of

the LS-AMS, and the physical particle diameter (d,) for spherical particles.
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We begin by illustrating that there is a unique and predictable relationship
between the scattered light signal (R;s) and the physical particle diameter (d,). As an
example, Figure 3-6 plots R.s as a function of mobility diameter (measured by the SMPS)
obtained with oil particles of refractive index n = 1.53 (recall that d,=d, for spherical
particles). Measurements were performed with particles of eight distinct d, values. The
accuracy of the d, values is set by the bin width of the SMPS-selected size. For 200 nm
particles it is +/- 4 nm; for 600 nm particles it is +/- 10 nm. The solid line in the Figure is
the calculated Mie scattering curve as discussed in Appendix 3B. The agreement
between the experimental and calculated scattering is very good. Note that the standard
deviation (ozs) for the n = 1.53 refractive index oil is smaller than the ;5 for the oleic
acid particles displayed in Figure 3-5. This is due to the broader laser beam used in the

refractive index oil experiment.
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Figure 3-6. Scattered light intensity for oil particles with refractive index n = 1.53 as a
function of particle physical diameter. The solid line is a calculation based on Mie
theory.
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Figure 3-7. Scattered light intensity for oil particles with refractive index n = 1.53 as a
function of particle physical diameter for both monodisperse (solid circles) and
polydisperse (open circles) distributions. The solid line is a calculation based on Mie
theory.

In another set of experiments, R;s was measured for a polydisperse distribution of
particles composed of the same n = 1.53 oil (Figure 3-7). Here the full size range of
particles was sampled by the LS-AMS. For each particle, d,, was measured and
converted to d, using equation 3-2 and the known particle density (p,, = 0.93 g/em’). For

particles with d, > 600 nm, the dip in the scattering curve is due to resonance as predicted

by the Mie theory.
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Refractive Index Density
Supplier Composition *}=404.7nm and 25C (g/em?)
**}.=532 nm and 20C +/- 5%
Cargille Laboratories Siloxane and Aliphatic / Alicyclic
1.4127* 0.930
Series AA 1.40000 Hydrocarbons
Carg”le Laboratories Aliphatic / Alicyclic Hydrocarbons and 1.4743* 0.832
Series A 1.46000 Hydrogenated Terphenyl
Cargille Laboratories Aliphatic / Alicyclic Hydrocarbons and 15331 0.910
Series A 1.51000 Hydrogenated Terphenyl : :
Cargille Laboratories Aliphatic / Alicyclic Hydrocarbons and 15919* 0987
Series A 1.56000 Hydrogenated Terphenyl : :
Cargille Laboratories Hydrogenated Terphenyl and 1- m
Series A 1.61000 Bromonaphthalene Jicoo el
Aldrich Chemical Co. Oleic Acid in Methanol 1.46* 0.895
Ausimont Hexafluoro-propene
1.30™ 1.88
(Fomblin Pump Qil)
Bioworld Glycerol 1.46% 1.265
Duke Scientific Co. Polyst Latex Sph in H20
uke Scientific Co olystyrene Latex Spheres in 1,59+ 1.045

Table 3-1. Composition, refractive index, and material density for all spherical particles
studied with the LS-AMS.

For a given particle diameter, the intensity of scattered light depends on the index
of refraction. To explore the possibility of using a single calibration curve to determine
d, from R;5, we measured R;s for a series of spherical oil particles with refractive indices
ranging from 1.33 < n < 1.66 (see Table 3-1 and Figure 3-8). (Here n is the real or
scattering portion of the complex refractive index, m = n + ik. Since all the aerosol
particles studied in the present experiments have negligible absorption (k ~ 0), the

refractive indices will be listed according to the value of n.)
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Figure 3-8. Scattered light intensity for oil particles for index of refraction between 1.30
< n < 1.66. The dashed lines are calculations based on Mie theory. The chosen
calibration curve is shown as the solid black line.

The experimental points were obtained from polydisperse distributions generated
from each oil, with d, determined from d,, and the known oil densities. As in the case of
the n=1.53 refractive index oil, polydisperse distributions of each different compound
were sampled with the LS-AMS. In each case, measured d,, values were converted to d,
using the known density of oil. Measured R;s values for each oil are plotted as a function
of d, in Figure 3-8. The dashed lines in the figure are Mie scattering curves for each
refractive index over the size range studied. The functional dependence of scattering on
the particle diameter for particles with diameters larger than 600 nm is complicated by

the onset of resonance patterns in the scattering curves as predicted by the Mie theory and
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observed in the experimental results. Therefore, a unique relationship between R;s and d,
can only be obtained for particles with d, < 600 nm. The size at which the onset of the
resonance patterns occur will shift as a function of the laser wavelength and particle
refractive index.

The solid line in Figure 3-8 is the Mie curve for n = 1.53 that closely matches the
R;s points obtained with the n = 1.53 oil particles. Using this curve as the single
calibration to obtain d, from R;s yields the physical diameter of a particle with an
unknown 7 (in the range 1.41 <n < 1.60) to an accuracy of about + 10%. This range was
chosen because it encompasses the range of n observed for the majority of atmospheric
submicron ambient aerosol particles. (Seinfeld and Pandis, 2006). For the field
deployment of the LS-AMS the calibration curve was constructed from ammonium

nitrate particles (n = 1.55).

3.6.5 Determination of Particle Density

To determine the density of each sampled particle via equation 3-4, d,, is obtained
from the particle time-of-flight and d, is obtained from the calibration curve shown in
Figure 3-8. Each single particle density is then stored in a d,, size bin — from which a
distribution of single particle densities can be created. Fitting each density distribution to
a Gaussian curve provides the mean and standard deviation of the measured densities for
each d,, size bin. In Figure 3-9 we show the single particle density distribution (ors)
obtained with particles composed of n = 1.47 oil is shown. The stated material density of
the n = 1.47 oil particles was 0.83 + 0.04 g/cm’. The mean single particle density (oLs)

measured by the LS-AMS was measured to be 0.87 + 0.11 g/em’. The experimentally

79



measured density (prs) agrees with the known material density (p,) to within 5%.
Similar agreement is obtained for all particle sizes sampled. Given that p;5 is measured
for each d,, bin, the LS-AMS provides the opportunity to explore size-dependent

densities for multi-component aerosol systems.
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Figure 3-9. Single particle density distribution (prs) for refractive index oil n = 1.47.
Density obtained from the mode of a Gaussian fit these points is 0.87 + 0.11 g/cm’
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Figure 3-10. Single particle densities (p.s) versus material density (p,,) for all spherical
particles studied. Particles across a refractive index range 1.33 — 1.66 were tested.

In Figure 3-10, the average, experimentally determined single particle densities
(pLs) are plotted against the corresponding material densities for each particle type
studied. The full range of refractive indices studied extends from 1.33 <n < 1.66 and is
indicated on the plot by the relative size of the symbols and annotations. Within the sub-
range of refractive index values anticipated for atmospheric aerosol particles, 1.41 <n <

1.60, prs agrees with the corresponding material densities to within + 10%. As expected,

81



the greatest deviation of prs from the material densities occurs for particles with
refractive indices at the edges of the studied range (i.e. » = 1.33 and n = 1.66). Here, prs
underestimates the material density by ~ 20% for the high refractive index and
overestimates the material density by ~ 30% for the low refractive index. For ambient
aerosol analysis in which the refractive index is unknown, a mid-range refractive index
material (such as n = 1.53) will provide the best estimate of particle size (d,) and

corresponding single particle density (ors).

3.6.6 Density Resolution of the LS-AMS Instrument

To illustrate the density resolution provided by the LS-AMS instrument,
measurements were conducted with single component aerosol particles composed of four
distinct materials: oleic acid (p, = 0.895 g/cm’), calibration oil with refractive index
n=1.53 (p, = 0.93 g/cm’), glycerol (p, = 1.265 g/em’), and NH4NO; (p, = 1.72 g/em?)

(See Figure 3-11).
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Figure 3-11. Scattered light intensity (R.s) distributions (Upper Panel) and corresponding
prs distributions (Lower Panel) for four known composition aerosol particles.

In the top panel of Figure 3-11 normalized histograms of R;s for each particle
type are shown. The R, s data are obtained from a single d,, size bin, in this case, d,, =
468 nm. This size bin was selected because of good sampling statistics obtained for each
type of particle. In the lower panel of Figure 3-11 we show the normalized histograms of
the single particle density (ps) obtained from combination of the particle d,, and
optically determined d, measurements. These pure component density distributions
indicate that the current LS-AMS instrument can resolve density differences on the order

of 10%.

83



Given that p;s is determined on a particle-by-particle basis it is possible to
determine whether an ensemble of particles is (a) externally mixed (i.e. distinct chemical
compositions for different particles within the ensemble) or (b) internally mixed (i.e. each
particle composed of a similar chemical composition). With a density resolution of 10%
the LS-AMS instrument is capable of determining whether an ambient ensemble of
sulfate (p, ~ 1.77 g/em’) and organic (p, ~ 1.2 g/em’) aerosol particles is internally or
externally mixed. This feature of the LS-AMS is illustrated in the field study described

in Section 3.7.

3.7 AMBIENT AEROSOL ENSEMBLE DENSITY MEASUREMENTS

3.7.1 Field Study Background

In the summer of 2004, a field study was conducted at a rural coastal site at
Chebogue Point, Nova Scotia. The primary objective of the field study was the detection
and analysis of pollution plumes with atmospheric residence times of a few days. The
focus of this field study, preformed under the auspices of the International Consortium
for Atmospheric Research on Transport and Transformation (ICARTT), was to analyze
the transformations of ambient pollution plumes advected from the Northeastern coast of
the US toward Europe (Fehsenfeld et al., 2006). Two LS-AMS instruments were
deployed during this study, one at Chebogue Point and the other on the Ronald H. Brown
NOAA research vessel. In this chapter data from the Chebogue Point ground site are
presented. The capability of the LS-AMS to measure the density of ambient aerosol

particles is demonstrated.
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As stated in Section 3.2.3, the LS-AMS provides two independent measurements
of density: One based on the chemical measurement obtained with the mass spectrometer
(denoted p..) and the other based on the physical per particle measurements of vacuum
aerodynamic diameter (d,,) and optical diameter (d,) (denoted prs). In this section, p..
and prs are compared and the effect of the assumptions regarding bulk densities,
refractive index, and particle beam broadening are discussed. The use of correlated
single particle chemical ion signal intensities to determine average single particle mass

fractions 1s also discussed.

3.7.2 Ambient Aerosol Particle Density Determination
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Figure 3-12. Lower panel: Average mass concentrations of the major chemical species
measured with the LS-AMS at Chebogue Point, Nova Scotia. Upper Panel: Densities
determined from average chemical composition (o.) (shown as the black line) and
densities determined from the average single particle optical scattering (ors) (shown as
the grey line).
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In the lower panel of Figure 3-12 we show the mass spectrometric measurements
for aerosol particles sampled during the continuous five-week period at the Chebogue
Point ground site. This panel of the figure presents the mass concentrations in pg/m’ for
the major chemical species as measured by the calibrated AMS. The measured
components are SO4, NO3, NHs and compounds identified as organics. Each chemical
species is identified via the method outlined in the experimental section and described in
detail by Jayne et al., (2000) and Allan et al., (2003). The black carbon concentrations
were obtained separately with a Multi-Angle Absorption Photometer (MAAP) instrument
and the concentration of black carbon was low (< 2% total mass) throughout the
measurement period. It has recently been shown that significant (~75%) water loss
occurs via evaporation as particles are transmitted from ambient pressure into the low
pressure region of aerosol mass spectrometers (Zelenyuk et al., 2006b, Slowik, 2006).
Therefore, the density measured by the LS-AMS, does not include the full original
particle water content. Likewise, the chemical composition-based density calculation
does not include water.

The composition of the aerosol particles measured at Chebogue Point can be
divided into two general types: (1) Particles dominated by sulfate with a significant
contribution from organics and (2) Particles dominated by organic with little sulfate. The
difference in the measured composition correlates with the meteorological data showing
that for periods dominated by sulfate the winds were primarily southwesterly. At these
times, the sampled air-mass previously passed over urban centers along the Northeastern

United States an area dominated by anthropogenic emissions. During periods in which
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the composition was dominated by organics, the winds were primarily from the north.
The regions to the north of Chebogue Point are sparsely populated and the aerosol
particles are more likely influenced by biogenic emissions.

Average densities (both p.. and prs) of the ambient particles were calculated
every 30 minutes. The average density time series are displayed in the upper panel of
Figure 3-12. The values of p.. were obtained from the average measured mass fraction of
each species assuming average bulk densities for each component of p,ganic = 1.27 g/cm3,
and psos, No3, NHa, Bc = 1.77 g/cm3 (See equation 3-5). The average values of p.s were
obtained from the mode of the Gaussian fit to the single particle density distribution as

discussed earlier (see for example Figure 3-9).

87



1.8 e
- p =
] / N
/
- , =
1.6 £ —
— / o
7

] 4 n
s - £ L

e ye
5.3 1.4 — 7 —
D 4 = _
3 . é -

o /
- / -
/
1.2 1 , —
- P =
- / =
» 1:1Line

4 =
1.0~ —

pLs (g/cm®)

Figure 3-13. Correlation between the average values of p.. and p;s measured for the 5
week period of ambient aerosol particle sampling at Chebogue Point.

The densities in Figure 3-12 are re-plotted in Figure 3-13 to show more clearly the
correlation between p.. and prs. The dashed line is the 1:1 line. The linear fit to the data
points, forced through the origin, results in a slope of nearly one and R* value of 0.88.
For clarity of presentation, a representative error bar is shown for one average point only.
The error bar is the standard deviation of the average p.s measurements within a single
Pec bin. Across the measured range of densities this error is approximately + 3.5%. This
uncertainty is consistent with the uncertainty in the time-of-flight measurement (and

subsequently particle d,,) that results from defining 7y with the spinning chopper wheel
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(option 1 described earlier). Option 1 was chosen for the d,, determination of the
ambient particles because it allowed density determination for every optically detected
particle, independent of the correlated chemical ion signal. For the particle size range
sampled at Chebogue Point (d,, > 450 nm), the maximum predicted uncertainty in d,, ~
6-7% (Figure 3-2). The measured 3.5% uncertainty is within these bounds. The lower
density region of the plot is dominated by organics (80% mass fraction) whereas the
higher density region is dominated by sulfate (70% mass fraction).

When interpreting the correlation between p.. and prs, three effects must be
considered: (i) the assumed bulk densities in the p.. calculation, (ii) the refractive index
of both the ambient and calibration aerosol particles, and (iii) the particle non-sphericity.
(i.) Assumed Bulk Densities. As stated earlier, bulk density values of 1.27 g/cm’ for the
organic species and 1.77 g/em® for the inorganic and black carbon species were used in
the calculation of p.. In the literature, 1.77 g/cm’ is often used for the bulk density of
inorganic species and a value of 1.2 g/cm’ is most often used for the bulk density of
organics (Turpin and Lim, 2001). The value of 1.2 g/cm’ was estimated from
experimental measurements taken within close proximity to urban centers. The
atmospheric residence time of aerosol particles sampled at Chebogue Point is on the
order of days and therefore it is likely that the organic particles are more highly oxidized
resulting in the somewhat higher density required here for the best correlation between
optically and chemically derived particle density.

(ii.) Refractive Index. As stated earlier, R;s - d, calibration curve (Figure 3-8) is
constructed from a single value of refractive index. Therefore, differences in refractive

index between the calibration aerosol particles and ambient aerosol particles will cause
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inaccuracies in the optical sizing and subsequently calculated prs. The calibration species
used at Chebogue Point was NH4NO3 with a refractive index of n = 1.55 which is nearly
the same as that of the dominant ambient inorganic species ((NH4),SO4 (n = 1.53). On
the other hand, the index of refraction for organic species is most likely lower 1.40 <n <
1.45. The effect, if any, of a lower refractive index would be most evident in the lower
density region of the correlation plot shown in Figure 3-13. No such deviation from the
linear correlation is discernable in the present data set.

(iii.) Particle non-sphericity. As discussed in the Section 3.5.4, if the ambient aerosol
particles sampled at Chebogue Point were non-spherical, the single particle density
measurement (ps) would systematically overestimate p,. The correlation between prs
and p.. shown in Figure 3-13 can be used to assess the shape of the ambient aerosol
particles. If one assumes that the particles have a non-refractory chemical composition
and that the assumed bulk densities are reasonable, non-spherical particles would deviate
from the 1:1 line in Figure 3-13. The close fit to the 1:1 line suggests that the particles

are spherical or nearly-spherical and that p;s is here a measure of p,.

3.7.3 Mixing State of the Ambient Aerosol Particles

As shown in Figure 3-11, the density resolution of the laboratory LS-AMS
instrument is 10%. The instrument used in the Chebogue Point field study was an earlier
version. Its density resolution was measured to be 20%. With this resolution the LS-
AMS deployed at Chebogue Point could still resolve a bimodal p;s distribution if the

field-sampled aerosols are externally mixed pure organic and pure inorganic particles.
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(Taking the density of the average organic component as 1.27 g/cm’ and that of the

inorganic components as 1.77 g/cm’; a difference of about 30%.)
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Figure 3-14. Single particle density distributions for sulfate-dominated (event A shown
as the solid line) and organic-dominated (event B shown as the dashed line) ambient
aerosol measured with the LS-AMS at Chebogue Point, Nova Scotia.

Figure 3-14 shows two prs distributions, one measured during period A (mixed
sulfate-organic composition) and the other measured during period B (organic-dominated

composition) shown in lower panel of Figure 3-12. The single particle density values in

Figure 3-14 were obtained from particles measured within the peak d,, size bin of each
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sampled event: For period A, d,, = 513 nm with 1318 particles sampled and for period B,
dy, = 468 nm with 1665 particles sampled.  Each single particle density distribution
appears as a single mode indicating that the aerosol particles are internally mixed. A
Gaussian fit to each density distribution yields p s = 1.56 £ 0.20 g cm™ for period A and
prs=1.32+0.20 g cm™ for period B.

It is expected that the ambient particles sampled at Chebogue Point would be
internally mixed due to the long residence time and atmospheric processing of the
particles. Analyzing the shapes of the single particle density distributions from the other
time periods shown in Figure 3-12 is likewise consistent with particles being internally

mixed.

3.7.4 Consistency Check of prs via Average Single Particle Composition

In Figure 3-13 the chemical composition-based density (po..) was obtained from
the average mass loadings of each chemical component. These mass loadings were
measured by scanning the quadrupole mass spectrometer over the full range of m/z
values (i.e. 10 —300 amu). This is an ensemble average measurement.

A direct measurement of the single particle complete chemical composition is not
possible with the quadrupole mass spectrometer because of the time required to complete
a m/z scan over the full mass range. However, single particle chemical ion signal
intensities for individual m/z values are obtained with the quadrupole mass spectrometer
when measuring the particle time-of-flight. Within this operational mode, for each
chemical ion pulse observed, p;s is also calculated. Using equation 3-6, single particle

mass fractions are calculated for each of the major chemical species SO4, NO3, NHy4, and
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the organic components. For example, from the chemical ion pulses detected at m/z = 64
(SO,"), the single particle mass fraction of sulfate can be calculated. Averaging over a
sufficient number of particle events such that each major species corresponding m/z is
sampled provides an average chemical composition via single particle detection.
Average single particle compositions were obtained in this way for the ambient aerosol
particles sampled during period A. Within experimental uncertainty, mass balance was
achieved by adding each of the chemical component mass fractions. The average single
particle chemical composition-based density was found to be 1.58 + 0.30 g/cm’ which is
within experimental error of the corresponding prs value.

The next generation of the light scattering — AMS systems that use time-of-flight
mass spectrometry (ToF-AMS) allow the analysis of single particle mass spectra coupled
to prs. The characterization and application of this next generation instrument is

described in Chapter 4, with results from Mexico City, Mexico.

3.8 SUMMARY

A light scattering module was integrated into a quadrupole AMS instrument. This
module provides the simultaneous measurement of d,, and scattered light intensity (Rys)
for all particles sampled by the AMS above ~180 nm mobility diameter. A single
calibration curve converts the R;s to an optical diameter (d,) which when combined with
the particle d,, provides a real-time single particle measurement of the particle density
(pLs) for spherical, non-absorbing aerosol particles. The laboratory characterization of

LS-AMS shows that a single calibration curve yields the material density of spherical
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particles with refractive indices over a range from 1.41 < n < 1.60 with an accuracy of
about + 10%. The density resolution of the current LS-AMS system has been shown to
be 10% indicating that externally mixed inorganic/organic aerosol distributions can be
resolved. Highly processed ambient aerosol particles analyzed with the LS-AMS show a
strong correlation between the chemically-derived (p..) and physically-derived (ors)
density values. Density inferred from the average single particle chemical composition is

consistent with the optically determined single particle density (ors).

Appendix 3A. Effect of Laser and Particle Beam Profiles on LS-AMS Optical
Response

Here we examine the effect of laser beam width and particle beam profile on the
magnitude (R.s) and standard deviation (oy;s) of the light scattered by the particles. For
these experiments we used a tightly focused 350 nm monodipserse NH4NO; particle
beam to probe the scattering profile. The profile of the NH4sNO; particle beam is shown
in Figure 3A-1 as the shaded curve. This profile was measured with the beam width
probe as described in the text. As shown by Jayne et al., (2000) and more recently
Huffman et al., (2005) the particle beam profile is well approximated by a one
dimensional Gaussian distribution, in this case with a o of 0.17 mm. This width is
defined as the spatial width that encompasses 68% of the total area under the curve. The
two laser beams in this study had 1/¢* widths of ~ 2.4 mm (laser A) and ~ 2.7 mm (laser

B).
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Figure 3A-1. Two laser beam intensity profiles measured by translating a 350 nm beam
of NH4NOj particles across the vertical (Y) axis of the laser and measuring the scattering
signal as a function of particle position. The shaded distribution illustrates the calculated
width of a 350 nm NH4NOj particle beam based on results from the beam width probe.

Figure 3A-1 shows the scattered light intensities (Rs) produced by translating the
tightly focused beam of NH4NOj; particles across the width of each laser beam. To
quantify the effective detection width of each laser beam, each series of R;s values were
fit to a one-dimensional Gaussian curve as shown in Figure 3A-1. The 1o width ()
of R;s obtained with laser A (grey line in the Figure) was ojser ~ 0.79 mm while the 1o
width obtained with laser B (black line in the Figure) was oy ~ 1.13 mm.

Via the scattering curves shown in Figure 3A-1 one can quantify the effect on the
magnitude of R;s of different particle trajectories through the laser. For example, with

laser A the measured R;s value decreases by approximately 50% when a particle
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trajectory is ~ 0.5 mm away from the center of laser. For laser B, R;s decreases by only
27% for a particle with the same trajectory. With the tightly focused NH4sNOs particles
aligned through the centers of lasers A and B, the standard deviation in scattered light
intensities (oys) is 18% for the narrower laser beam (A) and 11% for the wider laser beam
(B) (see the vertical error bars in Figure 3A-1). The reduction in the standard deviation
of signals for the wider laser beam (B) is a consequence of fewer particles passing

through less intense regions of laser light.

Appendix 3B. Comparison of the Experimental Response of LS-AMS to Mie Theory

To validate the response of the LS-AMS to particles composed of oils of varying
refractive indices experimental data were compared to the theoretical response of the
system calculated from Mie theory. To model the Mie scattering within the LS-AMS, we
follow the method of Moffet et al., (2005). In accord with their formalism, the optical
scattering response for a spherical particle in the LS-AMS is given by,

Rue=1/K* [ [ (S1] sin’p + |S,|* cos’p) sind db de. (3B-1)
Here k is the wavenumber, S; and S, are the scattering amplitude matrix elements for
polarized and unpolarized light respectively, ¢ is the azimuth angle from the plane of
polarization, and 0 is the polar angle. The matrix elements are dependent on the refractive
index (m = n + ik), particle size (d,), wavelength of light (1), and 6. For spherical
particles, S; and S, are independent of ¢, and for the oils used in this experiment the
imaginary or absorption (k) component to the refractive index is negligibly small

compared to the value of the real or scattering component (). The scattering amplitude
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matrix elements for each of the experimental conditions were obtained with a PC
interface for the classic BHMIE (Bohren and Huffinan, 1983) algorithm for calculating

the Mie scattering from spheres called MiePlot v3.4.10 (www.philiplaven.com).

In accord with the formalism of Moffet et al., (2005), an axisymmetric response
(Rus), specific to the LS-AMS collection geometry, was calculated. The axisymmetric
response corrects Ry for scattered light lost through the laser beam entrance and exit
holes (10 mm in diameter) in the ellipsoid. To account for the position of these holes the
integration limits of € in equation a.4 are taken to be 12.6° and 167.4°. Since ¢ ranges
from 0° - 360°, an additional correction must be made to take into account the amount of
off-axis (Rop4) light not collected by the ellipsoid (see Moffet et al., (2005) for details).

As is evident from Figures 9 and 10, the agreement between R,z and R;s are good.
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CHAPTER 1V

SINGLE PARTICLE MEASUREMENTS DURING THE MILAGRO FIELD

CAMPAIGN IN MEXICO CITY
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4.1 OVERVIEW

We present the first single particle results obtained using an Aerodyne time-of-
flight aerosol mass spectrometer coupled with a light scattering module (LS-ToF-AMS).
The instrument was deployed at the T1 ground site approximately 40 km northeast of the
Mexico City Metropolitan Area (MCMA) as part of the MILAGRO field study in March
of 2006. The instrument was operated as a standard AMS from March 12-30", acquiring
average chemical composition and size distributions for the ambient aerosol, and in
single particle mode from March 27-30". Over a 75-hour sampling period, 12,853 single
particle mass spectra were optically triggered, saved, and analyzed. The correlated
optical and chemical detection allowed detailed examination of single particle collection
and quantification within the LS-ToF-AMS. The single particle data enabled the mixing
states of the ambient aerosol to be characterized within the context of the size-resolved
ensemble chemical information.

The particulate mixing states were examined as a function of sampling time and
most of the particles were found to be internal mixtures containing many of the organic
and inorganic species identified in the ensemble analysis. The single particle mass
spectra were deconvolved, using techniques developed for ensemble AMS data analysis,
into HOA, OOA, NH4NOs;, (NH4),SO4, and NH4Cl fractions. Average single particle
mass and chemistry measurements are shown to be in agreement with ensemble MS and
PTOF measurements. While a significant fraction of ambient particles were internal
mixtures of varying degrees, single particle measurements of chemical composition
allowed the identification of time periods during which the ambient ensemble was
externally mixed. In some cases the chemical composition of the particles suggested a
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likely source. Throughout the full sampling period, the ambient ensemble was an
external mixture of combustion-generated HOA particles from local sources (e.g. traffic),
with number concentrations peaking during morning rush hour (04:00-08:00 LT) each
day, and more processed particles of mixed composition from nonspecific sources. From
09:00-12:00 LT all particles within the ambient ensemble, including the locally produced
HOA particles, became coated with NH4NO; due to photochemical production of HNO:s.
The number concentration of externally mixed HOA particles remained low during
daylight hours. Throughout the afternoon the OOA component dominated the organic
fraction of the single particles, likely due to secondary organic aerosol formation and
condensation. Single particle mass fractions of (NH4),SO4 were lowest during the day
and highest during the night. In one instance, gas-to-particle condensation of (NH4),SO4
was observed on all measured particles within a strong SO, plume arriving at T1 from the
northwest. Particles with high NH4Cl mass fractions were identified during early
morning periods. A limited number of particles (~ 5% of the total number) with mass
spectral features characteristic of biomass burning were also identified.

The material presented in this chapter has been accepted for publication in
Atmospheric Chemistry and Physics Discussions as Cross, E.S., Onasch, T.B.,
Canagaratna, M., Jayne, J.T., Kimmel, J., Yu, X.Y., Alexander, M.L., Worsnop, D.R. &
and Davidovits, P. 2008, "Single Particle Characterization Using a Light Scattering

Module Coupled to a Time-of Flight Aerosol Mass Spectrometer".

4.2 INTRODUCTION
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To accurately model the radiative forcing of aerosol particles, one must measure
in real-time the size, shape, density, chemical composition, and mixing state of ambient
particles. This is a formidable challenge because the chemical and physical properties of
the aerosol particles are highly complex, dependent on the emission sources, the
geography and meteorology of the surroundings, and the gas phase composition of the
regional atmosphere. As a result, aerosol particles continually change as they are
transported through the atmosphere. Without a detailed understanding of the sources and
atmospheric processes that control the chemical and physical transformations of the
particles, the influence of aerosol particles on climate remains highly uncertain.
Currently, uncertainties in the evaluation of aerosol direct and indirect radiative effects
are the source of the largest uncertainty in estimating the overall radiative forcing of the
climate (IPCC, 2007).

Urban areas produce large quantities of aerosol particles together with gas phase
precursors that influence secondary aerosol formation. Emissions from the numerous
sources within an urban environment cause adverse health effects, reduction in visibility,
deposition of chemicals to the ecosystem, and direct and indirect radiative forcing that are
evident on local, regional, and global scales (Molina et al., 2007). The MILAGRO
(Megacity Initiative: Local and Global Research Observations) field study was conducted
in and around Mexico City during March of 2006 (Molina et al., 2008)
(http://www.eol.ucar.edu/projects/milagro/). The aim of the study was to obtain a more
complete understanding of the atmospheric transformations that occur within the urban

plume as it is transported away from the city. The part of the MILAGRO study described
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in this chapter focused on the chemical transformations and source apportionment of the
aerosol particles.

Until recently, available real-time quantitative instrumentation could provide only
an average chemical composition for the ambient aerosol particle ensemble. To evaluate
the radiative effects of the aerosol particles and to begin to identify their sources, average
data are not necessarily adequate. Consider for example two aerosol particles, one
composed of purely carbonaceous material (organic carbon and elemental carbon or
soot), and the other composed of purely inorganic material. The hygroscopity, cloud
condensation nuclei (CCN) activity, and optical properties of these two (externally
mixed) aerosol particles may be significantly different than the hygroscopic, CCN and
optical properties of two similar size aerosol particles that are internally mixed (i.e. each
particle composed of 50% carbonaceous and 50% inorganic material). Measuring the
single particle chemical composition provides the information necessary to determine the
ensemble mixing state and analyze the chemical transformations taking place as the
particles undergo atmospheric processing. Some of the complexities of particle CCN
properties due to coating and mixing are discussed in Sun and Ariya (2006), Petters et al.
(2006), and Shilling et al. (2007). The effects on optical properties of particles due to
coating, mixing, and aging processes are discussed in Chylek et al. (1995), Fuller et al.
(1999), Lesins et al., (2002), Quinn et al. (2005), Baynard et al. (2006), Barnard et al.
(2007) and Bond et al. (2006).

A key advance in atmospheric science has been the development of aerosol mass
spectrometers that, with on-going improvements and design modifications, can now

measure size and chemical composition for individual particles within the ambient
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ensemble. (For recent reviews see McMurry et al., 2000; Sullivan and Prather, 2005,
Murphy, 2007a; Nash et al., 2006; and Canagaratna et al., 2007.) One example of such
an instrument, featured in this chapter, is the aerosol mass spectrometer (AMS)
developed by Aerodyne Research Inc. (Jayne et al., 2000).

The AMS instrument measures ensemble average chemical composition and size
of submicron particles. Recently, the AMS has been redesigned to incorporate two new
features that significantly expand the capability of the instrument to provide single
particle information. First, the quadrupole mass spectrometer was replaced by a time-of-
flight mass spectrometer (TOFMS) (Drewnick et al., 2005; DeCarlo et al., 2006). With
the TOFMS coupled to the AMS, single particle mass spectra can be obtained. (This
combined instrument is known as a ToF-AMS.) The ToF-AMS can quantitatively
measure particle-by-particle, non-refractory aerosol composition as a function of particle
aerodynamic diameter. In 2005, Drewnick and co-workers demonstrated the ability of
the ToF-AMS to measure single particle mass spectra.

In the second modification, a light scattering module was integrated into the AMS
instrument. This version of the instrument is referred to as the LS-AMS (Cross et al.,
2007). The light scattering module provides a single particle measurement of scattered
light intensity (R.s) for all particles above d, ~ 250 nm that enter the AMS and impact on
the heated vaporizer. A single calibration curve converts R;s to an optical diameter (d,).
Using the relationship between d, and the simultaneously measured vacuum aerodynamic
diameter (d,,), the LS-AMS provides a real-time, per particle measurement of the density

of the sampled aerosol particles. Further, the LS-AMS provides a quantitative measure of
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the internal collection efficiency of the AMS by comparing the number of chemically
detected particles to the total number of optically detected particles.

The light scattering module has now been added to the ToF-AMS. In this new
instrument combination, the acquisition of mass spectra for each particle is triggered by a
light pulse scattered by the particle. This instrument is designated as the LS -ToF-AMS.
The LS-ToF-AMS uses thermal desorption and continuous electron impact ionization of
single particles, enabling the detection, quantification, and classification of non-
refractory, especially organic, fractions of ambient particles. This new approach is
unique among current field deployable single particle mass spectrometers, which
typically consist of laser-based desorption/ionization instruments that detect refractory
material best (e.g. sodium chloride, soot, and dust) (Murphy, 2007a; Nash et al., 2006).

The optical triggering improves the effectiveness and efficiency of the AMS as a
single particle mass spectrometer by minimizing the number of data files saved and post-
processing steps required to identify individual particles. The presence of the light
scattering module does not influence the instrument’s ability to measure the ensemble
average chemical composition and size distribution. Therefore, the LS-ToF-AMS can
measure both ensemble average and single particle properties (e.g. mixing state) of the
ambient aerosol by alternating data acquisition modes.

In this chapter, we present results obtained with the LS-ToF-AMS during the
MILAGRO field study in Mexico City in March 2006. The LS-TOF-AMS was located at
the T1 sampling site ~ 40 km NE of the city center. (See the MILAGRO/INTEX-B 2006
special issue of Atmospheric Chemistry and Physics for other results from the
MILAGRO field experiment). Typical AMS measurements of submicron, non-refractory
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aerosol chemistry and chemically-speciated size distributions were obtained from March
12-30, 2006 with several interruptions due to power failures and instrument calibrations.
The LS-ToF-AMS successfully characterized the size, chemical composition, and mixing
state of individual particles over a 75-hour period from 04:27 LT on March 27 to 07:24
LT on March 30, 2006. The ensemble average size and chemical composition were also
obtained for this period using the same AMS instrument. This chapter highlights the
results of the single particle measurements made with the new LS-ToF-AMS instrument

combination.

4.2.1 Brief Survey of Single Particle Mass Spectrometry

Most current, successful single particle mass spectrometers use lasers for particle
vaporization and ionization. Among these instruments are the Aerosol Time-of-Flight
Mass Spectrometer or ATOFMS (Gard et al., 1997; Su et al., 2004), the Particle Analysis
by Laser Mass Spectrometry or PALMS instrument (Murphy and Thomson, 1995;
Thomson, Schein, and Murphy, 2000), the Single Particle Laser Ablation Time-of-flight
Mass Spectrometer or SPLAT-MS (Zelenyuk and Imre, 2005) and the Rapid Single
Particle Mass Spectrometer or RSMS-II (Phares et al., 2002). While several instruments
employ techniques to separate the vaporization and ionization of single particles (e.g.
infrared laser pulse for particle desorption prior to ionizing laser pulse for gas phase
ionization), most field deployed single particle instruments use either a single excimer or
Nd-YAG laser pulse to both vaporize and ionize single particles. This study represents a
new approach to single particle mass spectrometery using the AMS thermal vaporization

and electron impact ionization techniques.
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Single particle mass spectrometers using laser desorption/ionization methods are
difficult to quantitatively calibrate (Murphy et al., 2007a,b). Because the high powered
laser has to be tightly focused, the detection and ionization efficiency is highly dependent
on the shape and size of the particle. Particles with aspherical shapes tend to generate
broad particle beams when sampled into vacuum, even with current aerodynamic lensing
technology, and thus laser spot size and distance from inlet can control detection
efficiency (Huffman et al., 2005). Further, the wavelength and power of the laser used to
vaporize and ionize the particles can bias chemical detection (Nash et al., 2006; Murphy,
2007a). For example, species with relatively low ionization potentials (such as
potassium) are preferentially ionized and detected. Difficult to ionize species (such as
sulfuric or nitric acid) often evade detection. Perhaps even more importantly, the organic
ions generated from most laser-based aerosol mass spectrometers are highly fragmented,
in many cases to the point of formation of carbon cluster ions. Such fragmentation limits
obtainable chemical information (e.g. C:O ratio, organic species classifications, and
elemental carbon versus organic carbon). The measured mass spectrum signal is often
non-linear with the mass content of the aerosol particle.

On the other hand, laser ionization single particle mass spectrometers can detect
refractory components such as metals, minerals and dust, whereas thermal desorption
instruments such as the AMS detect the non-refractory fraction of the sampled particles.
Further, some laser-based systems provide high precision vacuum aerodynamic diameter
measurements, through the use of two light scattering lasers, and detect significantly
smaller particles (>80 nm) by focusing both the light scattering and
vaporization/ionization lasers.
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The amount of data routinely acquired by any single particle mass spectrometer
presents a formidable analytical challenge. For example, Moffet et al. (2008a) acquired 1
million single particle mass spectra over 3.5 weeks of continuous sampling with the laser
ablation ATOFMS instrument during the MILAGRO campaign. During the present 75-
hour study, the LS-TOF-AMS sampled ~13,000 single particles and collected 46 GB of
single particle data, while simultaneously measuring the average size, chemical
composition, and mass of the ambient aerosol ensemble.

In experiments using laser ablation mass spectrometers, hierarchical cluster
analysis programs are used to interpret the data. Such programs interrogate the chemical
composition, and sort the particles into similar and dissimilar clusters with respect to the
mass spectral signals (Song et al., 1999; Murphy et al., 2003; Phares et al., 2001). This
methodology simplifies the data set so that a small number of measurable parameters,
usually the relative intensity of specific ion signals, can characterize a given cluster. For
example, Moffet el al. (2008a) characterized the single particle data set obtained with the
ATOFMS instrument at the TO site using the ART-2a clustering algorithm (Song et al.,
1999). For this data analysis, a subset of 24,000 sub-micron and 24,000 super-micron
particles were analyzed with ART-2a. The resulting clusters were then matched to the
rest of the single particle data set (total of 1 million particles). The clustering algorithm
generated 60 sub-micron clusters and 200 super-micron clusters that effectively described
88% of the chemically analyzed single particles. Based on similarities in the major ion
peaks for different clusters, Moffet then generated 15 general particle types by hand from
the original 260 clusters and characterized the single particles with respect to this smaller

list. While clustering techniques have proven useful at identifying trace components that
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may point to particle sources (e.g. metals), it has yet to be shown that laser-based
instruments and their clustering analysis techniques can provide quantitative
measurements of the composition and mixing state of ambient submicron aerosol
particles, which are composed mainly of non-refractory organic, sulfate, and nitrate
species.

This chapter describes the first field deployment of a new approach - single
particle thermal vaporization mass spectrometry - that may provide useful information on
particle chemical compositions, mixing states, and source characteristics that currently
cannot be obtained through ensemble measurements or laser-based single particle
instruments.  Further, the combined LS-ToF-AMS instrument provides a practical
method for obtaining to simultaneous ensemble and single particle measurements.

In the AMS instrument, particles impact a heated surface (600 °C) and the
vaporized components are ionized by electron impact (70 eV). The AMS measures ion
signals that are proportional to the total non-refractory particulate mass and thus, the
measured signals can be quantified and apportioned into chemical species. Because the
single particle mass spectra are analogous to AMS ensemble mass spectra, they are
amenable to the same mass spectral deconvolution techniques currently in use for
standard, ensemble AMS data. In particular, the single particle mass spectra can be
readily analyzed using the standard AMS fragmentation patterns allowing for the
classification and calculation of single particle organic and inorganic mass fractions
(Jimenez et al., 2003; Allan et al., 2004). Further, the organic fractions can potentially be
analyzed using more complicated, and rich, mass spectral deconvolution techniques, such
as Positve Matrix Factorization (PMF) (Lanz et al., 2007; Lanz et al., 2008;).
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The current challenges and limitations the LS-ToF-AMS, as deployed in this
initial study, are (1) low duty cycle for single particle detection, (2) relatively low signal-
to-noise due to high background ion signals in the AMS ionization cage, and (3) the
effects of particle bounce prior to complete vaporization of all non-refractory
components. Despite these challenges, meaningful single particle chemical and size
information was obtained. The results are presented in the context of the contemporary
ensemble measurements using standard AMS operational modes.  Specifically,
information is presented about source characterization, ensemble mixing state and

atmospheric processing.

4.3 EXPERIMENTAL METHODS

4.3.1 Instrumentation

4.3.1.1 LS-ToF-AMS
A schematic of the ToF-AMS equipped with the light scattering module was

shown in Figure 2-2 in Chapter 2. Individual components of the instrument have been
described in other publications (Cross et al., 2007; Jayne et al., 2000; Jiménez et al.,
2003; DeCarlo et al., 2006; Drewnick et al., 2005;]. Here we provide a brief overview of
the instrument. The LS-ToF-AMS consists of three main sections: (1) aerodynamic lens,
(2) particle time-of-flight region, and (3) particle vaporizer together with the TOFMS.
As shown in Figure 2-2, the light scattering module is located in the particle time-of-

flight region between the aerodynamic lens and the vaporizer surface.
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In the AMS, particles are sampled from ambient pressure (590 torr at T1 in
Mexico City) into an aerodynamic lens through a 130 um orifice. In their passage
through the lens, particles are accelerated by the pressure drop, ~2 torr inside the lens and
<10 torr in the time-of-flight region. The aerodynamic lens focuses particles towards a
rotating mechanical chopper, which modulates the particle beam. The chopper is
mounted at the front of the particle time-of-flight chamber. The alignment of the 1%
chopper slit opening with the particle beam defines ty for the particle time-of-flight. At
the end of the time-of-flight region, particles impact a heated surface (~ 600°C) and the
non-refractory species are flash vaporized. The resulting plume of vapor is ionized by
electron impact (70 eV) and the ions are transferred to the TOFMS. Mass spectra are
acquired and stored in a manner that depends on the mode of operation of the AMS as

discussed in Section 4.3.2.

The light scattering module consists of a diode-pumped 405 nm continuous wave
50 mW laser (CrystaLaser, LC BCL-050-405), external mirrors for alignment of the light
beam, an ellipsoidal mirror for scattered light collection (Opti-Forms E103-2-01), a razor
blade beam stop for quenching the throughput laser light, and a photomultiplier tube
(PMT) for scattered light detection (Hamamatsu H6779-00). An optical scattering signal
(Rys) is obtained for nearly every particle that impacts the surface of the vaporizer (3.8
mm in diameter) if the particle is larger than the optical size detection limit, in this case
d, ~ 250 nm. As detailed in Cross et al., (2007), this purposeful defocusing of the light
scattering laser beam allows for the near complete optical detection of spherical and

aspherical particles that impact the vaporizer.
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4.3.2 Data Acquisition
Without the light scattering unit, the C-ToF-AMS can operate in three data

acquisition modes: Mass Spectrum (MS) mode, Particle Time-of-Flight (PToF) mode,
and “Brute Force” Single Particle (BFSP) mode. These modes of operation are described
in detail by Drewnick et al. (2005) and DeCarlo et al. (2006). The addition of the light
scattering module provides a fourth mode of operation designated as the Light Scattering-
Single Particle mode (LSSP). The first two modes are ensemble aerosol measurements,
whereas the latter two are single particle modes of operation. The first three modes of
operation will be discussed here briefly, the fourth mode will be discussed in greater

detail.

During MILAGRO study, the LS-TOF-AMS instrument was sequentially
operated in the three modes; MS, PTOF, and LSSP. The sampling time periods for each
mode were set corresponding approximately to their duty cycles. The aerosol mass
spectrometer measurements presented in this chapter were saved in 5 min intervals. At
the conclusion of each saving interval, one PToF file, one MS file, and one LSSP file was
saved. During the first 150 s of the saving interval, the instrument was alternated every
10 s between MS and PToF modes. During the second 150 s, the instrument was
operated in LSSP mode. During each LSSP saving interval, 15 to 30 single particles
were sampled (data transferred and saved) depending on the ambient particle
concentration. By comparison, in the PToF mode, chemical signals from ~ 2000 particles
were averaged during each 75 s PToF sampling period and ~ 50,000 particles were
averaged in MS mode.

4.3.2.1 Mass Spectrum (MS) and Particle Time of Flight (PTOF) Modes
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As described previously, the TOFMS in the ToF-AMS instruments is a pulsed,
orthogonal extraction time-of-flight mass spectrometer. The pulsers were operated at 56
kHz during the MILAGRO study. Thus, the measure of ion signals (i.e. molecules or
mass) is determined as a flux of ions in time, similar to the quadrupole aerosol mass
spectrometer, rather than the integral of ions from a single event, such as the ablation and
ionization of a single particle in a laser-based aerosol mass spectrometer. In the MS
mode, the chopper is alternately closed (blocking the particle beam) and opened
(typically on a time scale of a few seconds) and full mass spectra are acquired and
averaged for each time period. The difference in the ion signals acquired at each m/z in
the open and closed periods provides the difference mass spectrum for the particle

ensemble.

In the PTOF mode, the chopper wheel rotates at a frequency of 130 Hz. During
each chopper cycle (i.e. slit to slit), particles enter the time-of-flight chamber through one
of two slits in the chopper wheel. The two slits together comprised 1% of the total
chopper area. Thus the sampling duty cycle in the PTOF mode is 102, A single PTOF
data file consists of 300 mass spectra acquired during the ~ 6 ms of sampling time during
a given chopper cycle (each mass spectrum is acquired in 18 ms). Particle velocity is
obtained from the measured time interval between the chopper slit opening (7)) and
chemical 1on signal (#) provided by the vaporized and ionized particle. The vacuum
aerodynamic diameter is calibrated using techniques described in Jayne et al. (2000). In
the PTOF mode, particles impact the vaporizer surface individually; however, signals are
averaged over many chopper cycles so that average, size-resolved, chemically-speciated

mass distributions are obtained.
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4.3.2.2 Brute Force Single Particle (BFSP) Mode
The BFSP mode of ToF-AMS operation is similar to the PTOF mode, except that

instead of averaging mass spectra from multiple chopper cycles, the series of 300 mass
spectra for each chopper cycle are saved individually. Because the size of the data files
saved during BFSP mode (dependent upon # of chopper cycles saved) are significantly
larger than the files saved in MS and PTOF modes, it is important to review the
mechanism of filtering and saving particle information during single particle
experiments.

Without a light scattering module, single particle data be can saved in one of two
ways: 1) mass spectra are saved for all chopper cycles regardless of whether a particle
entered the AMS during the chopper period or 2) mass spectra are saved only for single
particles producing a pre-set sufficiently high chemical ion signal. The former method
requires extensive post-processing of large data sets that are mainly zeros. Because the
second method depends on setting a threshold for specific m/z signals, chemical detection
biases can be introduced if the composition of the particles is unknown.

The BFSP mode has been used for instrument calibrations and other laboratory
experiments with well-defined particles such as ammonium nitrate particles. The
practical application of the AMS as a true single particle instrument for measuring
ambient particles required the development of a LSSP mode.
4.3.2.3 Light Scattering Single Particle Mode (LSSP)

The LSSP mode offers three distinct advantages over the BFSP mode in
measuring the mass spectra of single particles. First, instead of saving mass spectra for

every chopper cycle (as in the BFSP mode, option 1), the LSSP mode saves mass spectra
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only if a light scattering pulse is observed during that chopper cycle. Second, the optical
diameter and the vacuum aerodynamic diameter of each particle are measured and from
these two parameters, the effective density and total particle mass can be calculated for
each particle, independent of the mass spectrometer measurements. Third, the arrival
time of the particle at the vaporizer surface can be calculated from the measured particle
time-of-flight between the chopper slit and scattered light pulse. This measurement
provides information about the efficiency and time-scale of the vaporization/ionization
process for each sampled particle.

The two disadvantages of the early version of the LSSP mode used during
MILAGRO were (1) only particles larger then a optical detection limit of d, ~ 250 nm
were detected and (2) the actual duty cycle of the LSSP mode as deployed in Mexico was
very low, only about 10 (see below). The first issue was not significant because the LS-
ToF-AMS instrument deployed at T1 in Mexico City had a chamber background that
limited single particle chemical detection (for an adequate number of m/z signals) to
approximately the same d, ~250 nm optical diameter threshold (See Figure 4-4 in Section
4.4.2).

The low duty cycle was due to the fact that the light scattering signal was
collected in the second 2 GHz DAQ channel to ensure direct correlation with the mass
spectral signal for each particle. Thus, a significant fraction of the LSSP mode duty cycle
was due to transferring and saving the data. This is evident from the following
quantitative considerations. The time required to transfer and save the large amount of
data obtained for a single particle in the LSSP mode during MILAGRO was about 800
ms. One chopper cycle was about 7 ms. Therefore, the sampling duty cycle of the PToF
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mode was reduced by about 107 yielding a LSSP duty cycle of about 10®. As a
consequence, the LSSP data obtained during the 75 hour sampling period contains 10*
fewer particles than the MS mode data (~ 3000 particles compared to 3x10” particles).
The efficiency of the LSSP mode of operation is being improved in the second generation
of the LS-ToF-AMS.

The optical detection limit, as deployed in Mexico City, was a single value that
was conservatively chosen to ensure that all saved data represented real particles. Each
time the light scattering signal triggered a save, 300 mass spectra and the corresponding
light scattering signal were transferred from the DAQ board and saved to the hard drive
in binary format. Post-processing algorithms were developed to correlate in time the
light scattering pulse and chemical ion pulse and to integrate the total ion signal at each
m/z for the ions produced by the vaporization-ionization of each single particle. Each
m/z signal of each single particle mass spectrum had separate baseline and signal-to-noise
levels that required attention; m/z-specific thresholds were derived from signal levels
prior to the particle’s vaporization and ionization event to identify real particle ion signal
from background noise levels. To ensure single particle data quality, multiple
consistency checks were done as described in Section 4.4.

Although this preliminary deployment of the LS-ToF-AMS was hindered by low
duty cycles and thus low number of single particle recorded events, the data obtained is
shown to be useful in determining the mixing state, monitoring the chemical
transformations due to atmospheric processing and identifying sources of the particulate

matter in Mexico City during the 75 hours of single particle data collection. Future
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implementations of the LS-ToF-AMS DAQ hardware and software are planned that will

increase the duty cycle of the LSSP mode by about a factor of 10.

4.4 SINGLE PARTICLE ANALYSIS

In our current study, about 13,000 single particle mass spectra were recorded and
analyzed during the 75-hour sampling period. The following information was obtained
for the individual particles: vacuum aerodynamic diameter (d,,), optical diameter (d,),
and chemical composition. Multiple internal consistency checks were performed on the
single particle data to ensure the data acquisition and processing quality. The correlated
single particle measurements of d,,, d, and chemical ion signals provided comparison
between two independent measures of total particle mass. The chemical compositions of
the single particles were analyzed using standard AMS analysis techniques. Knowing the
sampling duty cycles for the LSSP and PTOF modes allowed a direct comparison
between the average LSSP and PTOF mass distributions and tested the capability to
measure single particle chemical compositions (i.e. mass fractions). In a few cases two
particles of distinct composition and size entered the AMS during a single slit opening.
The observation of particle coincidence in the system demonstrated the capability and

power of the LS-ToF-AMS to determine the mixing state of ambient aerosol.

4.4.1 Single Particle Collection and Detection

It has been demonstrated that the AMS does not detect all non-refractory particles
that impact the vaporizer surface most likely because the particles bounce off the heated

surface without vaporizing (Matthew et al., 2008). Laboratory experiments show that the
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collection efficiency is a function of the particle composition and phase. For example,
laboratory-generated particles composed of liquid organics or ammonium nitrate are
detected with 100% efficiency. On the other hand, laboratory generated dry ammonium
sulfate particles are collected with only ~25% efficiency. The collection efficiency of the
AMS in sampling ambient aerosol particles has been reported to be ~ 0.5 (4lfarra, 2004;
Drewnick et al., 2004; Hogrefe et al., 2004; Takegawa et al., 2005; Zhang et al., 2005a).
This mass-based collection efficiency was obtained by comparing the non-refractory
mass (typically sulfate) measured by the AMS to the mass collected by co-located
instruments such as a Particle-into-Liquid-Sampler (PILS). The collection efficiency of
the LS-TOF-AMS used during the MILAGRO campaign was also determined to be ~0.5
by comparisons with co-located SMPS-derived mass distributions and black carbon
measurements, and with direct comparison with Aerodyne’s C-ToF-AMS on the mobile

laboratory during a two day T1 visit (Herndon et al., 2008).

The light scattering module counts and optically sizes all particles of diameter
greater than d, ~ 250 nm whether they produce a chemical ion signal or not. By
comparing the total number of chemically detected particles to the total number of
optically detected particles, a count-based, self-contained collection efficiency for the

AMS is obtained.

During the 75-hours of single particle sampling, ~ 49% of all optically detected
particles produced a measurable chemical ion signal while the remaining ~ 51% did not
produce a clearly detectable chemical signal. This count-based collection efficiency is
close to the mass-based collection efficiency of ~ 0.5. However, we note that the count-

based and mass-based collection efficiencies do not provide identical mesurements. The
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optical module detects both refractory and non-refractory particles (d, > 250 nm) while
the mass-based measurement detects only the non-refractory material within ambient

particles (30-1000 nm d,,).

Because the time-of-flight between the chopper opening and the optical scattering
signal is measured in the LSSP mode of operation, additional important information
about the nature of the particle vaporization-collection process is obtained. Specifically,
this measurement allows one to calculate the arrival time of each particle at the vaporizer
surface. In this way, the calculated arrival time of the particle at the vaporizer and the
observed time of the chemical ion signal can be compared. Based on this comparison,
particle vaporization can be separated into three categories: prompt, delayed, and null
vaporization events. Prompt particle events are those that produced a chemical ion signal
within 200 us of impacting the vaporizer surface. The 200 ms limit was chosen based on
the timing uncertainty due to the chopper slit width (~70 ms) and the possibility that
particles may strike the inverted cone shaped vaporizer more than once prior to full
vaporization. Delayed particle events produce a chemical ion signal peak > 200 us after
the calculated arrival time at the vaporizer. Clearly, these delayed particles do not
vaporize upon initial impact with the heater, but most likely bounce and then vaporize
upon secondary impacts with hot ionizer cage surfaces. In the null events, particles strike
the vaporizer surface but do not produce a clear chemical ion signal. On a particle by
particle basis, the chemical ion signals produced by null particle events are nearly
indistinguishable from the mass spectrometer noise. However, when averaged, the total
ion signal contribution from the null events is a few percent of the total. In the Milagro

study the number fractions of the prompt, delayed, and null particle events were 0.23,
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0.26, and 0.51, respectively. The prompt particles contained 59% of the total measured
single particle mass, whereas the delayed and null particles contained 38% and 3%,

respectively.

The chemical detection collection efficiency results show a slight particle size
dependency. Figure 4-1 shows the number-based collection efficiencies as a function of
particle time-of-flight (proportional to d,,) for all the particles detected. The fraction of
prompt particles detected decreases with increasing particle size (d,,), while the fraction
of delayed particles increases with increasing particle size. These inversely related
results appear to indicate that larger particles are more prone to bounce prior to full
vaporization, likely due to greater momentum of the larger particles. The null particles
constituted the largest fraction of the total particles detected and also exhibited a size-
dependency similar to the delayed fraction, with greater number of null particle events for

larger particles.
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Figure 4-1. Total particle counts (in grey) and number fractions of prompt (blue),
delayed (green) and null (black) particles as a function of time-of-flight (i.e. d,,).

The percentage of the total particle mass (from chemical ion signals) detected
from the prompt particle events was, on average, higher than that from particles with
delayed vaporization. This is illustrated in Figures 4-2a and 4-2b that show the measured
single particle mass obtained via calibration from the sum of all ion signals measured
with the mass spectrometer for prompt and delayed particles respectively. In each plot,

the mass obtained from the chemical measurement is plotted against the single particle
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mass (m,) derived from the measured d,, and d,: m, = H/6><d02 Xd,,. The HOA mass

fraction of each particle is shown by the color of the data points in each figure.
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Figure 4-2. Measured single particle mass obtained from chemical ion signals plotted
versus single particle mass obtained from optical diameter (d,) and vacuum aerodynamic
diameter (d,,) measurements for (a) particles with prompt vaporization and (b) particles
with delayed vaporization.

The data displayed in Figure 4-2a and 4-2b show considerable scatter due to
measurement uncertainties discussed below in Section 4.4.1.1. Still, certain features are
clearly evident. As is shown in Figure 4-2a for the prompt vaporization events, the two
independent measures of single particle mass are clustered near the 1:1 line. A linear fit

of the data yields slope of 0.81 (intercept < 2 femtograms; R*> = 0.5). The data in Figure
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4-2a exhibit a significant scatter that is correlated with the HOA mass fraction in the
particle. The ensemble HOA mass fraction (discussed further in Section 4.5.2) is
correlated in time with particulate elemental carbon and gas phase CO measurements.
These correlations, together with other published observations (Canagaratna et al., 2004;
Zhang et al., 2005b; Zhang et al., 2005c), indicate that HOA containing particles
typically contain fractal-like elemental carbon cores. This nonspherical, refractory
material does not produce a chemical ion signal in the AMS and reduces the reliability of
the d, measurement due to shape and light absorption. Removing the particles with HOA

content (>10%), increases the slope (0.88) and R (0.57) of the linear fit.

The data obtained from the delayed vaporization events are shown in Figure 4-2b.
This set of data exhibits significantly larger scatter and lower overall chemical ion signals
than obtained from the prompt vaporization events. A linear fit to the data in Fig. 3b has
a slope of 0.41 (R? = 0.12), suggesting that the measured chemical ion signals represent
only about ~40% of the total particle mass. It is likely that particles with delayed
vaporization have struck at least two heated surfaces inside the AMS detection region
(the vaporizer being the first) and in most cases were not completely vaporized within the
6 ms particle time-of-flight detection window. Speculations can be put forth why some
particles vaporize promptly and fully while others do not. At this point however, the
phenomenon remains unexplained. Partial vaporization makes chemical identification of
such particles uncertain. Therefore, in the Results and Discussion Section (Section 4.5)

we will focus only on the particles that had prompt vaporization.

4.4.1.1 Uncertainty in Single Particle Mass Measurements
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Figures 4-2a and 4-2b exhibit significant scatter that is attributed to uncertainty in
the measurements of chemical ion signal, dva and do. The standard deviations
determined from the binned data are approximately 43%. Uncertainty in the chemical ion
measurement was determined by analyzing the single particle response of the instrument
to known size ammonium nitrate and di-octyl sebacate particles. In laboratory calibration
experiments, the variance in single particle ion signal (sum of nitrate ions and organic
ions for each particle) for the two different particle types was found to be +£10%. The
signal-to-noise from the single particle chemical ion signals made during the MILAGRO
study were further limited by rather high chamber background signals during the field

deployment (single particle chemical ion signals are difference measurements).

The diameter-derived particle mass is influenced by uncertainties in the d,, and d,
measurements. Uncertainty in the d,, is due to the timing uncertainty from the 1%
chopper. With a 1% chopper slit and a chopper frequency of 130 Hz, the timing
uncertainty is ~ 70 pus which corresponds to a maximum uncertainty in d,, of 13%.
Uncertainty in the d, determination is caused by two factors. First, the spread in the light
scattering signals caused by some particles passing through the center and others through
the edges of the laser beam (laboratory studies have shown that spherical particles exhibit
11% uncertainty in scattered light signal; nonspherical particles will exhibit a higher
uncertainty). Second, the calibration curve used to convert scattered light into an optical
diameter is based on NH4NO; particles. For particles with a refractive index that is
different from the refractive index of NH4NOs3, an uncertainty in d, is introduced. For the
range of refractive indices expected in the MCMA (real refractive indices of 1.4 — 1.6

[Seinfeld and Pandis, 2006]), the uncertainty in d, is ~ 10% (Cross et al., 2007). The
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uncertainties in d, due to refractive index and particle position in the laser each get
doubled in the conversion to particle mass, causing the overall uncertainty in optical
diameter derived mass to be ~ 40%. This uncertainty is an underestimate due to the
known presence of black carbon particles, which absorb light at A =405 nm (the A of the
detection laser in the LS-ToF-AMS). The uncertainty in the diameter-derived mass likely
accounts for much of the variance in Figures 4-2a and 4-2b. Variations in the diameter-
derived single particle mass will not affect the measurement of single particle chemical

composition.

4.4.2 Single Particle Chemical Composition

Single particle mass spectra were analyzed using the standard AMS approach
based on a priori information of the fragmentation patterns of inorganic and organic
species (Allan et al., 2003). This technique identifies inorganic species (ammonium,
nitrate, sulfate, and chlorides) and separates their mass spectral signals from particulate
organic signals.

The mass spectra of the organic fraction are more complex and require more
rigorous deconvolution techniques. Because the single particle mass spectra are
analogous to AMS ensemble mass spectra, they are in principle amenable to more
complicated mass spectral deconvolution techniques currently being developed and
applied to standard AMS mass spectra. These techniques include principle component
analysis (PCA) (Zhang et al., 2005b) and positive matrix factorization (PMF) (Lanz et
al.,, 2007 ; Lanz et al., 2008; Ulbrich et al., 2008). Two of the major types of organic

species identified through the use of these multivariate analysis techniques are
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oxygenated organic aerosol (OOA) and hydrocarbon-like organic aerosol (HOA). HOA
particles are strongly correlated with primary aerosol originating from fossil fuel
combustion sources. The OOA particles are most likely secondary organic aerosol
(SOA) formed in the atmosphere through the condensation of oxidized low vapor
pressure organic gases. These techniques are currently being extended to refine and
identify other important mass spectral markers for organic species; for example, biomass
burning spectral markers.

The first AMS measurements that separated OOA and HOA were preformed by
Zhang et al. (2005b) in the Pittsburgh, PA field study. In those experiments, Zhang and
co-workers found a simplified two-component analysis wherein the total mass
concentration of organics could be reproduced by a linear combination of mass signals at
mass-to-charge ratios m/z = 44 (mostly CO,") and m/z = 57 (mostly C3Ho"). The m/z 44
signal is associated with OOA compounds and the m/z 57 is associated with HOA
compounds. An expanded multi-component version of this technique has been applied to
more than 30 AMS data sets obtained throughout the Northern Hemisphere midlatitudes
(Zhang et al. 2007). More recently, using Positive Matrix Factorization (PMF), Lanz et
al. (2008) and Ulbrich et al. (2008) extended the 2-factorial approach to apportion
ambient organic aerosol matter into two classes of oxygenated organics.

Our initial chemical analysis approach was to conduct PMF analysis on the
ensemble aerosol mass spectra (MS Mode), ensemble PTOF distribution mass spectra,
and single particle mass spectra. However, due to low S/N for signal at each m/z and low
single particle counting statistics for the single particle data and PTOF size distribution

data we have settled on the simple and published method for apportioning the organic

129



fractions into two dominant components using the high S/N m/z's 44 and 57 which have
been shown to be the predominant signatures of distinct types of organics, labeled OOA
and HOA, respectively (Zhang et al., 2005b). For the ensemble average mass spectra

obtained in MS Mode, PMF analysis is used to identify the different organic components.

Comparisons between the 2-factor PMF and 2-component PCA results indicate
the both of these methods derive very similar HOA and OOA factors from the ensemble
organic aerosol mass spectra, which account for >90% of the variance in the data. Thus,
comparisons between the PCA and PMF derived HOA and OOA factors in aerosol
loading, size distribution, and single particle measurements are meaningful.
Comparisons between two and three factor results for PMF analysis of the ensemble
aerosol mass spectra show that a third identified PMF factor is essentially split from the
existing HOA component. This third identifiable factor is distinct from the HOA and
OOA mass spectra in that it contains significant signal at m/z’s 60 and 73. As described
in DeCarlo et al. (2008), m/z 60 and 73 are good markers for biomass burning aerosol in
Mexico City. Thus, for the purpose of this paper, this third factor will be labeled BBOA
(biomass burning organic aerosol). The filter used to identify BBOA single particles is
described in Section 4.5.3.1.

Figure 4-3 shows the average single particle mass spectra for the HOA and OOA
components (top panels; 4-3a and 4-3b, respectively) and the corresponding PMF factors
for HOA and OOA (bottom panels; 4-3c and 4-3d, respectively) from the ensemble
analysis. Visual comparison shows a good correlation between the average HOA and

OOA mass spectra obtained with the two different deconvolution methods.
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Figure 4-3. Average HOA and OOA organic mass spectra obtained from ambient
ensemble measurements using PMF analysis (upper region, plots a and c¢) and two-
component PCA analysis (lower region plots b and d).

A comparison of three OOA and three HOA single particle mass spectra is shown
in Figure 4-4. The particles were randomly chosen from the sampled particles with the
criterion that the particle contains a high organic mass fraction consisting of either OOA
or HOA. This figure demonstrates the following features: a). Single particles with d,
~350 nm (300 < d,, < 700 nm; note, d,, is a function of particle density) exhibit relatively
high S/N for all m/z signals < 100 amu. b). HOA and OOA particles are readily
distinguishable and exhibit characteristic peaks for HOA (m/z 57) and OOA (m/z 44 and
18). c). Single particles with d, ~200 nm (or smaller) (250 < d,, < 350 nm) have low S/N
at most m/z’s and the single particle mass spectra exhibit only a few characteristic m/z

ion signals. Thus, the size detection limit for single particle chemical ion and optical
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measurements was approximately the same for the instrument in the present MILAGRO

study.
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Figure 4-4. Six single particle mass spectra obtained for three different sized organic
particles (d, ~ 200, 250, and 350 nm) predominately composed of HOA (a-c) and OOA
(d-f) components. Particle dy, do, and mass are shown in the insert.

4.4.3 Comparison of Single Particle and Ensemble Measurements

In Figure 4-5a we show mass spectrometer ion signals (Hz) as a function of

particle time of flight. The ensemble averaged signal (PTOF mode) is shown as a dashed

line and the averaged single particle signal (LSSP mode) is shown in red. The size
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detection limits are evident in Figure 4-5a. In the MILAGRO study the LSSP mode
detected particles with diameters larger than d, ~ 250 nm (d,, ~ 350 nm or ~ 3.1x107 s),
whereas the ensemble averaged PTOF signal measured particles down to d,, ~ 30 nm
(with arrival times at the vaporizer ~ 1.5x10” s or greater). This lower size limit is
determined by the transmission cut-off for the aerodynamic lens inlet. The single particle
signal is subdivided into ions counts obtained from prompt (blue), delayed (green), and
null (black) particles. For particles larger than ~ d,, = 350 nm (3.1 ms time-of-flight) the
signal measured in the PToF mode is in good agreement with the total signal measured in
the LSSP mode. This agreement is shown quantitatively in Figure 4-5b which displays
the correlation between the LSSP and PTOF signals for arrival times between 3.1 -5.5 ms
(data between arrows in Figure 4-5a). The correlation is linear with a slope of 0.85,

indicating that the LSSP mode collected 85% of the PTOF signal.

133



Number Fraction Mass Fraction
=== Total PTOF
—— Total LS-SP —
—— Prompt Particles 0.23 0.59 (e thapuaicp agon:
Delayed Particles 0.26 038 LSSP Mass/PToF Mass = 0.85
—— Null Particles 0.51 0.03 R" =099
3000 < (a) 'J (b)
¢ L ]
?a o 2500 —
2500 — . N
= ! T
5 =
b : = 2000 —
= 2000 . £
g 5 5
@ 1500 | g 100
@ =
= : & 1000 —|
1000 ¥ " ]
’ —
500 — 500
0 0
1 2 3 4 5x10° 0 500 1000 1500 2000 2500
Time Interval (s) [Chopper to Chemical lon Detection] PTOF Mass Signal (Hz)

Figure 4-5. (a) Average mass distributions as a function of particle time-of-flight for
ensemble data (dashed black line) and total single particle data (red line). Distributions
for prompt (blue), delayed (green) and null (black) particles are also shown. (b)
Correlation plot between the average PToF and total single particle mass measurements
for times-of-flight between 3.1-5.5 ms, denoted with arrows in (a).

We note from Figure 4-5a and 4-5b that the LSSP signal is about 15% smaller
than the than the signal obtained in the PTOF mode. The missing 15% is likely due to
delayed wvaporization of particles smaller than the optical size detection limit and
therefore are not detected in the LSSP mode. This interpretation is further supported by
the fact that at longer times-of-flight (> 4.8 ms in Figure 4-5a), the average LSSP and

PTOF modes agree fully.

The results in Figure 4-5a suggest that the PTOF mode provides an accurate
measure of the rising edge of ambient particle mass distributions (i.e. at small particle
sizes); however, the PTOF mode broadens ambient mass distributions to larger particle

sizes due to delayed particle vaporization events.
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A consistency check on the measured single particle chemical compositions was
done by comparing the averaged single particle chemical compositions with the chemical
compositions measured in PTOF mode (for signal with d,, > 300 nm). The comparison
was performed for organic, nitrate, sulfate, and chloride mass fractions. In all cases, the
average chemical composition of the single particle and ensemble PTOF data were the

same within experimental uncertainty (+/- 10%).

4.4.4 Mixing State Determination

To illustrate the physical and chemical information obtained with the LS-ToF-
AMS, we examine a case when two particles entered the AMS during one chopper
opening, recorded at 5:35 LT on March 27— during the morning rush hour. (Under the
ambient particle concentrations observed during the experiment, we expect such a two-
particle coincidence to occur ~ 1% of the time). The top panel of Figure 4-6 shows the
scattered light pulses from the two particles as a function of time-of-flight, with ¢y defined
by the opening of the chopper slit. The middle panel shows the corresponding chemical

ion signals. The lower panel displays the mass spectrum for each of the sampled particles
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Figure 4-6. Light scattering signals (upper panel) and chemical ion signals (middle
panel) as a function of particle time-of-flight for a single chopper cycle in which two
particles entered the LS-ToF-AMS. The lower panel displays the mass spectrum of each
particle.

The single particle mass spectra in bottom of Figure 4-6 clearly show that the
chemical compositions of the two sampled particles are distinct. Particle 1 is composed
of 100% organic material. The largest mass spectrum component is at m/z = 57
characteristic of an HOA particle. Particle 2 is a mixture of oxygenated organics,
ammonium nitrate, and ammonium sulfate approximately in equal amounts. The

observation of two distinct particle types within the same chopper cycle indicates that the
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ambient ensemble was externally mixed during this sampling period. Table 1 summarizes

the measured chemical and physical properties for these two particles.

The chemical ion pulses in the middle panel of Figure 4-6 are separated in time
because the particle exit velocities out of the aerodynamic lens are substantially different
due to the difference in effective densities of the two particles. Particle 1 exits the lens
with a velocity of 106 m/s and particle 2 with a velocity of 94 m/s. The time separation
between the chemical pulses is greater than the time separation between the optical pulses
(324 ps versus 198 ps). This difference is due to the additional distance between the
laser and vaporizer surface traveled by the two particles. Differences in the vaporization
times of the two particles may also influence this time separation (Cross et al., 2007).

The ion extraction time is negligible.

The single particle data also provide information about the mass and density of
each particle. The mass of particles 1 and 2, as measured by the calibrated mass
spectrometer, is 18.2 fg, and 13.0 fg respectively. The mass composition of particles 1
and 2 (using average densities for the components) yields densities of 0.9 g/cm’ and 1.5
g/cm’ respectively. Assuming that the particles are spherical and that all the material in
the particles is detected by the mass spectrometer, we calculate the physical diameter of

the particle 1 and 2 to be 326 nm and 211 nm respectively.

The amplitudes of the optical scattering pulses shown in the top panel of Figure 4-
6 can be used as an independent measure of the particle diameter (denoted as optical

diameter d,). Using the calibration procedure described in Cross et al., (2007) the optical
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diameters for particle 1 and 2 are 301 nm and 263 nm respectively. This is within 8% and

20% of the diameters obtained via the mass-density calculations.

An independent calculation of the particle density is obtained from the ratio of the
vacuum aerodynamic diameter (d,,) and the optical diameter (d,). That is, p.; = d../d,.
The d,, 1s a function of the physical diameter, the material density, and the shape of the
particle. The d,, values for particles 1 and 2 are 287 nm and 446 nm respectively,
obtained from the measured particle velocity via a four parameter empirical fit function
as described in Bahreini et al., (2003). The densities derived for particles 1 and 2 using
the relationship py = d../d, are 0.95 g/em® and 1.7 g/em® respectively, in reasonable

agreement with the chemically-derived densities.

Combining the chemical and physical information collected by the LS-ToF-AMS
from these two particles tells a self-consistent story. Particle 1 was composed of
hydrocarbon-like organic matter and exhibited a low effective density. The low effective
particle density is consistent with hydrocarbon-like organic (e.g. lubricating oil) densities
as well as possibly indicating that Particle 1 was aspherical due to an underlying fractal-
like black carbon core. Thus, particle 1 can be identified as a pure HOA particle likely
generated from a local combustion source. In contrast, Particle 2 was composed of
highly oxidized inorganic and organic matter and exhibited a relatively high effective
density consistent with the particle’s significant inorganic composition. Particle 2 was
an internally mixed accumulation mode particle that likely had undergone significant
atmospheric processing prior to detection with the LS-ToF-AMS. The simultaneous

observation of these two externally mixed particles illustrates the capabilities of the LS-
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ToF-AMS technique to provide a measure of the mixing state and atmospheric processing

of ambient submicron aerosol particles.

4.5 RESULTS AND DISCUSSION

A unique feature of the LS-ToF-AMS is that it provides ensemble as well as
single particle measurements. In this section, the composition of the ensemble and single
particles measured during the MILAGRO field study are presented and discussed.
Information from the two data sets are combined to provide a more complete description
of the size, chemical composition, transformations, and mixing state of the ambient

aerosol in the Mexico City Metropolitan Area.

4.5.1 Sampling Site and Meteorology

The T1 sampling site was located at Tecamac University (19.703 N Latitude and
98.982 W Longitude) at an elevation of 2273 m, ~ 40 km NE of the Mexico City
metropolitan area (MCMA). TO was the site within city center and T2 was located 35 km
N-NE of T1. The location of these three field sites was chosen such that each would
intercept the MCMA plume as it is transported away from the city center to the North
(Doran et al., 2007). The area surrounding T1 consists of built up, highly populated
residential neighborhoods and less developed regions with open fields. The residential
regions are to the south and east of T1. The less developed areas are toward the north
and west. A major commuting highway between Mexico City and Pachuca is ~ 1 km to
the east of the site. The LS-ToF-AMS operated in combined single particle and ensemble

aerosol modes from March 27 to 30, 2006. The meteorology in the Mexico City basin
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during these three days was influenced by a “cold-surge” or “Norte” event on March 23,
2006 that brought higher humidities and westerly winds to the Mexico City basin. The
mornings at T1 were clear, the afternoons partly cloudy with isolated convection and
precipitation events, and the ground level winds favorable for transport from the city

center to T1 (Fast et al., 2007 and de Foy et al., 2008).

4.5.2 Aerosol Ensemble Properties

The time series of average ensemble mass concentrations separated into organic,
nitrate, sulfate, ammonium, and chloride components are plotted in Figure 4-7a. As
discussed in Section 4.4.2, the measured organic mass was further separated into HOA,
OOA, and BBOA components using PMF. The time series for each PMF component is

plotted in Figure 4-7b. Diurnal plots each species are provided in Figures 4-7c and 4-7d.
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Figure 4-7. Average ensemble mass concentrations (measured in MS mode) as a
function of sampling time. (a) Organic components obtained from PMF analysis — OOA,
BBOA, and HOA. (b) Chemical components obtained from traditional AMS
fragmentation patterns — organic, nitrate, sulfate, ammonium, and chloride. =~ Average
diurnal cycles, for the full 75 sampling period, of each chemical component are displayed
in plots (¢) and (d).

The particulate chemical composition and size distribution reflect both the
influence of local sources and intense secondary aerosol production. During the day, the
ensemble data show three broad features in the organic particulate matter. The first peak
occurs during the early morning (4:00-9:00 LT) and is characterized by HOA and BBOA

organic compositions. The second peak occurs between 9:00-12:00 LT and consists of a
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strong particulate nitrate signal combined with HOA, BBOA, and OOA organic
contributions. During this time the HOA signal was declining rapidly while the BBOA
and OOA signals were increasing. The third broad feature occurs throughout the

afternoon and is characterized predominately by OOA organics.

In addition to the ensemble average mass concentrations measured in MS mode,
average size distributions for the major chemical species were obtained while operating
the instrument in PTOF mode. The average vacuum aerodynamic diameter size
distributions of all the significant non-refractory components are shown in Figure 4-8a.
These components are: organics, nitrate, sulfate, ammonium, and chloride. The inorganic
distributions overlap and appear within the accumulation mode size range, centered at d,,
~ 350 nm. The organic size distribution is broader than the inorganic distributions. This
difference is attributed to the multiple components of the organic mass. To show this
more clearly, in Figure 4-8b we plot the HOA and OOA organic components separately
(See Section 4.4.2). The HOA distribution is shifted toward smaller d,, values compared
to the distributions of all other components. This is likely due to the low material density
(~ 0.9 g/cm’) and potentially non-spherical shape of HOA particles. (Recall d,, is
proportional to particle density.) By contrast, the density of OOA particles is typically
higher (1.3-1.5 g/cm®) and these particles tend to be more spherical resulting in larger d,s,
values. These two size modes have been classified previously as the ‘traffic’ and
‘accumulation’ modes, respectively (Canagaratna et al., 2007). Because of the overlap
between their respective size distributions, it is often assumed that the OOA particles are

internally mixed with the inorganic species. On the other hand, based on the difference
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in their size distribution, the HOA particles are usually assumed to be externally mixed

with respect to the inorganic and OOA species.
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Figure 4-8. Average ensemble mass distributions (measured in PTOF mode) as a
function of vacuum aerodynamic diameter (d,,) for (a) HOA and OOA components and

(b) organic, nitrate,

sulfate, ammonium, and chloride.

It is important to note that with only ensemble average size distributions available,

the mixing state of the ambient ensemble is assumed, not directly measured. For the

143



particle size-range detected in the LSSP mode (particles with d, > 250 nm) the single
particle data unambiguously show whether the ambient ensemble is externally or
internally mixed. Section 4.5.4 describes the mixing state of the ensemble based on the

measurements of single particle compositions.

4.5.3 Single Particle Chemical Compositions\

The AMS measures only the non-refractory chemical composition of submicron
aerosol particles. In order to limit any potential effects of particle bounce, prior to full
vaporization of the non-refractory component of single particles, we have chosen to
analyze only the prompt vaporization single particle events (refer to Section 4.4.1).
Comparing the single particle mass measured by chemical ion signals with the mass
derived from d,, and d, measurements indicates that approximately 88% of the single
particle mass is accounted for by the chemical ion signals (Figure 4-2a). The remaining
~12% may be due to refractory material (dust, metals, black carbon, etc.) that the AMS
does not measure. While inter-particle variations in this analysis are large, the results are
consistent with the total PM composition measurements in the MCMA. Salcedo et al.
(2006) reported ~20% of the PM, s measured near the center of Mexico City in 2003 was
refractory material (black carbon and soil). Stone et al., (2008) reported that ~ 25% of
the measured PM, s carbonaceous material at the T1 site was EC during the period of
single particle sampling. Stone (2008) also noted that wind-blown dust and soil were
present at T1 as potential sources of particles. Typically, dust and soil particles fall into
the super-micron size range, which is not detected with the AMS due to transmission

efficiency losses for larger particles (Lui et al., 2007).
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As was mentioned in Section 4.4.2, several techniques have been developed to
obtain the chemical composition of the aerosol particles from their mass spectral
measurements. In the current analysis the mass spectra of the non-refractory aerosol
composition were initially separated into organic and inorganic species using the method
of Allan et al. 2003. The organic fraction was separated into HOA and OOA components
using the simple two component PCA algorithm of Zhang et al., (2005b).

In addition to the HOA and OOA anlysis, we explored other single particle filters
based on specific m/z signals in the mass spectra that identify unique particle types. For
example, several organic particles were observed that were dominated by unique organic
m/z signals at m/z = 69, 119, and 169. The spectra, not shown, matched previous
examples of high temperature lubricating oil (such as Fomblin pump oil), likely from an
instrument pump used at the T1 site for sampling purposes. Fifteen Fomblin particles
(0.5% of the particles) were identified. These particles were removed from further
analysis. An additional single particle filter was used to identify single particles

characteristic of biomass burning organic aerosol (BBOA).

4.5.3.1 Biomass Burning Organic Aerosol (BBOA) Particles

Specific attention was paid to the identification of biomass burning particles.
Several published accounts of strong biomass burning influence in the Mexico City basin
during the MILAGRO study suggest that biomass burning is an important source of
particles in this region (DeCarlo et al., 2008; Yokleson et al., 2007; Moffet et al., 2008a).
To investigate potential signatures of biomass burning in the single particle mass spectra,

a single particle filter based on m/z marker peaks at 39 (potassium) and 60 and 73
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(levoglucosan) was used (DeCarlo et al., 2008; Alfarra et al., 2007; Schneider et al.,
2006). Levoglucosan (1,6-anhydro-pB-D-glucopyranose), the pyrolysis product of
cellulose, is a well-established marker for the combustion of biomass materials
(Simoneit, 2002). Once partitioned into the particle phase, levoglucosan does not
degrade, making it a useful tracer for long-range transport of biomass burning aerosol
(Fraser and Lakshmanan, 2000). In total, 139 single particles were identified as having
significant BBOA content (~ 5% of the particles).

The BBOA factor obtained from the average ensemble measurements shown in
Figure 4-7 suggests that more than 5% of the nonrefractory aerosol mass could be
contributed to biomass burning sources (the BBOA factor has yet to be established as a
quantitative measure of biomass burning particulate matter). The number of detected
single particles with significant BBOA content may have been suppressed relative to
other accumulation mode particles because the markers for biomass burning are (1)
potassium ions at m/z = 39, which are formed via a different ionziation process (i.e.
surface ionization) and (2) levoglucosan markers at m/z = 60 and 73, which exhibited low
S/N for smaller particles as discussed in Section 4.4.2. While the absolute magnitude of
biomass burning sources may not be adequately represented in the current data set, our
single particle measurements indicate that biomass burning was a relatively minor source
for particluate matter at T1 during the sampling period under discussion.

The meteorological conditions and co-located measurements of biomass burning
markers at T1 (Stone et al., 2008) are consistent with lower BBOA concentrations during
the period of single particle sampling. BBOA particles observed at T1 could have been
produced by wildfires and/or urban biomass burning sources. During the period of single
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particle sampling (March 27-30), the regional meteorology was characterized in the
afternoon by increased cloudiness and precipitation over the central plateau (Fast et al.,
2007 and de Foy et al., 2008). As a result, the intensity and number of wildfires
influencing the area were significantly lower than the previous three weeks (See Figure
14b in Fast et al., 2007). Stone et al. (2008) measured average levoglucosan
concentrations from March 18-22 and March 23-30 at the T1 site. During the earlier time
period the levoglucosan concentration was found to be 217 ng/m’ while in the later time
period (coinciding with our single particle sampling) the concentration decreased to 55
ng/m’.

The 139 single particles with significant BBOA composition were not included in
the HOA and OOA analysis. With these particles removed, the reconstructed organic
(HOA + OOA) accounted for 93% (R* = 0.84) of the measured single particle organic
mass, suggesting that HOA and OOA give a reasonable, but not complete, description of
the organics at T1. Since the BBOA SP filter removed organic particles with significant
BBOA character, it is possible that some BBOA organic mass remains within the
internally mixed single particles detected. This would prevent the HOA and OOA
deconvolution technique from describing 100% of the of measured organic mass.
4.5.3.2 Inorganics

Single particle measurements of ammonium with the AMS were subject to high
noise due to interference from background water vapor within the AMS chamber.
Despite this challenge, ammonium was measured with reasonable accuracy for single
particles with large amounts of ammonium nitrate, sulfate, and/or chloride (~50 % by

mass). For smaller levels, the NH4 content of the single particles can be systematically
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underestimated. As a result, in most cases the uncertainty in NH4 is the largest source of
scatter in the calculation of the single particle mass fractions. Full neutralization of
inorganic species has been previously observed during the dry season in the MCMA
(Moya et al., 2003). The ensemble average measurements at T1 indicate that the
inorganics present were fully neutralized. Based on this observation and on mass balance,
we will assume that the inorganics were in the form of NH4NO3, (NH4)2SO4, and
NH4Cl. The NH4 content of each single particle is therefore calculated from the

measured single particle mass of nitrate, sulfate, and chloride, unless otherwise stated.

4.5.4 Mixing State of the Ambient Aerosol

The fractional compositions of all single particles measured during the 75 hours of
sampling are plotted in Figure 4-8. The data are presented in five panels showing the
mass fraction of HOA, OOA, NH4NOs, (NH4),SO4, and NH4Cl1 for each particle, plotted
as a function of the local sampling time. Each panel shows the measured single particle
mass fraction of the designated chemical component. That is, every particle is plotted in
each panel. The solid black trace plotted in each panel is the 30 minute average of the
corresponding single particle mass fraction. The vertical black lines denote midnight on

each of the sample days.
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Figure 4-9. Time series of NH4Cl, (NH4),SO4, NH4sNO3, OOA, and HOA single particle
mass fractions. Data points are colored by HOA mass fraction as indicated in the upper
left.

The majority of the single particles sampled at T1 were internal mixtures of more
than one chemical component. This is evident from the lack of substantial numbers of
particles in Figure 4-9 with mass fractions of any single component equal to 1. This
observation is important as it provides insights into the rate of atmospheric processing of
particles in the Mexico City basin and has implications for better understanding the

ultimate fate and atmospheric effects of primary particles. The single particle data
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directly confirm assumptions that are typically drawn from ambient, ensemble sampling
of size-resolved aerosol chemistry where the average chemical compositions of particles
appear to be relatively constant as a function of particle size (Salcedo et al., 2006). This
observation also has implications for the classification of single particles by single

particle techniques.

For example, Figure 4-9 shows that most of the ambient particles measured at T1
contained ammonium nitrate. The range of single particle NH4sNO3 mass fractions was ~
0.2-0.3 throughout the day and nighttime periods with the exception of higher NH4NO;
fractions observed in the late morning. This observation is strongly supported by the
single particle mass spectra reported by Moffet et al. (2008a) for ATOFMS results
obtained at the TO site. Nearly all classified single particle types reported exhibit both
NO; and NO; ions (see Figure 2 in Moffet et al., 2008a). A slightly larger mass fraction
range is observed for the OOA and (NH4),SO4 content of the single particles compared to
the NH4NO; content. Due to limited signal-to-noise levels in this preliminary version of
the LS-ToF-AMS, we will not attempt to interpret whether the observed range in
chemical compositions is real or artifact. Instead, we will focus on (1) the atmospheric
processes that are apparent from the changing chemical compositions of single particles
as a function of time of day and (2) the externally mixed particles that are apparent as
their chemical compositions lie outside of this rather narrow range of internally mixed

particles.

Figure 4-9 shows that the chemical compositions (highlighted by the 30 minute
averages) of ambient particles were dominated by different chemical components
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throughout the day. During the morning (~ 1 hour after sunrise), the NH4sNOj3 fraction of
all single particles rapidly increased, peaking between 10:00-11:00 LT before rapidly
declining in the early afternoon; The OOA mass fraction of the single particles increased
gradually during the daylight hours, reaching a peak in the middle of the afternoon. The
single particle (NH4)>SO;4 fractions were highest during the evening and overnight and
included one instance of a peak in (NHy4),SO4 during a strong plume event. In addition to
these internally mixed chemical compositional changes, Figure 4-9 also shows evidence
for externally mixed single particle chloride events occurring between 00:00-10:00 LT

each day.

The most obvious exception to the observed internal mixing (in addition to the
chloride particles) is the subset of single particles in Figure 4-9 with high HOA mass
fractions. These particles were observed in highest number concentrations each day
during the early morning rush hour with a secondary peak in number concentration
apparent during the late evenings. The HOA component measured by the AMS has been
shown to be correlated with primary emissions (Zhang et al., 2005b; Canagaratna et al.,
2007). Ensemble HOA data at T1, obtained while operating the instrument in MS-Mode,
show that the HOA factor was strongly correlated with measurements of CO and
elemental carbon (EC). In agreement with our observations, the results from Moffet et
al., (2008a) indicate that the only class of particles observed by the ATOFMS that did not
contain nitrate was classified as ‘EC’ particles. The ‘EC’ particles observed at TO were
likely the same type of local, traffic-related combustion-generated particles as the HOA

particles described here, as primary traffic-related particles typically contain black carbon
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and hydrocarbon-like organic matter due to unburned lubricating oil, the major non-
refractory component of diesel emissions (Canagaratna et al., 2007; Sakurai et al.,
2003). These correlations confirm that the ensemble HOA measurements were
associated with primary emissions in Mexico City. In the case of single particles with
significant HOA compositions, these particles can be classified as primary emission
particles which were likely emitted into the atmosphere as HOA and EC containing
particles and subsequently may have undergone atmospheric processing (gas-to-particle
condensation or particle coagulation). An important aspect of urban air pollution is the
processing and ultimate fate of primary emissions. A specific example is the fate of
primary combustion particles that contain black carbon. With increased residence time in
the atmosphere, black carbon particles are coated with secondary inorganic and organic
condensates that dramatically change the optical, hygroscopic and CCN properties of the
original particle (Bond et al., 2006; Ramanathan and Carmichael, 2008). The
morphology and relative composition (i.e. black carbon core + unburnt lubricating oil) of
combustion particles will depend on the condition of the engine as well as atmospheric
variables such as temperature and pressure. Since Mexico City is located at a high
altitude, combustion sources will burn more fuel-rich, resulting in elevated contributions
from non-refractory chemical components in the emissions from vehicles. Thus, tracking
particles with measurable HOA content provides a new method for classifying and
characterizing primary, combustion-related particles and their subsequent atmospheric

processing.
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The color scheme for the points in all panels of Figure 4-9 was chosen with this in
mind and indicates the HOA content of each particle. Thus, particles colored blue have
high-HOA content, particles colored red have low-to-zero-HOA content, and particles
colored purple (i.e. red+blue) have intermediate-HOA content with mass fractions.
While the total number of measured particles was rather small in the current sample,
Figure 4-9 explicitly shows that the high-HOA content particles were observed from ~
20:00 to 9:00 LT every day. After 9:00 and before ~20:00 LT, the high-HOA particles
were not measured, indicating that the ‘fresh® HOA combustion particles were not
observed during day-light hours. This observation is consistent with rapid photochemical
activity coating the ‘fresh’ HOA particles during the day with photochemical products (or
through particle coagulation). In the following section, we investigate the evolution of
these primary particles’ number, number fraction, and chemical composition as a

function of the time-of-day.

4.5.4.1 Primary HOA particles and their processing

All of the single particles measured and analyzed were separated into the
following categories in accord with the color scheme shown in Figure 4-9: (1) High-HOA
- considered unprocessed primary particles, (2) Intermediate-HOA - considered processed
primary particles, and (3) Low-HOA - considered accumulation particles, not definitively
linked to primary (e.g. local combustion) sources. Figure 4-10 (lower panel) shows the
number of single particles as a function of their HOA mass fraction and exhibits a bi-
modal distribution with a small mode peaking at HOA mass fraction of ~1.0 and a larger

mode centered at HOA mass fraction ~0.05. Single particles with HOA mass fractions
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equal to zero were not included in the figure or the subsequent analysis under the
assumption that they were not primary, traffic-related particles. Figure 4-10 (upper
panel) shows the average mass fractions of NH4NOs, (NH4)2SO4, NH4Cl and OOA. The
NH4CI content remained low, less than 0.10 across the full range of HOA mass fractions
reflecting the relatively minor contribution of this compound to the total primary particle
chemical composition and mass. On the other hand, the average NH4NO;, (NH4),SOy4,
and OOA content of the particles increased with decreasing HOA mass fraction implying

that these species did influence the primary particle composition.
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Figure 4-10. Particle counts (lower panel) and average single particle composition
(upper panel) as a function of HOA mass fraction.

Combining the information in the top and bottom of Figure 4-10 and the
uncertainty measurements from Section 4.4.1.1, the ‘fresh’ HOA, combustion-generated
particles are defined as particles with mass fractions greater than ~0.90 HOA. The larger
mode at low HOA mass fractions represents HOA particles that have undergone
significant atmospheric processing (i.e. internally mixed accumulation mode particles).
Due to the limited number of total single particles sampled, we have chosen to
characterize the processing of ‘fresh” HOA particles by tracking the number and chemical
composition of primary particles with HOA mass fractions between 0.10-0.90. This
chosen range may contain particles influenced by more regional (i.e. slower) atmospheric
processing, complicating our interpretation of localized processing of primary particles

with time frames from minutes to hours.
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Figure 4-11. Time trends in the (a) measured number and (b) number fraction of high-
HOA, intermediate-HOA, and low-to-zero-HOA particles.

The diurnal trends of the number of high-HOA, intermediate-HOA and low-HOA
particles are displayed in Figure 4-11a as a stacked plot. The number of particles in all
categories decreased between 11:00-13:00 LT due to dilution caused by the rising
boundary layer. The single particle data show that the numbers of high-HOA and
intermediate-HOA particles were largest in the early morning (4:30-7:30 LT). The single
particle data explicitly show that the number of high-HOA particles decreased to zero
during the late morning while the number of intermediate-HOA particles remained
relatively constant. As mentioned previously, the high-HOA particles originate from
local combustion sources and build up in the atmosphere during the early morning hours.

This is consistent with the meteorological conditions: low boundary layer (inhibiting
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dilution of local emissions) and low photochemical activity (i.e. low production of
secondary condensable species). The disappearance of high-HOA particles in the late
morning (while the boundary layer was still relatively low, but after the sun had risen)
suggests that the high-HOA particles were coated with secondary nitrate. This
description of primary particle processing is not possible with ensemble HOA data alone
and is consistent with ATOFMS measurements at the TO site that show secondary nitrate
species on traffic particles between 9:00-15:00 while pure traffic (EC) particles are
detected prior to 9:00 (See Figure 8 in Moffet et al., 2008a). Rapid processing of primary
particles in the MCMA has also been reported from single particle microscopy methods

(Johnson et al., 2005; Adachi and Buseck, 2008).

To illustrate the connection between primary, HOA single particles and ensemble
HOA measurements, we include the diurnal trend for ensemble HOA mass as the dashed
grey line in Figure 4-11a (ug/m’ plotted on the right-hand axis). The sum of the high-
HOA and intermediate-HOA single particles follows a diurnal trend that is similar to
ensemble HOA data. The fact that the HOA factor in the ensemble data has a similar
trend and does not go to zero, as does the ‘fresh’ HOA single particles, supports the claim

that the primary, HOA single particles and the ensemble HOA factors are related.

To quantify the mixing state of the ambient ensemble, the data in Figure 4-11a are
re-plotted in Figure 4-11b in terms of the number fraction of each particle type. The data
show that during the early morning rush hour ~30-40% of the particles are high-HOA or
intermediate-HOA (light and dark blue traces). Prior to sunrise, ~10% of the particles are

high-HOA. Once the sun has risen (~9:00 LT), the high-HOA particles disappear while
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~20% of the particles remain as intermediate-HOA (coated or processed HOA). During
the evening rush hour, a second peak in the fraction of intermediate-HOA particles is
observed comprising ~25% of the particles. After the sun has gone down (~20:00), the
high-HOA particles reappear making up 5-10% of the particles. The majority (70-80%)
of the particles detected are classified as low-to-zero-HOA particles, characteristic of

internally mixed (e.g. processed) accumulation mode particles.

4.5.4.2 Influence of atmospheric processing on particle composition
To track the chemical transformations of the single particles as a function of the

time-of-day we show the number fraction of particles containing NH4NOj;, (NHy4),SOy,
NH4CI, and OOA in Figures 4-12a and 4-12b. Figure 4-12a displays the diurnal trends
for intermediate-HOA particles while Figure 4-12b shows the diurnal trends for the low-
to-zero-HOA particles. Particles with component mass fractions greater than 0.10 are

counted as particles that contain that chemical component.

158



Number Fraction of 'Coated' Particles

Figure 4-12. Time trends in the number (upper panel) and number fraction of ‘coated’
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particles for (a) intermediate-HOA particles and (b) low-to-zero-HOA particles.

The solid line shows the total number of intermediate-HOA particles (a) or low-to-zero-

The upper panel of Figures 4-12a and b is a replot of the data in Figure 4-11a.

HOA particles (b). The broken line (same in both Figures a and b) is the number of high-

HOA particles plotted with respect to the right-hand axis.

remind the reader that the high-HOA particles disappeared in the late morning after ~9:00

LT.
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With the onset of photochemical activity (9:00-12:00 LT), the number of
intermediate-HOA particles that contain NH4NO; increases from 80% to 100%.
Likewise, an increase from 95% to 100% of the low-to-zero-HOA particles that contain
NH4NO:s is observed between 9:00-12:00 LT. The fact that all single particles measured
between 9:00-12:00 LT contained NH4NO; suggests rapid condensation of secondary
nitrate onto all pre-exisiting particles. Given the distance of likely high-HOA particle
source from T1 (the highway ~ 1 km away) and the average wind speed and direction, we
calculate that the primary HOA particles were coated with NH4sNO3 in ~15-30 minutes
during this time period. We note that the fraction of intermediate-HOA particles
containing NH4NO3 decreased back to ~80% after 12:00. The rise and fall in fraction of
particles with ntirate was due to the temperature-dependent equilibrium constant in the
reaction: NH3 () + HNO3 (o) <> NH4NO;3 . The MCMA atmosphere contains high
concentrations of gas phase NH;. Nitric acid is formed from reaction of NO, and
photochemically-produced OH radicals. Therefore, with sufficient sunlight to produce
OH radicals, HNO; will be form in a single oxidation step. In the early morning at T1,
the temperature was low, resulting in conversion of the HNO; to NH4NO; which
subsequently condensed onto all pre-existing particles. As the temperature increased in
the late morning and early afternoon, the dissociation of NH4NO3 back to NH3 and HNOj3
was favored. These results are consistent with the results of Zheng et al. (2008) who

monitored the particulate NO; and gas phase HNOj; concentrations at TO.

During the afternoon hours, the number of intermediate-HOA particles infuenced

by OOA steadily increases from ~ 30% (prior to 12:00) to ~ 55% (12:00-15:00 LT) to ~
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73% (15:00-18:00 LT). For the low-to-zero-HOA particles, ~ 90% of the particles
contained OOA in the morning and 100% contained OOA in the afternoon. Rapid
formation of secondary organic aerosol in the MCMA region has been previously
reported (Volkamer et al., 2006). The single particle data presented here indicate that
OOA condenses onto nearly all single particles measured between 15:00-18:00 LT.
Unlike the seconday nitrate, secondary organic species typically require multiple
oxidation steps prior to forming oxygenated organic aerosol or condensing organic
material on pre-existing particles (Kroll and Seinfeld, 2008). During the early morning
time period when secondary nitrate formation dominates the single particle composition,
the production rate of OOA is slower than in the mid afternoon (Volkamer et al., 2006).
The single partice data presented here suggest important temporal differences between
secondary inorganic and organic processes that have implications for optical,

hygroscopic, and CCN treatments of primary particle processing in urban environments.

Particles that contain (NH4),SO4 were most prevalent during the evening and
overnight time periods (18:00-24:00 LT). For the intermediate-HOA particles, ~ 65% of
the particles contained (NH4),SOj in the late evening and overnight compared to ~36%
during the middle of the day. A similar increase was observed for the low-to-zero-HOA
particles from ~ 69% during the middle of the day to ~ 93% in the evening and overnight.
Sulfate has been reported to be a major component of PM, s in the MCMA (Salcedo et
al., 2006; Johnson et al., 2005; Johnson et al., 2006; Querol et al., 2008; DeCarlo et al.,
2008; Kleinman et al., 2008). The major formation pathway of particulate sulfate is

aqueous phase SO, oxidation (Salcedo et al., 2006). In the MCMA, SO, has significant
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anthropogenic (the Tula refinery complex and industrial regions concentrated in the
northwest) and natural (the active Popocatepetl volcano in the southwest) sources. Given
the general lack of spatial variability in sulfate concentrations, sulfate is typically
attributed to regional-scale atmospheric processing (Querol et al., 2008; DeCarlo et al.,
2008). The single particle observations of a broad range of measured (NH4),SO4 mass
fractions and diurnal pattern that peaked in the late evening and overnight are consistent
with regional-scale production and accumulation of particulate sulfate. A detailed
examination of the single particle (NH4),SO4 content during a SO, plume event at T1 is

provided in Section 4.5.4.3.

The fraction of particles containing NH4Cl1 was highest for intermediate-HOA and
low-to-zero-HOA particles during the early morning hours (00:00-10:00 LT). At this
time, ~15-20% of the intermediate-HOA particles and ~30-40% of the low-to-zero-HOA
particles contained NH4Cl. Since the fraction of particles with NH4Cl was highest during
the overnight period it is unlikely that the chloride was formed via photochemical
reactions. The lower fraction of particles influenced by chloride suggests that the
chloride may have come from a unique source. A detailed discussion of the potential

sources of the high chloride containing particles is provided in Section 4.5.4.4.

4.5.4.3 SO; plume event
Returning to Figure 4-9 we note that a brief period of high single particle

(NH4)2S0O4 was observed on March 28th at 19:00 LT. Back trajectories for the time
period during high single particle (NH4)2SO4 indicate that the air was arriving at T1

directly from the northwest. The Tula power plant refinery complex is located ~ 50 km
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to the northwest of T1 and has been shown to emit high concentrations of SO2 into the
MCMA region (Johnson et al., 2006; Kleinman et al., 2008; DeCarlo et al., 2008; Fast et
al., 2007, Querol et al., 2008). Co-located gas phase measurements at T1 confirmed that
the plume measured at this time contained elevated levels of SO2 (~8 ppb). During the
SO2 plume, 100% of the single particles measured at T1 had (NH4)2SO4 mass fractions
of 0.60 or greater. The fact that all the particles measured at this time contained elevated
levels of (NH4)2S04 suggests that gas phase SO2 oxidation followed by gas-to-particle
condensation or heterogeneous oxidation of SO2 to SO4 occurred within the SO2 plume
as it was advected from Tula to the T1 site.

As the conversion from SO, to SOy is a slow gas phase process (Seinfeld and
Pandis, 2006; Stockwell and Calvert, 1983) and its heterogeneous conversion is
dependent upon particle chemical compositions, particulate sulfate is often associated
with slower, regional-scale atmospheric processing, but this instance of high single
particle sulfate was the result of point source emissions rather than regional-scale
processing. Anthropogenic SO, emissions, such as the observed Tula plume, have direct
effects on the processing or aging of all of the entrained particles and may provide a
source for much of the increased sulfate mass fractions during the late evening and

overnight time periods.

4.5.4.4 High chloride content single particles

A second feature in Figure 4-9 was the presence of a subset of single particles
with high chloride content observed between 00:00-10:00 LT each day. During these

times, ~ 10% of the total single particles sampled had NH4Cl mass fractions > 0.10. The
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presence of these high chloride particles indicates that these externally mixed particles
may have a specific, identifiable source.

During the MILAGRO study, Moffet el al. (2008a,b) used an ATOFMS located at
the TO site to measure the chemical composition of single particles. Results from the
ATOFMS show that a large fraction of the total particles sampled between 2:00-5:00 LT
each morning were internally mixed Pb-Zn-Cl particles (Moffet et al., 2008b). Given this
mixed composition, and the spatial and temporal distribution of PbZnCl particles, Moffet
concluded that the early morning chloride particles originated at industrial sites located in
the northern region of the city. In addition to industrial sources, potential sources of
chloride in the MCMA region include emissions from biomass and trash burning,
drinking water, and waste-water treatment facilities (Tanaka et al., 2003).

The single particle measurements made with the LS-ToF-AMS are not chemically
sensitive to heavy metal species such as Zn and Pb because the time scale for
vaporization of such species is longer than the 6 ms PTOF saving interval. On the other
hand, ensemble measurements in MS mode can be examined over longer time scales
(minutes) and can help determine if heavy metals are present in the aerosol particles.
Close examination of the ensemble data acquired during time periods of high chloride
signal indicate that Pb was present in about half of the instances of high particulate
chloride. In such cases, the Pb signal was approximately 100 times smaller than the
chloride signal. Care must be taken when interpreting AMS measurements of heavy
metals and further characterization of the ionization efficiency of metal species must be
done before quantitative information is reported. Nevertheless, on a qualitative basis,

these observations suggest that only some of the chloride events at T1 were correlated
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with Pb, and that when present, lead constituted a relatively minor component of the total
particle mass. Lower concentrations of Pb containing particles were also measured at the

T1 site relative to the TO site by Moreno et al., (2008).

Although the single particle detection is not chemically sensitive to metal species,
the size information obtained with the LS-ToF-AMS can be used to gain additional
insight into the presence of heavy metals in the single particles. The densities of PbCl,
and ZnCl, are 5.85 g/em’ and 2.90 g/cm’ respectively. If a single particle were
predominately composed of these species it would have a significantly higher density
than the majority of other submicron ambient aerosol particles (typically p = 0.9 — 1.8
g/em®). The simultaneous measure of d,, and d, provides a per particle measure of the
effective density of all single particles, independent of chemical detection. Examination
of all single particles measured during the high chloride particle events show that no
particles had effective densities greater than 1.8 g/cm’. This evidence suggests that if
PbCl, and ZnCl, were present in the particles, it comprised a relatively minor amount of
the total single particle mass. Our results are consistent with the observations of Murphy
et al., (2007b) who studied the Pb content of single particles throughout the United States
with the PALMS, ATOFMS, and RSMS single particle mass spectrometers. Murphy
emphasizes the importance of understanding the chemical detection sensitivity of single
particle mass spectrometers. Calibration experiments indicate that the PALMS and
ATOFMS instruments are ~ 12 times more sensitive to metal species than detection of

NH4NO3 or HNOs. Therefore, when measuring single particles with any Pb content, it is
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possible to over-estimate the mass contribution of the metal species to the total particle

composition with laser-ablation single particle mass spectrometers.

Our single particle measurements at T1 suggest that the predominant form of
chloride in the single particles was ammonium chloride. This is consistent with the
meteorological conditions. During the early morning, when the high chloride particles
were observed, the temperature was low and the relative humidity was high, conditions
that favor the formation and condensation of more volatile ammonium chloride from
reaction of HCl) and NHs) (San Martini et al., 2006a; San Martini et al., 2006b;

Salcedo et al., 2006).
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Figure 4-13. (a) Measured (i.e. real) single particle NH4 mass plotted versus calculated
single particle NH4 mass for the subset of single particles with high chloride content. (b)
Single particle mass spectrum for a typical high chloride content particle (identified in (a)
with the arrow).
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Further, a mass balance examination of the NH4 content of the high chloride
particles is consistent with the composition of the particles being NH4Cl.  The
identification of the chloride component as NH4Cl is supported by the data displayed in
Figure 4-13a. This figure plots the ‘real’ NH4 mass, measured by the mass spectrometer
as a function of the amount of calculated NH4 required to fully neutralize the per particle
inorganic content (i.e. neutralized to (NH4),SO4, NH4sNO3, and NH4CI). The correlation
is reasonable (R* = 0.75; slope = 0.95). The particles displayed in Figure 4-13a have
NH4Cl mass fractions of 0.40 or greater and most were internally mixed with NH4NO;.
The NH4NO; mass fraction of each particle is indicated by the color of the data points as
indicated in the legend. In Figure 4-13b we show the mass spectrum for the single
particle denoted with an arrow in Figure 4-13a. The mass spectrum shows that this
particle was predominately NH4CIl combined with some NH4sNO; and very little organic.
Based on these observations, we conclude that a significant fraction of the particulate

chloride measured with the LS-ToF-AMS at T1 was in the form of NH4Cl.

4.6 SUMMARY

This chapter reported the first single particle results obtained with the Aerodyne
time-of-flight aerosol mass spectrometer equipped with a light scattering module (LS-
ToF-AMS). The LS-ToF-AMS was deployed during the MILAGRO 2006 campaign at
the T1 ground site ~ 40 km northeast of Mexico City. With the LS-ToF-AMS single
particle and ensemble average aerosol properties were measured from the same operating
platform. While operating in the single particle mode, 12,853 optically-triggered single

particle mass spectra were saved and analyzed during 75 hours of continuous sampling.
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Analysis of the mass composition of the single particles allowed the LS-ToF-AMS to
provide insights about the mixing state, source contributions and chemical
transformations of the ambient aerosol particles in the MCMA. The following results

were obtained in this study:

1. Using the single particle detection capabilities of this instrument, the detection

efficiency of the AMS was quantitatively determined.

2. Based on the time required for the particles to be vaporized, ionized and detected,
particles were categorized into three types: prompt vaporization, delayed vaporization,
and ‘null’ vaporization. Null particles are those detected optically but do not produce a
measurable chemical ion signal. Prompt particles made up 23% of the total number and
59% of the total mass. Delayed particles made up 26% of the total number and 38% of
the total mass. Null particles made up 51% of the total number and 3% of the total mass.
The study shows that the mass content of particles undergoing prompt vaporization is

reliably measured. Detailed analysis was preformed for this class of particles.

3. The single particle mass measurement was shown to be in quantitative agreement

with average ensemble mass measurements.

4. The single particle mass components were categorized into HOA, OOA, NH4NOs,

(NH4)2S04, and NH4Cl fractions and were displayed as a function of sampling time.

5. The measurement of chemical composition allowed the identification of time periods
during which the ambient ensemble was externally mixed. In some cases the chemical

composition of the particles suggested a likely source.
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6. During morning rush hour (4:00-9:00 LT) each day the ambient ensemble was an
external mixture of combustion-generated unprocessed HOA particles from local traffic

and other particles of mixed composition.

7. From 9:00-12:00 LT all particles within the ambient ensemble, including HOA
particles originating from local traffic sources, were coated with NH4NO; due to
photochemical production HNOs;. NH4NO; condensation was more rapid than OOA

condensation during the late morning hours.

9. During the afternoon hours (12:00-18:00 LT), OOA condensation occurred, causing
an increase in the average single particle OOA mass fraction of the majority of the single

particles.

10. During a single time period, gas-to-particle condensation of (NH4),SO4 was observed

within a strong SO; (o) plume arriving at T1 from the northwest.

11. Particles with high NH4Cl mass fractions were identified during early morning

periods.

12. Particles with mass spectral features characterized by biomass burning were also

identified.
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CCN ACTIVATION STUDIES
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5.1 OVERVIEW

As outlined in chapter 1, atmospheric aerosol particles influence global climate by
direct and indirect processes. The direct effect of aerosols is due to the absorption,
reflection, and scattering of incoming solar radiation by the particles themselves. The
indirect process involves atmospheric particles serving as cloud condensation nuclei
(CCN) on which water vapor condenses to form cloud droplets. The newly formed
clouds then influence the incoming and outgoing radiation. The radiative forcing caused
by the indirect effect of aerosol particles is highly uncertain (-0.7 [-1.8 to -0.3] W/m?)
(See Figure 1-2 in Chapter 1, IPCC, 2007). In fact, the indirect effect of aerosol particles
contributes the largest uncertainty to current estimates of the total anthropogenic forcing
of the earth-atmosphere system. Therefore, particle properties that control CCN activity
must be studied. In this chapter we explore the influence of shape, size, and chemical

composition (i.e. solubility) on the CCN activity of aerosol particles.

Results from CCN activity experiments with three different particle types are
presented: (1) highly water soluble (NH4),SOy, (2) slightly water soluble adipic acid and
(3) water insoluble soot particles. The full range of water solubility expected in the
ambient atmosphere can be examined through experiments with these three systems.
Initial experiments were conducted on nascent, pure-component particles of each
composition. To account for more complex chemical compositions encountered under
ambient conditions, particles were coated with other atmospherically relevant
compounds. Changes in CCN activity were monitored as a function of the amount and
type of coating. The overall objective of the CCN experiments presented here is to gain a

more complete understanding of the factors controlling the CCN activity of ambient
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aerosol particles. As in the previous chapters, the use of multiple instrumental methods
to gain a comprehensive measurement of the physical and chemical properties of the

particles is a key feature of the work described.

The chapter begins with a description of Koéhler theory, which relates the water
supersaturation necessary for CCN activation to the physical (size) and chemical
(solubility) properties of a particle. The influence of surface tension, phase, shape, and
mixed composition on CCN activation theory is reviewed. The experimental apparatus
used to generate, coat, and analyze the particles is then described with an emphasis on the
utility of combining measurements from multiple instruments to fully characterize the
particle properties of interest. Results from CCN experiments with the three particle
systems; (NH4),SOs, adipic acid, and soot are then presented. Results are discussed in
the context of how the laboratory measurements can be used to inform ambient aerosol

CCN activation.

Part of this chapter is published in Hings, S.S., Wrobel, W.C., Cross, E.S.,
Worsnop, D.R., Davidovits, P. & Onasch, T.B. 2008, "CCN activation experiments with
adipic acid: effect of particle phase and adipic acid coatings on soluble and insoluble

particles", Atmospheric Chemistry and Physics, vol. 8, no. 14, pp. 3735-3748.

5.2 BACKGROUND AND THEORY

Particles emitted at the surface of the earth are transported upwards in the
atmosphere via convective mixing. As a result, the particles pass through regions of air
where the water vapor content is higher than 100% relative humidity (i.e. supersaturated).

Due to this supersaturated air, water vapor may condense onto the particles causing them
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to grow into cloud droplets (d, ~ 10 pm). Whether a given particle will form a cloud
droplet depends upon the water vapor pressure over the surface of the particle and the
chemical composition and size of the particle itself. Standard Kohler theory describes the
condensational growth of a particle of known composition and size as a function of the

supersaturation ratio S,, (Pruppacher and Klett, 1997):

S, = P _ 7., X, exp( 4M,0
p RTp d

0 w p

) (5-1)

Here, p is the vapor pressure of water over the solution droplet, py is the
equilibrium vapor pressure over a flat surface, y, is the activity of water, x,, is the mole
fraction of water in the aqueous solution, M,, is the molar mass of water, ¢ is the surface
tension of the solution droplet, R is the universal gas constant, 7 is the temperature, p,, is
the density of water, and d, is the diameter of the droplet at water vapor pressure p. This
diameter will be designated as the solution droplet diameter.

The product y,, x,, represents the Raoult (or solution) effect, which increases with
increasing wet diameter d,. The exponential term represents the Kelvin (or curvature)
effect, which decreases with increasing wet diameter. These two competing effects result
in a maximum with respect to d, for Eq. (5-1) (See Figure 5-1).

The term commonly used to describe particle growth by vapor condensation is
supersaturation (S, in percent) defined as:

S=(S,-1)-100 (5-2)

Figure 5-1 displays S as a function of the solution droplet diameter d, for a
particle composed of adipic acid with an original dry diameter of 145 nm. The maximum

of this curve is known as the critical supersaturation (S;). For a 145 nm adipic acid
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particle S, = 0.166%, implying that this particle would act as a CCN if the ambient
supersaturation were greater than 0.166%. Standard Kohler theory describes the
activation of single-component aqueous solution droplets and is used here to model the

CCN activity of (NH4)>SO4 and completely dissolved adipic acid.
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Figure 5-1. Calculated supersaturation S as a function of the solution droplet diameter d,
for a particle composed of adipic acid. The adipic acid particle has dry diameter 145 nm
and a critical supersaturation S, of 0.166%.

5.2.1 Influence of Surface Tension on S,
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Surface tension is a key parameter for calculating the supersaturation (S),) and
therefore the critical supersaturation (S.) (See Eq. 5-1 and 5-2). It has been shown that
dissolved, surface active, slightly soluble organic compounds can lower the surface
tension of aqueous solutions, depending on concentration, by as much as one third
(Shulman et al., 1996 and Facchini et al., 2000). A decrease in o lowers the critical
supersaturation as predicted by Kohler theory.

The surface tension of an adipic acid solution can be calculated from the
Szyszkowski-Langmuir equation as has been done by Henning et al. (2005):

c=0,T)-aTln(1+bC) (5-3)
Here, C is the concentration of dissolved carbon (moles of carbon per kg of water) and
ow(T) is the surface tension of water at temperature 7. The parameters a and b are
obtained by fitting the experimental results to Eq. 5-3. For pure adipic acid, Henning et

al. (2005) obtained a = 0.0106 and b = 11.836.

5.2.2 Mapping S, as a Function of Particle Size and Composition

To display the full range of CCN activity observed for particles in the ambient
atmosphere it is necessary to determine S, for the range of particle sizes and water
solubilities expected in the atmosphere. Using Eqs 5-1 and 5-2, S, values were calculated
as a function of dry particle diameter for ammonium sulfate, adipic acid, and an insoluble
but wettable substance. Results are shown in Figure 5-2. Ammonium sulfate is modeled
using the surface tension of water (0.072 J/m?) and represents a lower limit to CCN
activity observed in the atmosphere. In other words, ammonium sulfate particles will

activate to form water droplets at lower supersaturations, as compared to other
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atmospheric species. Adipic acid is modeled with both the concentration-dependent
surface tension defined by the Szyszkowski-Langmuir equation (Eq. 5-3; ranging from
0.060- 0.072 J/m* for 30-300 nm adipic acid particles) and the surface tension of water
(0.072 J/m?). The black line in Figure 5-2 is the critical supersaturation for a pure water
droplet. This line models the growth of an insoluble but wettable spherical surface and is
hereafter referred to as the “wettable line”. The wettable line represents an upper limit of
CCN activity observed in the atmosphere. The range of S, values and dry particle
diameters plotted in Figure 5-2 encompass the range of conditions expected in the
ambient atmosphere. Therefore, Figure 5-2 serves as the map for displaying and

interpreting the experimental data discussed in the following sections.
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Figure 5-2. Critical supersaturations as a function of initially dry particle diameter,
calculated from Kohler theory for ammonium sulfate (red), adipic acid (yellow) and an
insoluble but wettable substance (black). The lines for adipic acid have been modeled in
two different ways: using the surface tension of water (dashed line) and using a
concentration-dependent surface tension defined by the Szyszkowski-Langmuir equation
(solid line). See text for details.

5.2.3 Role of Particle Phase in Activation of Single-Component Aerosols

Bilde and Svenningsson (2004) studied the role of phase in the CCN activation of
adipic acid particles and found that deliquesced (“wet”) adipic acid droplets activate at
lower S, than initially dry adipic acid particles. Kreidenweis et al. (2006) suggested that
below a certain particle diameter, deliquescence of initially dry organic compounds of
low water-solubility occurs at higher water vapor pressure than the critical
supersaturation for CCN activation. In such a case, there is an activation barrier to the
onset of cloud droplet growth governed by the deliquescence of the organic species (Hori
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et al., 2003, and Broekhuizen et al., 2004). Therefore, two CCN activation regimes are
identified for particles composed of slightly soluble organic compounds. For larger
particles, CCN activation is governed by the Kohler theory. For relatively smaller
particles, the CCN activation is governed by the deliquescence transition. The

deliquescence pressure ratio, given by (Pruppacher and Klett, 1997), is

£ = ]/W exp(wj (5_4)
Po d.p,,RT

Here, oy, is the surface tension of the saturated droplet, and d; the dry particle
diameter. We note that the surface tension used in Eq. 5-4 is that of a saturated solution
whereas in Eq. 5-1, the solution need not be saturated.

The % deliquescence supersaturation Sy, is obtained in a way analogous to Eq. 5-
2.  For smaller particles and certain single-component, low water-soluble organic
aerosols (including adipic acid) the parameter Sz can be larger than the predicted critical
supersaturation calculated via Eqs. 5-1 and 5-2. When Sz > S.. catcutatea, cloud-droplet
activation is controlled by the deliquescence of the particles and activation occurs when
the water vapor pressure is high enough to cause particle deliquescence, that is, CCN
activation occurs at Sgz;. However, when the condition is reached such that Sy, < S,
caleulated> cloud-droplet activation occurs at S, caicuiarea- In short, a single-component adipic
acid aerosol will only activate as a CCN after the particle has deliquesced. The water
vapor pressure at which a particle will deliquesce (at the calculated Sz value) is also
known as its deliquescence relative humidity (DRH). It must be noted that CCN

activation can only occur at the S;; when the particle is initially dry and when Sy, > S,
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caleulated-  10itially wet particles have already deliquesced and therefore will activate at the
S, value predicted by Kdhler theory.

Figure 5-3 shows deliquescent supersaturations Sg; as a function of dry particle
diameter calculated from Eq. 5-4 using water activities of y,, = 0.990 and y,, = 0.997. The
deliquescent curves are strongly dependent on y,,. For example, at S;; = 0.3%, a particle
with a water activity of 0.990 will deliquesce at 165 nm whereas a particle with a water
activity of 0.997 will deliquesce at diameter 298 nm.

Reliable activity data for adipic acid are not available and therefore activity must
be calculated based on solubility and molecular weight. Using a bulk solubility of 25 g/L,
Kreidenweis et al. (2006) calculated the activity coefficient of adipic acid to be 0.997.
The quoted solubility is accurate to only two figures. Therefore, the activity coefficient is
not likely to be more accurate. In Figure 5-3 we show calculated deliquescence curves
for activity coefficients of 0.990 (gray) and 0.997 (green). The indicated borders for each
7w are calculations with the two limits of surface tension quoted in the text (¢ between
0.060 and 0.072 J/m?). As will be shown in Section 5.4.2, y,, = 0.990 provides a better fit

to our experimental results.
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Figure 5-3. Calculated deliquescent supersaturations Sz (plotted on the S, axis) as a
function of the dry particle diameter for adipic acid using water activities of 0.990 (gray)
and 0.997 (green). The upper bound for each activity corresponds to a surface tension of
0.072 J/m” while the lower bound corresponds to a surface tension of 0.060 J/m”.

5.2.4 Determination of the Particle Shape Factor

Particle shape can influence the CCN activity of atmospheric aerosols. Because
the methods of aerosol generation used in this and other studies may produce particles
that are not spherical, the shape factor needs to be considered in CCN activity
measurements. Observation of the shape of aerosol particles is usually performed with
electron microscopy. Such observations are complicated because it is difficult to collect
the particles without altering their shape. Several attempts were made to observe the
particles used in this study with a scanning electron microscope. However, no consistent

or reliable data were obtained. Therefore, tandem SMPS-AMS measurements were used
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to measure the dynamic shape factor. As described in detail in Chapter 2, Section 2.2.2,
this method involves selecting particles by mobility with a DMA and measuring the
resulting mobility diameter (d,,) and vacuum aerodynamic diameter (d,,) distributions
with an SMPS and AMS respectively. The combined measurements of d,, and d,, can be
used to determine the particle dynamic shape factor (y).

The general expression for relating d,, and d,, measurements is:

d, X, X, P
d
B (5-4)
Cc[dvn ‘Zv pOJ C((dm)
P,

Here, y, and y, are the dynamic shape factors in the free molecular and the transition
regimes, py is unit density, p, is the particle density, and C.(d) is the Cunningham slip
correction factor. If one assumes that y; = y, then for a known particle density p , (which
is equal to p , for particles without internal voids), the dynamic shape factor y of the
particles can be estimated (DeCarlo et al., 2004). The dynamic shape factor y is equal to
unity for spherical particles without internal voids and larger than unity for nonspherical

particles. Results of these shape factor determinations are discussed in Section 5.4.2.3

5.2.5 Considerations for CCN Activity of Coated Ammonium Sulfate Particles

In the present work, the activation of ammonium sulfate particles coated by
initially dry adipic acid is also studied. In such a case, the possibility exists that the
droplet contains an undissolved adipic acid core surrounded by a solution of water, adipic
acid, and ammonium sulfate. = The presence of the ammonium sulfate allows

condensational growth of the particle by addition of water without causing the complete
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deliquescence of the adipic acid. The presence of such a slightly soluble core that
gradually dissolves as the droplet grows modifies the overall shape of the Kohler growth
curve. Shulman et al. (1996) modified the standard Kdhler theory to describe the effect
of such a mixed composition on the activation of an aerosol particle into a cloud droplet.
Our modeling calculations show that under our experimental conditions, the predictions

of the standard and modified Kohler theories are the same.

5.3 EXPERIMENTAL
5.3.1 Apparatus

A schematic diagram of the experimental apparatus is shown in Figure 5-4. The
main components of the set-up are: A particle generation system, a particle coating
system, two differential mobility analyzers (DMA I, TSI Model 3071A, and DMA 1I, TSI
Model 3080), a condensation particle counter (CPC, TSI Model 3010), a continuous-flow
streamwise thermal-gradient CCN counter (CCNC, Droplet Measurement Technologies),
and a Time-of-Flight Aerosol Mass Spectrometer equipped with a light scattering module

(LS-ToF-AMS).
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Figure 5-4: Schematic of experimental apparatus used during the CCN experiments.

The operating details of the DMA, CPC, LS-ToF-AMS, and CCNC were
described in Chapter 2. Here an overview of the CCNC instrument is provided along

with an explanation of how S, is determined.

5.3.2 Cloud Condensation Nuclei Counter

The DMT (Droplet Measurement Technologies) Cloud Condensation Nuclei
Counter (CCNC) used in this study is operated in a continuous flow mode. That is, the
instrument provides fast sampling by continually monitoring the CCN activity of the
particles passing through it. The instrument is capable of generating nearly constant
values of supersaturation between 0.07% and 3.7%. The stated accuracy of these
supersaturation values is +2% Supersaturation is easily controlled and maintained,
making it possible to scan the full range of supersaturations for a given particle size.

The aerosol flow introduced into the CCNC instrument is split into an aerosol and

a sheath flow. The sheath flow is filtered, humidified and heated. This sheath flow
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constrains the main aerosol flow to the centerline of the cylindrical CCNC column. The
inner wall of the CCNC column is continually wetted and a positive temperature gradient
dT is applied to the CCNC column in the direction of the flow. Water vapor
supersaturation is therefore generated along the centerline of the CCNC column (due to
the difference in diffusion rates between water and heat). Particles begin to grow at the
point when the supersaturation inside the instrument is equal to S.. Droplets that grow to
diameters larger than 1 pm are detected by an optical particle counter (OPC) at the exit of
the column and are defined as CCN active particles.

The supersaturation in the CCNC column is primarily a function of the
temperature difference (d7) between the top (upstream) and the bottom (downstream) of
the CCNC column. It also depends on the flow and the pressure inside the instrument.
The relationship between supersaturation (S) and the measured temperature difference
(d7T) inside the CCN column is determined by calibration with ammonium sulfate
particles at a specific flow and pressure. To obtain reliable experimental results, the
CCNC apparatus was carefully calibrated before and after each CCN experiment.
Specific details relevant to the calibration measurements used for the current work are

presented in Appendix SA.

5.3.3 Measurement of S,

After particle generation and size-selection, the aerosol flow is iso-kinetically
split between the DMA II/CCNC system (2.0 Lpm) and LS-ToF-AMS system (0.08
Lpm). Before and after each CCN experiment (i.e., every time a new particle size is

selected), DMA II and the CPC are used as a scanning mobility particle sizer (SMPS) to
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measure the size distribution of the particles (See section 2.2.2 for a description of the
SMPS). When measuring the CCN activity of a certain particle type, the particles are
size-selected a second time with DMA II in accord with the mode diameter determined
during the SMPS scan. In this way the function of the second DMA switches between
scanning and size selecting the distribution. When the particles are uncoated, the mode
diameter of the SMPS trace is the same as the diameter selected with DMA 1. However,
when the particles are coated, DMA 1I selects the coated diameter of the particles. The
resulting monodisperse aerosol flow exiting DMA 1I is split between the CCNC (1.0
Lpm) and the CPC (1.0 Lpm).

The supersaturation in the CCNC is varied between 0.07% and 3.7% by setting
the CCNC instrument d7 between 1.5 and 27 K. During all experiments, the CCNC was
operated at a total flow rate of 1 Lpm.

The fraction of CCN activated aerosol is the ratio of the number concentration of
CCN droplets measured by the CCNC (N¢en, number of particles that grow larger than 1
um, detected by the optical particle counter (OPC)), to the total number concentration of
particles measured by the CPC (Ncpc). The critical supersaturation at a particular aerosol

size 1s defined as the supersaturation at which 50% of the particles grow into droplets

(when = Neew 0.5).
CpPC

The method of determining the critical supersaturation (S,) is illustrated in Figure
5-5 that shows examples of activation curves measured for 45 nm and 31 nm ammonium
sulfate. The curves are generated by measuring the fraction of activated aerosol and

plotting this number as a function of the temperature difference d7 in the CCNC column.
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The plot is fitted with a sigmoid function to find the critical temperature difference (d7,)
where the activated fraction is 0.5. The critical supersaturation is then calculated from
the calibration curve described in Appendix SA. The width of the sigmoidal curve is due
to the spread in the aerosol size distribution determined by the flow conditions and

subsequent transmission function of DMA L.
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Figure 5-5: Sample activation curves for 31 nm (red) and 45 nm (blue) ammonium

sulfate particles. The critical supersaturation (S.) calculated from the critical temperature
(dT,) is the supersaturation where 50% of the particles are activated.

5.3.4 Combining Measurements of CCN activity with SMPS and AMS
Measurements

The CCNC measurement of the S, is a function of the particle composition, size,
shape, density and phase (liquid or solid). In these experiments, the CCN measurement is

combined with measurements of the non-refractory chemical composition, vacuum
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aerodynamic diameter and mobility diameter. In this way, measured changes in CCN
activity are directly correlated with changes in particle shape, density, and chemical

composition.

5.3.5 Summary of Particle Generation Techniques

One critical aspect of the experimental apparatus is the stable and reproducible
generation of each particle type of interest. In this section the particle generation
methods for ammonium sulfate, adipic acid, and soot particles are reviewed. Each
particle system studied starts with the generation of a polydisperse size distribution of
particles. This distribution is size selected with DMA I, and the resulting monodisperse
distribution of particles is then characterized with the CCNC-SMPS-AMS instruments.
In the case of coated particles, the monodisperse distribution of particles from DMA 1, is
passed over a heated reservoir containing the coating material. The temperature of the
reservoir is adjusted to vary the thickness of the coating.
5.3.5.1 Ammonium Sulfate Particles

Ammonium sulfate particles are generated by atomizing aqueous solutions of
ammonium sulfate and passing the solution droplets through diffusion driers as shown in
Figure 5-4.
5.3.5.2 Adipic Acid Particles

Adipic acid particles are generated by three different methods: (1) atomization of
aqueous solutions of adipic acid, (2) homogeneous nucleation of adipic acid vapor, and

(3) condensation of adipic acid vapor onto ammonium sulfate seeds.
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In the case of homogeneous nucleation, adipic acid is heated in a round-bottom
flask to approximately 150 °C. The airflow through the nucleation region is 2 L/min.
The particles nucleate as the vapor is passed through a water-cooled condenser. This
generation method provides a stable concentration of pure dry (solid) adipic acid particles
which are then size selected with DMA 1.

For the adipic acid particles generated via condensation onto ammonium sulfate
seeds, the ammonium sulfate cores are first generated by atomization of an aqueous
solution. Prior to coating with adipic acid, the sulfate particles are dried and size selected
with DMA 1 (d,, core = 30 nm). The sulfate particles are coated via vapor deposition as
they pass through a heated reservoir containing adipic acid. The coating thickness of
adipic acid is controlled by the temperature of the reservoir.

Upon entering the CCNC column, the highly water-soluble ammonium sulfate
core absorbs enough water to completely dissolve the adipic acid, forming a concentrated
adipic acid-ammonium sulfate aqueous solution. We postulate that water reaches the
ammonium sulfate core either via diffusion through the adipic acid coating or by passage
through imperfections in the coating. Experiments as well as calculations (Section 5.4.2)
show that if the mass fraction of the ammonium sulfate core is small (< 15%), this
method provides an aerosol particle that, from the perspective of CCN activation, can be
considered to be a single-component ‘wet’ adipic acid particle.
5.3.5.3 Soot Particles

Soot particles are produced in a commercial McKenna burner by combustion of
ethlyene and oxygen, pre-mixed with a dilution flow of nitrogen (Slowik, 2006; Slowik,

Cross et al., 2007a; Slowik, Cross et al., 2007b; Cross et al., 2008; Wrobel, 2008).
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Depending on the operating conditions of the flame (i.e. the ratio of fuel to oxygen), soot
particles of different chemical composition and morphology are produced. For the CCN
experiments described here, soot cores were produced at low (2.0) and high (5.0) fuel-to-
air equivalence. The low equivalence ratio condition produced fractal soot particles,
primarily composed of black carbon (~ 95% by mass). The high equivalence ratio
condition produced spherical soot particles composed of ~ 50% black carbon and ~ 50%
non-refractory organic material (aliphatics and polycyclic aromatic hydrocarbons (PAHs)
condensed onto the surface of the black carbon core). For each type of soot particle,
polydisperse distributions were size selected with DMA 1. The size-selected soot
particles were then coated by passing the particles over a heated reservoir containing the

coating material of interest.

5.4 RESULTS AND DISCUSSION

5.4.1 Experiments with Ammonium Sulfate

Ammonium sulfate is prevalent in the atmosphere as a by-product of coal and fuel
combustion processes. It is one of the most water soluble species found among
atmospheric particles. Kohler theory indicates that pure ammonium sulfate particles with
dry diameters greater than 50 nm readily activate at supersaturations > 0.5% (See Figure
5-2). Supersaturations of this magnitude are routinely encountered in the ambient
atmosphere, suggesting that cloud formation will readily occur if ammonium sulfate

particles are present.
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Ammonium sulfate particles rarely exist in the ambient atmosphere as pure
ammonium sulfate. Instead, sulfate is routinely mixed with other chemical components
(primarily organic) which influence the water solubility and subsequent CCN activity of
the particles.

To gain insight into the CCN activation of ambient particles with a range of
residence times in the atmosphere, ammonium sulfate particles of known size were
coated with atmospherically relevant organic compounds. The organics were chosen on
the basis of water solubility and phase and included adipic acid, oleic acid, dioctyl
sebacate (DOS), and stearic acid. In each experiment, the SMPS-AMS-CCNC
instrument combination provided measurements of the shape, size, non-refractory
composition and S, of the coated particles.

As stated previously adipic acid is a slightly soluble organic solid. The first series
of coating experiments used adipic acid to determine the influence of a slightly soluble
compound on the CCN activity of ammonium sulfate. The second series of CCN
experiments tested the influence of two insoluble organic liquids: oleic acid and dioctyl
sebacate (DOS). The third set of experiments coated the sulfate particles coated with
stearic acid, an insoluble organic solid. The combined results provide a comparison
between the influence of insoluble solid and liquid organic coatings on the CCN
activation of ammonium sulfate particles. Where possible, experimental data points are
compared with model critical supersaturation curves obtained with modified Kohler

theory.
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5.4.1.1 Adipic acid-coated ammonium sulfate particles
Adipic acid is a slightly soluble organic compound with a water solubility of ~ 25

g/L. For reference, ammonium sulfate has a water solubility of 70.6 g/100 mL. Three
ammonium sulfate cores d.,. = 34, 53 and 73 nm were coated with adipic acid (coating
thickness ~5-34 nm). The CCN activity of the coated particles was measured as a
function of the total particle size (ammonium sulfate core + adipic acid coating). The
results show that as more and more adipic acid is added to the sulfate particles, the coated
particles tend to show CCN activation typical of pure adipic acid particles (See Figure 5-
6). The transition from the ammonium sulfate activation line to the adipic acid activation
line follows the paths modeled with modified Kohler theory (shown as the dashed lines in
Figure 5-6). This indicates that the CCN activity of the coated ammonium sulfate
particle is reasonably modeled by the calculation using modified Kohler theory that
accounts for the combined water activity of the solution droplet.

In all three cases, the uncoated ammonium sulfate particle activates on the
ammonium sulfate Kohler theory line, even though the particle is initially a dry solid.
Under these conditions, the calculated S, is greater than the water vapor pressure at which
particle deliquescence occurs. Ammonium sulfate particles deliquesce readily and the
water vapor pressure in the CCNC instrument is always above the deliquescence vapor
pressure for ammonium sulfate. As expected, with increasing adipic acid coating
thickness, the measured S, values rise above the ammonium sulfate Kohler theory line

and approach the adipic acid Kohler theory line.
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Figure 5-6: S, plotted as a function of particle diameter for adipic acid coated ammonium

sulfate particles of sizes d... = 34 nm (black), 53 nm (green) and 73 nm (blue) The
dashed lines are calculated using Kohler theory.

5.4.1.2 Oleic acid-coated and DOS-coated ammonium sulfate
Both oleic acid and DOS have very low water solubilities. Each organic material

is a liquid and will likely form a uniform coating around the ammonium sulfate core. In
this set of experiments, a 71 nm ammonium sulfate core was coated with oleic acid and a
46 nm and a 76 nm ammonium sulfate core was coated with DOS. For each organic

coating, modified Kohler theory was used to model the CCN response of the ammonium
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sulfate core to the different coating thicknesses. In each case the liquid organic coating
was considered to have a water solubility of 0.1 kg/mL. The experimental and model

data are displayed in Figure 5-7.
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Figure 5.7: S, plotted as a function of particle diameter for oleic acid (pink diamonds)
and DOS (green circles) coated ammonium sulfate particles. The dashed lines are
calculated using modified Kohler theory using a water solubility of 0.1 kg/mL for each of
the coating materials.
The data displayed in Figure 5-7 show excellent agreement between the measured
and modeled results for both the DOS and oleic acid coatings. This agreement implies

that, on the timescale of our experimental procedures, water is able to gain access to the
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ammonium sulfate core and cause activation to a cloud droplet. Further, even though the
DOS and oleic acid coatings essentially insoluble, a ~ 30 nm liquid organic coating
thickness is not sufficient to block CCN activation.
5.4.1.3 Stearic-acid coated ammonium sulfate

Stearic acid was used to test the influence of a solid insoluble coating on the CCN
activation of the ammonium sulfate particles. Experimental data for three ammonium
sulfate cores (d.ore = 37, 55, and 76 nm) coated with 50-100 nm of stearic acid are shown

in Figure 5-8.
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Figure 5-8: S, plotted as a function of particle diameter for stearic acid-coated
ammonium sulfate particles of sizes d o = 37 nm, 55 nm and 76 nm.
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In contrast to the adipic acid, oleic acid and DOS experiments, the stearic acid
coatings result in an increase in S, (the amount of water vapor necessary to cause CCN
activation) with increasing coating thickness. It appears that the CCN activity of the
ammonium sulfate core is shut down due to the stearic acid coating. One explanation for
this observation is that the ammonium sulfate core has become encapsulated within a
shell of stearic acid. As a result, on the time scale of the experiment (residence time of
the coated particles in the CCNC column) water vapor cannot access the hygroscopic
core, and the CCN activation is consequently inhibited. Further experiments with
insoluble solids such as stearic acid, must be completed to quantify the influence of water

insoluble coatings on the CCN activity of ammonium sulfate aerosol particles.

5.4.1.4 Conclusions for CCN activation experiments with coated ammonium sulfate.

The experiments with adipic acid-coated ammonium sulfate aerosol particles
indicate that the addition of a small mass fraction of a hydrophilic soluble compound (e.g.
ammonium sulfate) to dry adipic acid particles eliminates the effect of particle phase on
CCN activation, in agreement with Bilde and Svenningsson (2004). The data suggest
that if ammonium sulfate particles are coated with slightly soluble organic solids in the
atmosphere, their CCN activation will be controlled by the volume additive solubility of
the mixed particle. Cloud condensation nuclei experiments with ammonium sulfate
particles coated with insoluble liquid organic material indicate that water vapor is capable
of accessing the hygroscopic core and forming cloud droplets with coating thickness of ~
50 nm liquid organic. In all cases, the CCN activation is effectively modeled with a

liquid organic water solubility of 0.1 kg/mL. Insoluble solid organic coatings begin to
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shut down CCN activity of ammonium sulfate particles after ~ 25 nm coating thickness.
The results from the ammonium sulfate coating experiments demonstrate that relatively
small changes in the chemical composition can significantly alter the CCN activity of a
given particle. The observations presented in this section underlie the importance of

understanding how aerosol particles change as they are processed in the atmosphere.

5.4.2 Experiments with Adipic Acid

The purpose of the work with adipic acid is to understand the factors governing
the CCN activity of slightly soluble organic compounds and to explain the wide
variations in the published critical supersaturation measurements for adipic acid. The
current work spans the conditions of the previous studies and also provides alternate
methods for producing ‘wet’ and dry adipic acid particles without the need to produce
them by atomization of aqueous solutions.

The previous 11 published studies of adipic acid generated the adipic acid
particles by atomization of aqueous solutions. In order to explore the full range of
experimental conditions, adipic acid particles were generated by atomization and by
condensation of adipic acid vapor. The following measurements were performed to study
the CCN activity of adipic acid:

(1) CCN activity of dry adipic acid particles generated by atomization.

(2) CCN activity of dry adipic acid generated by homogeneous nucleation

(condensation of adipic acid vapor).

(3) CCN activity of wet adipic acid particles generated by atomization.
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(4) CCN activity of wet adipic acid particles generated by vapor deposition of a

mass fraction of >85% adipic acid on small ammonium sulfate cores. (This

method of generating wet adipic acid is discussed in detail.)

5.4.2.1 Previously published S, data for adipic acid

Figure 5-9 shows published adipic acid critical supersaturation data as a function of

particle diameter from 11 studies. In all experiments, particles were formed by atomizing

aqueous solutions of adipic acid. Particles were subsequently dried to relative humidities

between 5 and 20%. In one case only, particles were kept wet as supersaturated (i.e.,

deliquesced) solution droplets (designated in the figure as “wet”). In one set of

experiments, Rissman et al. (2007) heated the adipic acid particles prior to drying them.

Critical Supersaturation S, (%)

YT T B B S 0 i T

T e — T T
100

Diameter of Dry Particle (nm)

Koéhler Theory for:
— Insoluble but Wettable Substance
Adipic Acid

— Ammonium Sulfate

Published Data:

- Cruz and Pandis (1997)
Corrigan and Novakov (1999)

= Prenni et al. (2001)

- Raymond and Pandis (2002)

- Huff Hartz et al. (2005)
Rissman et al. (2007)

- Rissman et al. (2007), (heated)

- Broekhuizen et al. (2004)

- Hori et al. (2003)

- Bilde and Svenningsson (2004)

4

bddddil

- Bilde and Svenningsson (2004), (wet)

Figure 5-9. Published critical supersaturations (S,) for adipic acid as a function of dry
particle size. Particles were obtained by atomizing aqueous solutions. The source of the
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data is shown by the symbols as identified in the insert. The state of the particles prior to
activation was dry unless otherwise noted. Critical supersaturations predicted by the
standard Kohler theory are shown as solid lines for ammonium sulfate (red line), adipic
acid (orange line), and an insoluble but wettable substance (black line). See text for
details.

The published data for adipic acid exhibit significant scatter. For example, at 1%
supersaturation, measured critical diameters for adipic acid particles vary from 50 nm to
180 nm. The measurements of Bilde and Svenningsson (2004) for wet particles fall close
to the standard Kohler theory line for adipic acid. The measurements of Rissman et al.
(2007) for the largest sized particles approach the predictions of the Kohler theory. All
other data show higher critical supersaturations than predicted by the Kohler theory. The
large variations in measured supersaturation are likely caused by particle phase
differences (Bilde and Svenningsson, 2004), differences in particle preparation (Rissman
et al., 2007), as will be discussed, and also possibly due to methods of CCN measurement

(see Appendix 5A).
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5.4.2.2 Dry Adipic Acid Particles Generated by Atomization

In this set of experiments, the CCN activation of adipic acid particles (50 nm < d,,
<250 nm) generated by atomization of adipic acid solutions is measured. About 15 such
independent experimental CCN activation experiments were conducted. Reproducible
data sets with adipic acid aerosols produced by atomization were not obtained and the
cause of this irreproducibility was not determined. Most likely the scatter in the data is

due to trace impurities in the solution which we were not able to completely eliminate.

5.4.2.3 Homogenously Nucleated Dry Adipic Acid Particles

The results of CCN activation experiments with dry adipic acid particles
generated by homogeneous nucleation of adipic acid vapor are shown in Figure 5-10 as
blue points. Here, the measured critical supersaturation (S.) is shown as a function of dry
particle diameter (d;). Each critical supersaturation value in the figure is the average of at
least three measurements for every dry particle diameter (the standard deviation is
indicated by the error bars). Measurements were conducted over a period of several days
to ensure reproducibility. The standard deviation of the measurements is in all cases

except one less than 4% of the measured S, values.

The solid lines are the same calculated Ko6hler lines shown in Figures 5-1 and 5-3.
The shaded area models the deliquescence of the particles according to the Kelvin
equation (Eq. 5-4) as discussed in section 5.2. The surface tension of saturated aqueous
adipic acid droplets larger than 40 nm is calculated to have values between 0.060 and
0.072 J/m* (See Eq. 5-3). A water activity over a saturated adipic acid solution of y,, =

0.99 was chosen to provide a best fit to the experimental data. The borders of the shaded
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region are obtained with the two limiting values of calculated surface tension (0.060 and

0.072 J/m?).
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Figure 5-10. S, plotted as a function of particle diameter for dry adipic acid particles
(blue symbols). Kohler theory lines are the same as in Figures 5-1 and 5-3. The shaded
area is the deliquescence region calculated from Eq. 5-4 with y,, = 0.990. The upper and

lower bounds correspond to solution surface tensions of 0.072 and 0.060 J/m?,
respectively.

As is evident, the CCN activities of particles smaller than 150 nm in diameter are
not governed by standard Kohler theory. The activation of the smaller particles more
closely follows the predictions of the deliquescence calculations, although the fit is not
exact. Still, the general trend in the measurements for adipic acid particles smaller than
150 nm follows the deliquescence model, supporting the suggestion of Hori et al. (2003)

and Kreidenweis et al. (2006) that deliquescence-controlled activation may govern
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droplet formation for small, slightly soluble organic particles. The smallest particle (d,, =
88 nm) in this set of measurements behaves as a particle composed of an insoluble
wettable material. We could not obtain data for particles smaller than d,, ~ 88 nm
because to produce such small particles with our homogenous nucleation apparatus, we
had to reduce the adipic acid vapor pressure to a point where the number of particles
produced was too small to perform CCN experiments. The activation of particles larger
than ~150 nm follows standard Kohler theory.

As described in section 5.2.4, the dynamic shape factor y of the particles can be
estimated from SMPS, AMS size measurements via Eq. 5-4. Using the adipic acid bulk
density of 1.36 g/cm’, we estimate the dynamic shape factors to be as shown in Table 5-
1. The use of bulk density in Eq. 5-5 assumes that the particle does not contain internal
voids. This seems to be a reasonable assumption for particles that are formed by vapor
condensation. The uncertainties in y are primarily due to the uncertainty in the measured
vacuum aerodynamic diameter (d,,), which is approximately + 15%. Within these error

limits, the particles do not appear to deviate significantly from a spherical shape (y = 1.0).

d, x4y

100 1.04£0.16
125 1.10£0.19
151 1.22£0.19
188 1.24£0.19
200 1.26 £0.19

Table 5-1: Estimated particle dynamic shape factors as a function of particle size for dry
adipic acid generated by homogeneous nucleation.
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5.4.2.4 Comparison with Previous Studies
The CCN activation curve for the nucleation-generated dry adipic acid is
combined with the previously published CCN activation data for dry adipic acid in Figure

5-11.

Kahler Theory for:

— Insoluble but Wettable Substance
Adipic Acid

—— Ammonium Sulfate

Published Data:

—+- Cruz and Pandis (1997)
Corrigan and Novakov (1999)

—4- Prenni et al. (2001)

~o- Raymond and Pandis (2002)

- =x - Huff Hartz et al. (2005)

Rissman et al. (2007)

- —&- Rissman et al. (2007), (heated)

—+- Broekhuizen et al. (2004)

— - Hori et al. (2003)

=x - Bilde and Svenningsson (2004)

Critical Supersaturation S_ (%)

=2 Our data (average)

1 T 7]

a4 5 6 9
100

Diameter of Dry Particle (nm)

n
w -

Figure 5-11: S, plotted as a function of particle diameter for dry adipic acid particles
from previously published studies (as in Figure 5-1) shown together with our
measurements.

Some of the published S, measurements are above and some are below the value
for the nucleated adipic acid. The wide scatter in the measured CCN activity obtained in
the previous studies suggests that some significant parameter or parameters vary from
experiment to experiment. Our experiments do not provide an explanation for these
discrepancies, however we can suggest some possible factors that may affect the results.

Because all previously published experiments were performed with aerosol generated by
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atomization, it is possible that solution impurities are one cause of the scatter in the data.
Note that all the previously obtained S, results fall above the Kohler curve. That is, the
data points are all within the region where deliquescence governs the onset of activation.
Therefore, if impurities are the cause of the scatter, they must be such that some promote
and others hinder particle deliquescence.

Another possible reason for the scatter in the published measurements of S, may
be related to the shape of the particles produced by the atomization and drying process.
The volume-equivalent diameter (d,.) of a non-spherical particle is smaller than its
electrical mobility diameter (d,) (DeCarlo et al, 2004). In all the published
measurements, the reported diameter is the mobility diameter as measured by a DMA
instrument. If the atomization-generated particles are non-spherical, their effective
diameter is smaller than their measured d,,. Were this the case, the data points would be
shifted to the left (i.e., to a smaller effective diameter) placing the published data closer to
the results obtained in our studies. A possible confirmation of this hypothesis is
provided by the data of Rissman et al., (2007) which plots data for both heated and
unheated adipic acid particles. The heated adipic acid particle data fall to the left of the
unheated adipic acid data (i.e., the heated adipic acid particles have a smaller effective
diameter than the unheated particles). This might be due to a reorganization of the adipic
acid during heating, resulting in more spherical adipic acid particles.

As is shown in Appendix 5A, the calibration of the CCNC instrument is a critical
part of these experiments. Slight miscalibrations of the CCNC instrument prevent

accurate measurements of S, values. Variations in the calibration of the CCN instrument
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from one experimental group to another cannot be ruled out as one of the causes for the

scatter in the data.

5.4.2.5 Wet Adipic Acid

As is shown in Figure 5-11, there is only one previously published CCN
activation study for wet adipic acid aerosol particles. The results of the published study
are in agreement with standard Kohler theory. As stated earlier, consistent measurements
with either wet or dry adipic acid aerosol produced by atomization were not obtained.
Most of our wet adipic acid measurements (from 5 independent runs) fell below the
critical supersaturation predicted by the Kohler theory. We attribute the scatter in these
data to residual impurities, most likely ammonia, which can play a role in experiments
with wet adipic acid produced by atomization. The CCN activity of initially dry adipic

acid, however, is reported to be unaffected by ammonia (Dinar et al., 2008).

To eliminate possible impurities in the adipic acid particles (such as
contamination by ammonia resulting from the atomization process), we generated
effectively wet adipic acid aerosol by coating small ammonium sulfate cores with adipic
acid by vapor deposition (described as particle type (4) in section 5.4.2). Experiments
were conducted with three ammonium sulfate core sizes (d.e = 34 nm, 53 nm, 73 nm)
coated with adipic acid. In this subset of experiments, the adipic acid mass fraction was
in all cases greater than 0.85. Under these conditions, the calculated S, of the dual-
component aerosol particle is the same to within 10% as the S, of a single-component

adipic acid particle of equivalent diameter. A plot of S, as a function of wet adipic acid
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particle diameter is shown in Figure 5-12. Data from the present work are displayed as
blue points. Data of Bilde and Svenningsson (2004) are shown as light blue stars. As is

evident, the data are in accord with standard Kohler theory.
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Figure 5-12: Plot of S, as a function of wet adipic acid particle diameter. Data from

present work are displayed as blue points. Data of Bilde and Svenningsson (2004) are
shown as light blue stars.

5.4.2.6 Conclusions of CCN activity experiments with adipic acid
The CCN activity of both dry and ‘wet’ (deliquesced solution droplets) adipic

acid particles and the effect of adipic acid coatings on the CCN activity of soluble and

insoluble particles were determined. The results of the experiments lead to the following

conclusions:
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In accord with earlier suggestions (Hori et al., 2003; Kreidenweis et al., 2006),
the CCN activation of small (d,, < 150 nm), dry slightly soluble organic particles is
governed by the deliquescence of the particles (where S;; > calculated S.), and CCN
activation follows the deliquescence curve for the particles. For larger dry particles,
where Sy < calculated S., CCN activation follows the Kohler curve. As expected,
‘wet’ adipic acid particles activate at the supersaturations predicted by Kohler theory for

all sizes measured in this study (70-200 nm).

A solvent-independent method for generating pure organic particles (via
homogeneous nucleation) was used for this study and found to provide results that were
more reproducible than those obtained in our experiments as well as previously published
experiments with particles produced by atomizing solutions. The homogeneously
nucleated particles were measured to be nearly spherical (y < 1.2). These results suggest
that the observed scatter in the published literature for the CCN activity of adipic acid
particles may be related to either the impurities in the solvents used or the inadvertent

formation of non-spherical particles.

5.4.3 Soot Particle CCN Studies

As discussed in Chapter 4, soot particles are emitted directly into the atmosphere
as a product of incomplete combustion of fossil fuels. Soot particles are initially
hydrophobic and CCN inactive. As the need for a better understanding of CCN processes
has risen, the role of soot particles in cloud formation has gained much interest (Andreae
and Rosenfeld, 2008; Baumgardner et al., 2004; Dusek et al., 2006; Bond, 2007; Zuberi

et al., 2005). Specifically, this interest is driven by the potential optical effect that soot
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nuclei could have on the albedo of a cloud (Ramanathan and Carmichael, 2008;
Mikhailov et al., 2006). It is possible for soot particles to act as CCN if they become
coated with water-soluble species as a result of atmospheric processing during their
residence time in the atmosphere (Cross et al., 2008). To measure the influence of soot
particle CCN activation, three different soot systems were studied: Soot coated with
slightly soluble adipic acid, soot coated with sulfuric acid, and soot oxidized in the
presence of ozone (O3) and hydroxyl radicals (OH). Results from the three different soot
activation studies are provided in the following sections.
5.4.3.1 Nascent uncoated soot

Before showing the change in CCN activation of coated soot particles it is
necessary to illustrate the CCN inactivity of the nascent soot particles generated with our
apparatus. At a supersaturation of 3.7% (the maximum possible in the CCNC instrument
used here) zero CCN activation was observed for 250 nm soot particles produced at an
equivalence ratio of 5.0. Smaller particle sizes and lower fuel-to-air equivalence ratios

showed the same result. The nascent soot particles do not activate to form cloud droplets.
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5.4.3.2 Soot Coated with Adipic Acid
In this set of coating experiments, four soot particles, d..e = 88 nm, 102 nm, 136
nm and 181 nm, were coated with adipic acid. The CCN activity of the soot coated with

adipic acid was measured as a function of the adipic acid coating thickness (< 3 — 75 nm).

Figure 5-13 shows the measured critical supersaturations as a function of the total
particle diameter (soot core + adipic acid coating). Our CCN activation measurements

for dry adipic acid particles are included for comparison.
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Figure 5-13: S, plotted as a function of the total particle diameter (soot core + adipic acid
coating) for adipic acid coated soot particles of sizes d.,. = 88 nm (diamonds), 102 nm

(squares), 136 nm (triangles), and 181 nm (circles). Also included are the results for dry
adipic acid obtained in this study (blue).
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The points at the top of each activation line are soot particles coated with very
thin layers (< 3nm) of adipic acid. These data points indicate that a very small layer of
adipic acid on a CCN-inactive particle triggers CCN activation near (or above) the
calculated critical supersaturations of a wettable solid core (the black line in Figure 5-13).

The measured critical supersaturations for adipic acid coatings on smaller soot
core sizes (d.o. = 88 nm and 102 nm) approach the critical supersaturations measured for
dry adipic acid. The particles activate at the deliquescence relative humidity DRH, or Sy,
of adipic acid (See section 5.2.3). This observation suggests that the soot core acts as a
scaffold for the adipic acid coating and deliquescence is determined by the total particle
diameter. The soot-adipic acid particle acts as a pure adipic acid particle during CCN
activation because the adipic acid completely coats the soot core. Here, the total size of
the particle (and not the composition) governs CCN activation.

The S, measurements for the larger soot core sizes (d.ore = 136 and 181 nm) are
displaced to the right of the dry adipic acid line. This indicates that the larger soot core
sizes coated with adipic acid do not activate according to either the deliquescence or the
standard Kohler theory for adipic acid. This observation seems to suggest that for these
types of particles, the soot core does not simply act as a scaffold for the adipic acid
coating. It appears that from the perspective of CCN activation, the effective diameter of
the larger soot particles coated with adipic acid is less than the measured particle
diameter. Since the soot itself is hydrophobic, water interacts only with the adipic acid
coated onto the soot. Therefore, only the diameter of the adipic acid coating influences
the CCN activity of the coated particle (producing an effective diameter). It is possible
that the smaller soot cores are coated more thoroughly than the larger cores. A full
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coating yields an effective diameter equal to the total particle diameter. On the other
hand, a partial coating may produce adipic acid “islands” with an effective diameter that
is smaller than the total particle diameter. Other mechanisms related to shape and
fractality factors could be suggested to explain the difference between small and large
soot core sizes coated with adipic acid and thus, the S. measurements for the larger soot
particles require further investigation.

5.4.3.3 Soot Particles Coated with Sulfuric Acid (H»SOy)

As part of the black carbon intercomparison study summarized in Chapter 6, the
CCN activity of fractal soot particles coated with H,SO4 was measured. In contrast to the
adipic acid-coated soot particles discussed in the previous section, in this case fractal soot
cores of d,, = 53, 207, and 209 nm were used. The d,, = 53 nm soot core was coated to
dm of 117 nm with H>SO4. The original soot particle was CCN inactive whereas the
coated soot particle activated at an S, = 0.224%. This data point is shown as the open
square in Figure 5-14.

The d,, = 209 nm soot core was coated with two different amounts of H,SO,4. The
initial coating resulted in a dm = 209, but this does not mean that H,SO4 was not coating
the particle. In the case of fractal particles, one must consider that the reported d,, is a
measure of the major axis of the particle. As the H,SO,4 begins to coat the fractal soot, it
must first fill the void space within the fractal structure. Therefore, it is possible to
measure d, = 209 nm and still have a significant fraction of H,SO,4 on the particle. The
chemical composition of the coated particle as measured by the LS-ToF-AMS confirms
the presence of HySO4 on the particles. The 209 nm soot core was also coated to a dm =

217 nm. Both data points are shown in Figure 5-14 as solid squares. The third set of
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H,SO4 coated soot particles started with a fractal core of 207 nm and coated the particle
to dm = 225, 233, 250, and 275 nm. The 275 nm core activated below the minimum S,
value of the CCNC, so a data point was not obtained in this case. For the three other
cases, as expected, the coated particles activated at successively lower supersaturations as
the coating thickness of H,SO4 increased. These data points are shown as solid circles in

Figure 5-14.
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Figure 5-14: S, plotted versus coated particle diameter for three different size soot cores
coated with H,SO4 (See text for details).
The CCN experiments with H,SO4 coated soot particles during the black carbon

intercomparison study were limited by the time required to complete a full CCN
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activation curve. As a result, only a few coated particle systems were analyzed. The
results show that H,SOj4 coatings readily induce CCN activation on otherwise inactive of
fractal soot cores. More detailed studies of the CCN activation of H,SO4 coated soot
particles are currently underway.

5.4.3.4 CCN Activity of Oxidized Soot Particles with the Potential Aerosol Mass (PAM)
Instrument

In addition to changes in CCN activity due to coatings, soot particles also
undergo oxidation reactions in the atmosphere that can dramatically influence the CCN
activity of the particles. To gain insight into the CCN activity of oxidized soot, size -
selected fractal soot particles (d,, = 163 nm) were exposed to varying amounts of
hydroxyl radical (OH) — produced by the photolysis of water vapor by UV. For this
experiment the particle generation and analysis techniques described previously were
combined with a new aerosol processing chamber call the Potential Aerosol Mass
instrument (PAM) (Kang et al., 2007). The size-selected soot particles are passed
through the PAM chamber, exposed to high OH concentrations and then sampled with
the analysis instrumentation CCNC-SMPS-AMS. The high OH concentrations are meant
to simulate long atmospheric residence times (i.e. days of atmospheric processing). In
this way, the PAM chamber creates a fast laboratory-based method for characterizing
heavily processed aerosol particles.

The results of the oxidized soot CCN study are slightly different from those of the
coated soot CCN studies. In this case, the size of the particles does not change with
increasing oxidation and therefore, to plot critical supersatuation as a function of dry
particle size is not particularly helpful. Instead, in Figure 5-15 we show the CCN
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activation curves (CCN/CPC) for the different OH concentrations studied. Each curve is

plotted with respect to the supersaturation in the CCNC column.
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Figure 5-15: CCN activation curves (CCN/CPC) as a function of supersaturation for 163
nm soot particles exposed to increasing concentrations of OH and O3 within the Potential
Aerosol Mass (PAM) instrument.
The data show that with increased OH concentration, the CCN activation of the
163 nm fractal soot particles increases. The results indicate, that with residence times of
a few days in the atmosphere, soot particle exposure to OH will readily activate to cloud

droplets. Although the results from the PAM study are preliminary, they do present a

solid basis for performing future CCN studies of oxidized soot particles.
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5.4.3.5 Conclusions to CCN activation studies of soot particles

Three different CCN-soot particle studies were presented:  Soot +adipic acid,
soot+H,SO4, and soot+OH. An adipic acid coating on hydrophobic CCN-inactive soot
particle yields a CCN active particle at atmospherically relevant supersaturations. For
relatively small soot cores (d.ore = 88 nm and 102 nm), the CCN activity of the coated
particles approaches the deliquescence line of adipic acid. This suggests that for coated
soot particles in this range of diameters, the total size of the particle determines CCN
activation and the soot core acts as a scaffold for the deposition of adipic acid vapor. It
appears that the CCN activation of larger coated soot cores occurs at higher
supersaturations than is predicted by the deliquescence curve. It is hypothesized that
larger soot particles are only partially coated with adipic acid, causing the mixed particles
to be chemical composition dependent, and not total particle size dependent as observed

for small soot core sizes.

Fractal soot particles coated with H,SO4 during the black carbon intercomparison
study showed increasing CCN activity with increasing H,SO4 content. Soot particles
with the thickest coatings approached the Kohler theory line for ammonium sulfate

activation.

Fractal soot particles exposed to varying OH concentrations showed increased
CCN activity with increasing OH exposure. The study indicates that oxidation reactions
on the surface of the soot particles are important when considering the transformation in

CCN activity of aged soot particles in the atmosphere.
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5.5 SUMMARY

The indirect effect of aerosol particles (i.e. particles forming cloud droplets) on
climate contributes the largest uncertainty of any single component of the Earth-
atmosphere system, to current projections of man-made climate change. This chapter
presented results from a series of laboratory experiments designed to examine the
influence of particle shape, size, and chemical composition (solubility) on CCN activity.
Three different particle types, spanning a wide range of water solubility, were studied
including ammonium sulfate, adipic acid, and soot. For each system, nascent and coated
particles were tested to determine how the CCN activity of the particles changed as they
undergo potential scenarios of atmospheric processing. The CCN activity of ammonium
sulfate particles was found to be highly dependent on the composition, thickness, and
phase of the coating material used. When coated with a solid, insoluble organic (stearic
acid) the CCN activity of the ammonium sulfate core was shut down. For cases of
slightly soluble solid (adipic acid) and insoluble liquids (oleic acid and DOS), the CCN
response of the coated ammonium sulfate particles was effectively modeled with
modified Kohler theory.

The CCN activity of slightly soluble adipic acid was examined in detail in the
context of nearly all previously published results for adipic acid CCN activation. Insights
into the DRH dependence of CCN activity for dry adipic acid particles and a novel
method for production of ‘wet’ adipic acid particles were provided. Experiments with
adipic acid-coated soot particles revealed that fractal, non-activating soot cores act as a
scaffold under conditions of sufficient adipic acid coating. Under these conditions, the

activation of the coated particles follows the activation trend for dry adipic acid.
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Preliminary results from the black carbon intercomparison study at Boston
College were presented that showed the influence of H,SO,4 on the CCN activation of
hydrophobic fractal soot cores.

Preliminary results from oxidation experiments using the PAM instrument were
also presented and showed that with increasing concentrations of OH and O3, soot

particle activated at progressively lower S, values.

5.6 APPENDIX 5A: CCN Instrument Calibration

To perform reliable CCN activation measurements requires an accurate
knowledge of the relationship between the temperature difference d7 along the CCNC
column and the supersaturation S. This relationship is determined by calibration, using a
well-characterized highly soluble inorganic salt, such as (NH4),SO4 or NaCl. Previous
studies have reported a linear relationship between instrument d7 and S at a flow rate of
0.5 L/min for dT > 3 K (Roberts and Nenes, 2005). For smaller dT the relationship
becomes nonlinear (Rose et al., 2007). In order to obtain a larger range of
supersaturations, we operate the instrument at a higher flow rate up to 1.0 L/min. We
calibrated the CCN instrument at higher flow rates between 0.5 L/min and 1 L/min.

The calibration arrangement is similar to that shown in Figure 5-4. Calibration
was done with ammonium sulfate aerosol particles generated by atomization of an
aqueous solution of (NH4),SO4. The particles were dried to a relative humidity (RH) <
10% by passing the aerosol flow through diffusion driers. A narrow monodisperse size

distribution (d,, = 10%) was obtained by passing the particles through two Differential
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Mobility Analyzers (DMA I and DMA 1I). The aerosol flow was divided between the
CCNC instrument and the condensation particle counter (CPC). Note that the CCNC
counts the number of activated particles, while the CPC counts the total number of
particles in the flow.

The following method was used to calibrate the CCNC instrument. Ammonium
sulfate particles of a specific size (d,,) flowed into the CCNC and CPC instruments. At a
set value of dT both the CCNC and the CPC particle counts were recorded. The value of
dT was systematically varied. Equilibration time between d7 settings was about 1 min.
The value of the critical dT (dT,) was recorded. (dT, is the temperature difference at
which 50% of the particles are activated.) Alternately, d7 can be kept constant while the
particle diameter is systematically varied. Again, the d7. and the corresponding particle
size are recorded. The two methods yield similar results. The critical supersaturation
(S.) was calculated for each particle size using standard Kohler theory. In this way, S, vs
dT, calibration plots for the CCNC instrument are obtained.

The results of calibrations for flow rates of 0.93 L/min and 1 L/min are shown in
Figures 5A-1 and 5A-2. These were the two flow rates used in our experiments. The

nonlinear part of the curve was fitted to a power function:
Seo=yo+A4-dT" (5A-1)

C

Here, S. 9, A and x are parameters determined by the fit.

227



Loso e v st v s by sato oo bosaatoaaaloasataoalossatosaslosoatesrsloiagl

143 E

c 127 3
S 3 3
® E :
2 13 3
& 3 ° -
S .83 3
g 083 . :
® ] 3
3 06
g 047 3
= E 3
0 E 3
X 0.2 =
:llIIIIIIII|IIIIlIIIl|IIIIIIIII|IIIIIIIII|IIIIlIIllllYYlllilllllllllllll:

2 4 6 8 10 12 14

CCN Instrument dT (K)

Figure SA-1: Calculated critical supersaturation as a function of CCN instrument d7.
The instrument flow rate was 0.93 L/min.
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Figure SA-2: Calculated critical supersaturation as a function of CCN instrument d7.
The instrument flow rate was 1 L/min.
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The calibration curves at both flow rates are nonlinear for d7 < 5 K. In fact, over
the range of flow rates studied, the transition into the nonlinear region is unchanged at d7T
<5 K. As was stated, some earlier measurements found the nonlinear portion of the
calibration curve for d7'< 3 K, implying that the calibration is instrument specific.

While the transition to the nonlinear portion of the calibration curve is
independent of the flow rate, the slopes of the linear part of the curve are a sensitive
function of the flow rate as is evident in the figures. For a flow rate of 0.93 L/min the
slope is 0.106 %/K, for a flow rate of 1 L/min it is 0.149 %/K. In the time period of the
CCN experiments (~ 8 months) the calibration was periodically repeated and was found

to remain constant.
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6.1 OVERVIEW

In July of 2008, the nd intercomparison study of black carbon instruments at
Boston College (BC?) was conducted. This was a follow-on experiment to the 1
intercomparison study conducted in May 2005 (Slowik, Cross et al., 2007a). In this
chapter, lessons learned from the 1* intercomparison are reviewed, improvements to the
laboratory soot generation-sampling apparatus are described in greater detail, and the
objectives, accomplishments, and preliminary results from the BC? study are presented.

The material presented in this chapter is being prepared for submission to
Atmospheric Chemistry and Physics Discussions as Cross, E.S., Onasch, T.B., Wrobel,
W., Ahern, A., Jayne, J.T., Trimborn, A., Cappa, C., Schwarz, J., Lack, D., Olfert, J.,
Slowik, J., Massoli, P., Spackman, R., Brem, B., Worsnop, D.R. & and Davidovits, P.
2008, "Overview of the 2nd Boston College/Aerodyne Black Carbon Intercomparison

Study".

6.2 LESSONS LEARNED FROM 1* INTERCOMPARISON STUDY

During the 1% intercomparison study of black carbon instruments at Boston
College, size-selected fractal soot particles (d,, = 150 — 460 nm) were produced at fuel-to-
air equivalence ratios of 2.3 and 3.5. Four mass-based measurement techniques were
compared: a Multi-Angle Absorption Photometer (MAAP), Photoacoustic Spectrometer
(PAS), Single Particle Soot Photometer (SP2), and the SMPS-AMS combination. In
addition, Scanning Electron Microscope (SEM) filters were obtained for off-line

microscopic analysis of particle shape (Chakrabarty et al., 2007). Mass measurements
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were compared for nascent soot particles as well as soot particles coated with liquid
(oleic acid) and solid (anthracene) organics (Slowik, Cross et al., 2007b).

Results from the 1* intercomparison study have been reported (e.g. Schwarz, Gao
et al., 2006; Gao, Schwarz et al., 2007; Slowik, Cross et al., 2007a; Chakrabarty et al.,
2007). Here, we review the lessons learned from the 1% intercomparison and discuss the
improvements made to the soot generation-sampling apparatus prior to the 2™
intercomparison study.

The main challenge of the 1* intercomparison study was the broad polydisperse
size distribution of soot particles. As a result, multiply charged particles were transmitted
through the DMA complicating the analysis of soot particles of a single d,, size. The two
factors that lead to the broad polydisperse soot distributions were (1) the alignment and
positioning of the sampling inlet with respect to the burner surface, and (2) the pre-mix
and sampling flow rates of the soot generation-sampling system.

During the 1* intercomparison, the orientation of the sampling tip, with respect to
the flame was set at a sampling height of ~ 18” (distance between the burner surface and
the edge of the sampling tip). The sampling tip was purposely off-axis, with respect to
the sooting center of the flame, to prevent rapid clogging of the inlet. Typically, the
flame was operated continuously for 10-15 hours/day. At the end of each day, the
sampling inlet was removed, cleaned, and re-installed. Care was taken throughout the
experiments to re-configure the sampling apparatus in a reproducible fashion, but the soot
generation-sampling system was not locked in position, resulting in variability in the day-

to-day alignment of the system.
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To minimize the influence of multiply charged particles, soot particles were
doubly size-selected. The second DMA size-selected the doubly charged particles
transmitted by the first DMA. Due to transmission efficiency losses within each DMA,
particle number concentrations were often low, further complicating the experiments.
Despite the challenge of low soot concentrations and instability in the soot generation-
sampling interface, the 1* intercomparison study was able to successfully compare the
response of the four different instruments to the mass of black carbon in the particles

under a range of different experimental conditions (Slowik, Cross et al., 2007a).

6.3 PREPARATION FOR 2"° INTERCOMPARISON STUDY (BC?)

As stated in Chapter 2, the first improvement made to the soot generation-
sampling apparatus was securing the flame base and sampling inlet with a stainless steal
frame and mounting the apparatus to an optical table. As a result, reproducible alignment
of the sampling inlet with the soot source was possible

In order to optimize the positioning of the sampling inlet with respect to the
burner surface, an x-y-z translation stage was attached to the base of the burner. With
this additional alignment control, the width and peak position of the polydisperse soot
distribution was optimized so that monodisperse distributions of soot could be obtained
with minimal influence from multiply charged particles. Figure 6-2 shows a schematic of
the apparatus. Through characterization experiments, the optimal sampling height

(distance between the burner surface and sampling inlet) was found to be ~ 10” (Wrobel,
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2008). During the 1* intercomparison study, the sampling height was 18" with no control

over the x-y-z alignment of the sampling tip.
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Figure 6-1: Improved soot generation-sampling system apparatus with alignment
controls. Stainless steel support structure not shown.

The sensitivity of the instruments studied vary. Therefore, each instrument
requires a particle number concentration in a specific range for accurate measurement.
The intercomparison studies conducted at Boston College included instruments that
measured single particle properties and instruments that measured ensemble average

properties. Typically, instruments that measure ensemble average properties require
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number concentrations of ~ 10,000-50,000 p/cm’ while single particle instruments are
most effective at concentrations of ~ 500-3,000 p/cm’. Therefore, careful control of the
number concentration of soot particles is essential to the success of any intercomparison
study.

As shown in the inset of Figure 6-1, a flow of N () (called ‘dilution N, flow’) is
introduced around the sampling tip to prevent soot from clogging the inlet. The dilution
N, flow can be used to either concentrate or dilute the soot particles, depending on the
desired conditions. Prior to the 2" intercomparison study, the relationship between the
N, sample flow and total particle concentration was characterized for a range of soot
conditions. By systematically varying the dilution N, flow in the soot system, soot
number concentrations were obtained across the desired range.

All input flows to the soot source were carefully tested to maximize the stability
of the system for each soot condition specified in the proposed experimental matrix for
the BC? study.

The final modification to the soot generation-sampling system was the integration
of a diaphragm pump after DMA 1. In the first intercomparison study, the particle flow
rate (~ 3 L/min) was determined by the total flow required from the combination of
instruments downstream. For the BC study, much higher flow rates were required by the
suite of instruments studied. As a result, a dilution mechanism was designed to introduce
extra N, flow downstream of the particle size selection. This arrangement also allowed
for humidification of the extra N, flow and subsequent relative humidity (RH) control in
the system. The diaphragm pump was used to produce a flow rate of ~ 2 L/min through
the DMA apparatus, keeping the size resolution of the DMA high (~10:1 Sheath:Mono),
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+ 10% of the mode diameter. The extra N, flow compensated the particle flow so that
each instrument could sample at its nominal flow rate. The total flow of the system with
all instruments attached to the sampling line was ~ 22 L/min.

Through optimization of the critical flow rates of the soot generation-sampling
interface as well an improved control of the alignment of the sampling tip, stable and
reproducible distributions of soot particles were obtained during the BC® study. Re-
configuration of the flow control through the system, allowed simultaneously

measurement of the soot particles with as many as 18 instruments.

6.4 SUMMARY OF 2" INTERCOMPARISON STUDY (BC?)

The BC? project was conducted from July 7 — 26, 2008 in the Davidovits
laboratory at Boston College. Altogether 18 instruments participated in the study; 8
mass-based, 8 optically-based and 2 filter samples. (As compared to five instruments in
the 1% intercomparison study.) Twenty-six people representing 12 institutions
participated in the project. The instruments and participants in the study are listed in

Table 6-1.
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Achim Trimborn
Adam Ahern
Andy Freedman
Arthur Sedlacek
Benjamin Brem
Billy Wrobel
Christopher Cappa
Claudio Mazzoleni
Daniel Lack

Doug Worsnop
Dwight Thornhill
Eben Cross

Greg Kok

Jason Olfert

Jay Slowik

John Jayne

Joshua (Shuka) Schwarz

Leah Williams
Mavendra Dubey
Paola Massoli
Paul Davidovits

R. (Subu) Subramanian

Ryan Spackman
Sally Ng
Steffen Freitag
Tim Onasch

Table 6-1. List of scientists and their institutional affiliations that participated in the BC

study.

Aerodyne Research Inc. (ARI)

Boston College (BC)

ARI

Brookhaven National Laboratory (BNL)
University of Illinois (Tami Bond group)
BC

UC Davis

Los Alamos National Laboratory (LANL)
NOAA CIRES

ARI

Virginia Tech (Linsey Marr group)

BC

Droplet Measurement Technologies (DMT)
BNL

University of Toronto

ARI

NOAA CIRES

ARI

LANL

NOAA ESRL

BC

DMT

NOAA ESRL

ARI

University of Hawaii (Tony Clarke group)
ARI

6.4.1. Instruments Studied during the 2"* Intercomparison

Particle generation and conditioning equipment

e Premixed flat flame burner
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Coating and humidity conditioners

Thermal Denuder (TD; Aerodyne Research)

Differential Mobility Analyzers (DMA; TSI model 3076 and 3080) - two in
number

Assorted flow meters, flow controllers and humidity monitors

Filters samples

Organic Carbon-Elemental Carbon Analyzer (OCEC; Sunset Labs) filter samples

Scanning Electron Microscope (SEM) filter samples

Mass-based instruments

Scanning Mobility Particle Sizer (SMPS; TSI)

Condensation Particle Counters (CPC; TSI model 3022a) - two in number

Time of Flight Aerosol Mass Spectrometer (TOF-AMS; Aerodyne Research)

Soot Particle Soot Photometer - Aerosol Mass Spectrometer (SP2-AMS;
Aerodyne Research)

Single Particle Soot Photometer (SP2; Droplet Measurement Technology) - three
in number

Couette Centrifugal Particle Mass Analyzer (CPMA) and CPC (TSI model 3025)
Particle-Bound Polycyclic Aromatic Hydrocarbons (PAH) Monitor (PAS2000CE;
EcoChem)

Diffusion Charger (DC2000CE; EcoChem)

Cloud Condensation Nuclei Counter (CCN; DMT)

Optically-based instruments
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e Photo-acoustic Spectrometer (PAS; NOAA)
e Photo-acoustic Soot Spectrometer (PASS-3; DMT)
and 781 nm
e Photo-Thermal Interferometer (PTI)
e (avity-Ring Down (CRD) Extinction Spectrometer
and 1064 nm
e Cavity Attenuated Phase Shift (CAPS) Extinction monitor
e Particle Soot Absorption Photometer (PSAP; Radiance Res.)
and 700 nm
e Nephelometer (TSI model 3563)
and 700 nm

e Multi-Angle Absorption Photometer (MAAP; Thermoelectron)

A =532 nm
A = 405, 532
A =532 nm
A = 355, 532
A =440 nm
A = 450, 550
A = 450, 550
A =670 nm

Figure 6.2 shows the range of wavelengths covered by the instruments used during

the BC? study with respect to the amount of circumsolar radiance (in Watts/m®) at each

respective wavelength.
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Figure 6.2: Range of wavelengths covered with optical measurements used during the
BC? study. The direct circumsolar radiance in W/m’® is plotted as a function of
wavelength in the lower panel.

6.4.2. Experimental Objectives and Highlights

Over course of the three weeks, 318 runs were performed covering a matrix that

systematically tested the performance of each instrument over a range of relevant

parameters. Opportunity was provided for each instrument to sample soot particles as a

function of the following measured (directly or indirectly) and controlled parameters:

particle mobility size (30 < d,, < 300 nm), particle number concentration (500-50,000

p/cc), particle shape (dynamic shape factor and fractal dimension), particle chemistry and

density (changed via coatings), black carbon mass, and relative humidity (5-90%). In

selected runs, particles were coated with a measured thickness (1 nm < Ad,, < 150 nm) of
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sulfuric acid (H,SO4) or dioctyl sebacate (DOS). In addition to flame-generated soot,
black carbon (BC) particles were also obtained by atomizing fullerene soot, glassy carbon

spheres, oxidized flame soot, Regal black toner, and Aquadag paint.

CPC 3022 CPC 3025
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PTI PAS 3A SP2 (DMT) SP2 (NOAA)

CRC

L 113010
MAAP  H |
PSAP LS-ToF-AMS
(U Hawaii)

m o
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L
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Modified Soot
(NOAA) Particles

Figure 6.3: Schematic of the sampling configuration during the BC* intercomparison
study.

The science goals for the project were organized into one set of objectives for the
mass-based measurements and another set of objectives for the optical-based
measurements. These goals are listed below including key questions potentially
addressed through the BC? study. A schematic of the instrument configuration is shown
in Figure 6-3.

Mass-based Measurement Goals:
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3.

. Use the Couette Centrifugal Particle Mass Analyzer (CPMA) to measure absolute

particle mass and accurately determine the particle density and fractal dimension.
Compare these measurements the results obtained with the SMPS-AMS
measurements of particle mass, density, and fractal dimension. Use the CPMA
results as a reference for other elemental carbon mass measurements.

Quantify the Soot Particle - Aerosol Mass Spectrometer (SP2AMS) carbon ion
cluster measurements as a function of black carbon particle mass. Investigate
how coatings (liquid/solid, organic/inorganic/water) affect carbon ion cluster
measurements. How well can the SP2ZAMS characterize the chemistry and mass
of the soot particle coatings?

Veritfy the quantification of Soot Particle Soot Photometer (SP2) incandescence
measurements as a function of black carbon particle mass. Investigate how
coatings (liquid/solid, organic/inorganic/water) affect the SP2 measurements.
Determine how DMA-CPMA, SP2AMS, and SP2 black carbon mass
measurements compare with OC/EC mass measurements. Investigate how
coatings (liquid/solid, organic/inorganic/water) affect the OC/EC measurement.
In particular, how well can the OC/EC instrument separate elemental carbon from

organic carbon?
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Optical-based Measurement Goals:

5.

Measure the mass specific absorption coefficients as a function of black carbon
particle type (e.g. as function of fuel, fuel-to-air ratio, size) and coatings
(liquid/solid, organic/inorganic/water).

Determine how water coatings (e.g. RH) affect optical signals within the Photo-
acoustic Spectrometer (PAS), the Particle Soot Absorption Photometer (PSAP),
and the Multi-Angle Absorption Photometer (MAAP). Particles may rearrange or
collapse during denuding of coating material. Determine how morphology
changes affect optical signals.

Determine the effects of absorbing organics on black carbon particles.

Complete an optical closure study (Extinction, Scattering, and Absorption) by
utilizing the extinction and scattering measurements made with the new Aerodyne
Cavity Attenuated Phase Shift (CAPS) instrument, the NOAA Cavity Ring-Down

(CRD) extinction system, and the various absorption and scattering instruments.

6.4.3. Highlights from BC?

While the final project evaluation will not be available until the data analysis is

completed, the goals have been met and in some cases exceeded. An overview paper

featuring the main results from the BC? intercomparison study is in progress (Cross et al.,

2008).

below:

Some of the highlights that will be featured in the overview paper are listed
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# Science Goals

Highlights Addressed
1 Particle shape determination as a function of fuel-to-air ratio and 1
collapse observed due to coatings
2 Characterization of several new instruments currently under 2,3, 4
development
3 Characterization of the physical and chemical properties of various 3,4

types of black carbon particles (including incandescence, fullerene
content, surface-bound PAH, etc.)

4 Mass specific absorption measurements as a function of fuel-to-air ratio 5
and carbon particle type

5 Optical absorption enhancement measurements as a function of 5
coatings

6 Wavelength-dependent measurements of absorption, scattering, and 6,7,8
extinction as a function of fuel-to-air ratio, particle coating, and relative
humidity

Table 6-2. Highlights from the BC? intercomparison study
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APPENDIX TO THESIS

ABBREVIATIONS
AMS Aerodyne Aerosol Mass Spectrometer
ARI Aerodyne Research, Inc.
ATOFMS Aerosol Time-of-Flight Mass Spectrometer
BBOA Biomass Burning Organic Aerosol
BC Black carbon
CAPS Cavity Attenuated Phase Shift Extinction monitor
CCN Cloud Condensation Nuclei
CCNC Cloud Condensation Nuclei Counter
CPC Condensation Particle Counter
CPMA Couette Centrifugal Particle Mass Analyzer
CRD Cavity-Ring Down Extinction Spectrometer
DC Diffusion Charger
DMA Differential Mobility Analyzer
DMT Droplet Measurement Technologies
DOS Dioctyl sebacate
EC Elemental Carbon
GC Glassy carbon
HOA Hydrocarbon-like Organic Aerosol
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IPCC
LOSU
LS-AMS

LS-ToF-AMS

LSSP
LT

oC

MAAP
MCMA-2006
MILAGRO
MS

NEAQS
NOAA
00A

PAH
PALMS

PAS

PASS-3
PAS2000CE
PCA

PMF

PMT

Inter-Governmental Panel on Climate Change

Level of Scientific Understanding

Light Scattering-AMS system with Quadrupole Mass Spectrometer
Light Scattering AMS system with a Time-of-Flight Mass
Spectrometer

Light Scattering Single Particle Mode

Local Time

Organic carbon (non-refractory)

Multi-Angle Absorption Photometer

Mexico City Metropolitan Area field study during March 2006
Megacity Initiative: Local and Global Research Observations
Mass Spectrum Mode

North East Air Quality Study

National Oceanic and Atmospheric Administration
Oxygenated Organic Aerosol

Polyaromatic hydrocarbons

Particle Analysis by Laser Mass Spectrometry

Photoacoustic Spectrometer

Photo-acoustic Soot Spectrometer

Particle-Bound Polycyclic Aromatic Hydrocarbons Monitor
Principle Component Analysis

Positive Matrix Factorization

Photomultiplier Tube
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PSAP Particle Soot Absorption Photometer

PTI Photo-Thermal Interferometer
PTOF Particle Time-of-Flight Mode
Q-AMS AMS equipped with a Quadrupole mass spectrometer
RF Radiative Forcing
RH Relative humidity
RSMS Rapid Single Particle Mass Spectrometer
SEM Scanning Electron Microscope
SMPS Scanning Mobility Particle Sizer
Sp2 Single Particle Soot Photometer
SP2AMS Single Particle Soot Photometer Aerosol Mass Spectrometer
SPLAT-MS Single Particle Laser Ablation Time-of-flight Mass Spectrometer
D Thermal Denuder
TOF-AMS Aerodyne Aerosol Mass Spectrometer with time-of-flight detector
TOFMS Time-of-Flight Mass Spectrometer
SYMBOLS

d, physical diameter

d, electrical mobility diameter

d, optical diameter

d, aerodynamic diameter

d.. aerodynamic diameter in the continuum regime

dya vacuum aerodynamic diameter
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o

Pp

P

Peff

PLS

Pec

Ris

OLs

Oy

o;

O-laser

volume equivalent diameter

unit density

particle density

material density

effective density

Single particle density determined with LS-AMS
chemical composition-based density

scattered light intensity

dynamic shape factor

dynamic shape factor in continuum regime
dynamic shape factor in free-molecular regime
mass of particle

wavelength of laser light

particle velocity

unit velocity

real or scattering component of the refractive index
imaginary or absorption component to the refractive index
standard deviation of scattered light signals
particle beam width at the surface of the vaporizer
particle beam width at the laser beam time-of-flight position
1o scattering detection width of the laser beam
surface albedo
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F, flux densities of incoming solar radiation
F, flux densities of reflected solar radiation

F flux density of emitted longwave radiation

254



	ACKNOWLEDGEMENTS
	TABLE OF CONTENTS ACKNOWLEDGEMENT
	LIST OF FIGURES
	LIST OF TABLES
	CHAPTER I
	1.1  BACKGROUND 
	1.2 THE ENERGY BUDGET
	1.3 RADIATIVE FORCING  
	1.4 ATMOSPHERIC AEROSOL PARTICLES  
	1.4.1  General Considerations
	1.4.2 Sources of Aerosol Particles 
	1.4.3 Aerosol Particles Atmospheric Lifetimes  
	1.4.4 The Size of Atmospheric Aerosol Particles 
	1.4.5 The Challenge of Measuring Atmospheric Aerosol Particles  

	1.5 SUMMARY OF THE CURRENT WORK
	1.6 SYMBOLS AND ABBREVIATIONS
	1.7  LIST OF PUBLICATIONS
	1.8 REFERENCES FOR CHAPTER I

	CHAPTER II
	2.1 OVERVIEW  
	2.2 INSTRUMENT DESCRIPTIONS
	2.2.1 Combined Optical and Vacuum Aerodynamic Diameter Measurements
	2.2.2 Differential Mobility Analyzer (DMA)
	2.2.3 Condensation Particle Counters (CPC)
	2.2.4 Scanning Mobility Particle Sizer (SMPS)
	2.2.5 Combined CCN and SMPS-AMS Measurements

	2.3 LABORATORY SOOT SOURCE
	2.4 REFERENCES FOR CHAPTER II 

	CHAPTER III
	3.1 OVERVIEW 
	3.2 BACKGROUND SUMMARY OF PARTICLE DENSITY MEASUREMENTS
	3.2.1 Instruments used for measuring the density parameters
	3.2.2 Optical Sizing Measurements   
	3.2.3 Real-Time Density Determination with a LS-AMS

	3.3 THEORETICAL BASIS FOR THE LS-AMS DENSITY DETERMINATION
	3.4 EXPERIMENTAL 
	3.4.1 Production of Characterized Aerosol Particles
	3.4.2 Instrumentation
	3.4.2.1 AMS Apparatus
	3.4.2.2 Light Scattering Module

	3.4.3 LS-AMS as a Potential Collection Efficiency Diagnostic
	3.4.4 Time-of-flight Measurement

	3.5 UNCERTAINTY IN THE LS-AMS DENSITY MEASUREMENT 
	3.5.1 Accuracy of time-of-flight determination
	3.5.1.1 Determination of t0
	3.5.1.2 Determination of tf

	3.5.2 Overall Uncertainty in Particle Time-of-Flight and dva
	3.5.3 Uncertainty in Particle Size Determination Using Scattered Light Intensity
	3.5.4 Uncertainties Due to Assumptions 
	3.5.4.1 Non-spherical particles
	3.5.4.2 Absorbing Aerosol Particles


	3.6 LABORATORY CHARACTERIZATION - RESULTS AND DISCUSSION 
	3.6.1 Single particle scattered light pulse
	3.6.2 Measurement of Vacuum Aerodynamic Diameter (dva)
	3.6.3 Measurement of Scattered Light Intensity (RLS)
	3.6.4 Correlation Between RLS and dp
	3.6.5 Determination of Particle Density
	3.6.6 Density Resolution of the LS-AMS Instrument

	3.7 AMBIENT AEROSOL ENSEMBLE DENSITY MEASUREMENTS
	3.7.1 Field Study Background
	3.7.2 Ambient Aerosol Particle Density Determination
	3.7.3 Mixing State of the Ambient Aerosol Particles
	3.7.4 Consistency Check of (LS via Average Single Particle Composition

	3.8 SUMMARY
	Appendix 3A. Effect of Laser and Particle Beam Profiles on LS-AMS Optical Response
	Appendix 3B. Comparison of the Experimental Response of LS-AMS to Mie Theory
	3.9 REFERENCES FOR CHAPTER III

	CHAPTER IV
	4.1  OVERVIEW
	4.2 INTRODUCTION
	4.2.1  Brief Survey of Single Particle Mass Spectrometry

	4.3  EXPERIMENTAL METHODS
	4.3.1   Instrumentation
	4.3.1.1  LS-ToF-AMS

	4.3.2 Data Acquisition
	4.3.2.2 Brute Force Single Particle (BFSP) Mode  
	4.3.2.3  Light Scattering Single Particle Mode (LSSP)


	4.4 SINGLE PARTICLE ANALYSIS
	4.4.1 Single Particle Collection and Detection
	4.4.1.1 Uncertainty in Single Particle Mass Measurements  

	4.4.2  Single Particle Chemical Composition
	4.4.3  Comparison of Single Particle and Ensemble Measurements
	4.4.4  Mixing State Determination

	4.5  RESULTS AND DISCUSSION
	4.5.1  Sampling Site and Meteorology
	4.5.2 Aerosol Ensemble Properties
	4.5.3  Single Particle Chemical Compositions\
	4.5.3.1  Biomass Burning Organic Aerosol (BBOA) Particles
	4.5.3.2  Inorganics  

	4.5.4  Mixing State of the Ambient Aerosol
	4.5.4.1 Primary HOA particles and their processing  
	4.5.4.2 Influence of atmospheric processing on particle composition
	4.5.4.3  SO2 plume event
	4.5.4.4   High chloride content single particles 


	4.6  SUMMARY
	4.7  REFERENCES FOR CHAPTER IV

	CHAPTER V
	5.1 OVERVIEW
	5.2 BACKGROUND AND THEORY
	5.2.1 Influence of Surface Tension on Sc
	5.2.2 Mapping Sc as a Function of Particle Size and Composition
	5.2.3 Role of Particle Phase in Activation of Single-Component Aerosols
	5.2.4 Determination of the Particle Shape Factor
	5.2.5 Considerations for CCN Activity of Coated Ammonium Sulfate Particles

	5.3 EXPERIMENTAL
	5.3.1 Apparatus
	5.3.2 Cloud Condensation Nuclei Counter
	5.3.3 Measurement of Sc 
	5.3.4 Combining Measurements of CCN activity with SMPS and AMS Measurements
	5.3.5  Summary of Particle Generation Techniques
	5.3.5.1 Ammonium Sulfate Particles
	5.3.5.2 Adipic Acid Particles  
	5.3.5.3 Soot Particles 


	5.4 RESULTS AND DISCUSSION
	5.4.1 Experiments with Ammonium Sulfate 
	5.4.1.1 Adipic acid-coated ammonium sulfate particles  
	5.4.1.2 Oleic acid-coated and DOS-coated ammonium sulfate 
	5.4.1.3 Stearic-acid coated ammonium sulfate
	5.4.1.4 Conclusions for CCN activation experiments with coated ammonium sulfate.

	5.4.2 Experiments with Adipic Acid
	5.4.2.1 Previously published Sc data for adipic acid


	 Figure 5-9 shows published adipic acid critical supersaturation data as a function of particle diameter from 11 studies.  In all experiments, particles were formed by atomizing aqueous solutions of adipic acid.  Particles were subsequently dried to relative humidities between 5 and 20%.  In one case only, particles were kept wet as supersaturated (i.e., deliquesced) solution droplets (designated in the figure as “wet”). In one set of experiments, Rissman et al. (2007) heated the adipic acid particles prior to drying them.  
	5.4.2.2 Dry Adipic Acid Particles Generated by Atomization  
	 In this set of experiments, the CCN activation of adipic acid particles (50 nm < dm < 250 nm) generated by atomization of adipic acid solutions is measured.  About 15 such independent experimental CCN activation experiments were conducted.  Reproducible data sets with adipic acid aerosols produced by atomization were not obtained and the cause of this irreproducibility was not determined.  Most likely the scatter in the data is due to trace impurities in the solution which we were not able to completely eliminate.
	5.4.2.3 Homogenously Nucleated Dry Adipic Acid Particles  

	 The results of CCN activation experiments with dry adipic acid particles generated by homogeneous nucleation of adipic acid vapor are shown in Figure 5-10 as blue points.  Here, the measured critical supersaturation (Sc) is shown as a function of dry particle diameter (dd). Each critical supersaturation value in the figure is the average of at least three measurements for every dry particle diameter (the standard deviation is indicated by the error bars).  Measurements were conducted over a period of several days to ensure reproducibility.  The standard deviation of the measurements is in all cases except one less than 4% of the measured Sc values.    
	5.4.2.4 Comparison with Previous Studies  

	 The CCN activation curve for the nucleation-generated dry adipic acid is combined with the previously published CCN activation data for dry adipic acid in Figure 5-11. 
	5.4.2.5 Wet Adipic Acid 

	 As is shown in Figure 5-11, there is only one previously published CCN activation study for wet adipic acid aerosol particles.  The results of the published study are in agreement with standard Köhler theory.  As stated earlier, consistent measurements with either wet or dry adipic acid aerosol produced by atomization were not obtained.  Most of our wet adipic acid measurements (from 5 independent runs) fell below the critical supersaturation predicted by the Köhler theory.  We attribute the scatter in these data to residual impurities, most likely ammonia, which can play a role in experiments with wet adipic acid produced by atomization. The CCN activity of initially dry adipic acid, however, is reported to be unaffected by ammonia (Dinar et al., 2008).
	5.4.2.6 Conclusions of CCN activity experiments with adipic acid  

	5.4.3 Soot Particle CCN Studies
	5.4.3.1  Nascent uncoated soot  
	5.4.3.2 Soot Coated with Adipic Acid  

	 In this set of coating experiments, four soot particles, dcore = 88 nm, 102 nm, 136 nm and 181 nm, were coated with adipic acid.  The CCN activity of the soot coated with adipic acid was measured as a function of the adipic acid coating thickness (< 3 – 75 nm). 
	5.4.3.3 Soot Particles Coated with Sulfuric Acid (H2SO4)  
	5.4.3.5  Conclusions to CCN activation studies of soot particles  


	5.5 SUMMARY 
	5.6 APPENDIX 5A: CCN Instrument Calibration
	5.7  REFERENCES FOR CHAPTER V

	CHAPTER VI
	6.1 OVERVIEW
	6.2 LESSONS LEARNED FROM 1st INTERCOMPARISON STUDY
	6.3 PREPARATION FOR 2ND INTERCOMPARISON STUDY (BC2)
	6.4 SUMMARY OF 2ND INTERCOMPARISON STUDY (BC2)
	6.4.1. Instruments Studied during the 2nd Intercomparison
	6.4.2. Experimental Objectives and Highlights 
	6.4.3. Highlights from BC2

	6.5 REFERENCES

	 APPENDIX TO THESIS

