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Abstract

Atmospheric aerosols have significant impacts on human health, regional visibility, and the radiative
energy balance of Earth, but there remain many uncertainties about their sources and evolution in the
atmosphere, as well as the details and magnitude of their impact on climate. This thesis introduces
a novel instrument for measuring aerosol hygroscopicity, an important factor in the overall climate
impact of aerosols, and presents results from several field campaigns and laboratory experiments
aimed at characterizing the chemical composition and hygroscopicity of atmospheric particles.

Aerosol water uptake determines particle size, which thereby determines an aerosol’s scattering
properties and radiative forcing. The Differential Sizing and Hygroscopicity Spectrometer Probe
(DASH-SP) was designed to make rapid measurements of hygroscopicity on timescales short enough
for aircraft deployment. Combined with an iterative data processing algorithm, the DASH-SP
is demonstrated to accurately measure particle size, growth, and “effective” refractive index for
particles from 135 nm to over 1 pm on timescales as short as a few seconds.

The DASH-SP was deployed off the coast of Central California to measure aerosol water uptake
in a marine atmosphere impacted by aged anthropogenic emissions. Composition data from an
Aerosol Mass Spectrometer (AMS) indicates that organics are uniformly highly oxidized (O:C ratio
= 0.92 £ 0.33), and aerosol growth data from the DASH-SP indicates that in such a highly-oxidized
environment, growth factor (GF = Dy, yet/ Dy ary) can be accurately predicted as a simple function
of relative humidity (RH) and organic volume fraction.

A major ground-based sampling study was carried out in Pasadena, CA, a receptor site for
transported Los Angeles pollution, and was dubbed the Pasadena Aerosol Characterization Obser-

vatory (PACO). Results indicate that organics dominate transported Los Angeles aerosols, and that



ix
they are overwhelmingly oxidized in nature. Aerosol species tend to reside in distinct size modes,
with inorganics typically found in larger, accumulation-mode aerosol, while semivolatile secondary
organic aerosol (SV-OOA) products appear to reside predominantly in a fine mode. Hygroscopicity
was found to be a strong function of organic mass fraction (OMF).

The end of PACO sampling coincided with a major forest fire in Los Angeles County. The
impact of this fire on the sampling site is explored by comparing water soluble organic carbon
(WSOC) and organic mass-to-charge (m/z) markers from the AMS. In the absence of fire influence,
WSOC concentrations are primarily driven by concurrent photochemistry and sea breeze transport
from source-rich areas. Fire periods are characterized by significant primary production of WSOC
and overnight /early morning transport of fire emissions to the sampling site.

Finally, DASH-SP results from the May 2010 CalNex field experiment indicate that aerosol
hygroscopicity is determined primarily by the mass fraction of organics and nitrate in the aerosol.
Overall hygroscopicity is very similar to that measured during PACO, though organics appear to be
less hygroscopic during CalNex - likely because PACO represented transported, aged aerosol, while

CalNex flights covered the entirety of the LA basin, including more source-rich areas.
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Atmospheric aerosols are very small particles suspended in the air, ranging in diameter from
several nanometers to several microns (107 to 107% m). For scale, the best ball-point pen money
can buy is the Pentel RSVP fine-tip, with a 0.5 mm pin head. If one collected 500 nm particles
(actually rather large when it comes to urban aerosol) out of the air, it would be possible to fit one
million of these particles on the tip of that pen. These aerosol particles can be particularly efficient
at following air streams through the human respiratory system and depositing deep into pulmonary
tissues, causing adverse health effects. Additionally, many aerosols are roughly the same diameter
as the wavelength of visible light (390-750 nm) and, according to Mie theory, very efficiently and
indiscriminately scatter that light, resulting in the hazy conditions referred to in the vernacular
as “smog.” Through direct scattering and indirect interactions with clouds, aerosols also result in
significant incoming solar radiation being reflected back to space, a so-called “negative forcing”
affecting the energy balance of earth.

Aerosols have both natural and anthropogenic sources, and the importance of each has significant
regional variation. These fine particles can be directly emitted through combustion (i.e., forest fires
and fossil fuel combustion), sea spray (i.e., breaking waves and bubble-bursting), and mechanical
processes (i.e., wind-blown dust). Aerosols also result from chemical reactions in the atmosphere,
through which gas-phase precursors are oxidized to form lower-volatility species that subsequently
condense into the particulate phase, either forming new particles through a process called nucle-
ation or condensing onto pre-existing particles. These secondary processes are especially important
in urban areas, where precursor gases are emitted in high concentrations through anthropogenic
activities like fossil fuel combustion and industrial processes.

Decades of study have indicated that the majority of aerosol pollution in most urban areas is
organic, and that the dominant fraction of organics is secondary in nature. There remains a great
deal of uncertainty about the origin and nature of organics in major urban areas, with models
systematically underpredicting secondary organic aerosol (SOA). In complex urban areas like the
Los Angeles Basin, aerosols undergo significant evolution as they are transported from source-rich

to downwind areas, undergoing constant photochemical and aqueous-phase processing in-transit. To
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predict the impacts of aerosol pollution in the future and develop effective abatement strategies, it is
first necessary to characterize the aerosol in various environments and understand both the sources
and evolution of aerosols in real-world conditions.

Aerosol particles grow and shrink with changes in relative humidity (RH), according thermo-
dynamic equilibrium between water vapor and the chemical constituents of aerosol particles. The
intensity of light scattered by aerosols is strongly dependent on the diameter of aerosol particles,
such that small increases in aerosol diameter result in significant changes in the radiative proper-
ties of aerosol populations. Thus, the relative-humidity-dependent water uptake of aerosols, termed
hygroscopicity, is the major factor determining their direct radiative impact. Such sub-saturated
hygroscopicity is strongly correlated with the tendency of aerosol particles to serve as cloud con-
densation nuclei (CCN), interacting with clouds in such a way that their radiative properties are
significantly changed. These interactions between aerosols and water vapor were determined to be
one of the most significant uncertainties in predicting future climate, as stated in the most recent
report from the Intergovernmental Panel on Climate Change (IPCC). It is therefore necessary to
study the factors that influence aerosol hygroscopicity in the real world in order to address these
uncertainties and better predict and prepare for climate change.

This thesis is a compilation of results from field studies on the North American West Coast, all
aimed at characterizing both the chemical composition and hygroscopic nature of aerosols in order
to better understand and predict the impact of aerosols on both local communities and on climate.
Chapter 2 is a description of a novel instrument (the Differential Aerosol Sizing and Hygroscopicity
Spectrometer Probe; DASH-SP) for making multiple-RH hygroscopicity measurements on timescales
short enough for aircraft deployment in the field. Chapter 3 presents the first results from aircraft
deployment of the DASH-SP, chemical composition data from an Aerosol Mass Spectrometer (AMS)
to determine the effect of chemical composition on aerosol hygroscopicity in an anthropogenically-
influenced marine environment off the coast of Central California. Chapter 4 represents the results
from a major ground-based sampling campaign conducted on the Caltech campus in Pasadena, CA

during the summer of 2009, dubbed the Pasadena Aerosol Characterization Observatory (PACO).
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A suite of instruments measured chemical composition, microphysical properties, and hygroscopic-
ity during the study, and results indicate the impact of SOA production and transport on aerosol
composition, size distributions, and water uptake characteristics. Chapter 5 focuses on measure-
ments of water soluble organic carbon (WSOC) during a period near the end of PACO, when the
sampling site was impacted by a major forest fire event. Finally, Chapter 6 presents results from
aircraft deployment of the DASH-SP during the CalNex field campaign in May of 2010, exploring
the connection between submicron aerosol composition from the AMS and aerosol water uptake
characteristics. Finally, the appendix contains a number of field and laboratory studies utilizing

data from both the DASH-SP and a Particle-into-Liquid Sampler (PILS).



Chapter 2

Rapid Size-Resolved Aerosol
Hygroscopic Growth
Measurements: Differential

Aerosol Sizing and Hygroscopicity
Spectrometer Probe (DASH-SP)*

*Reproduced with permission from “Rapid Size-Resolved Aerosol Hygroscopic Growth Measurements: Differential
Aerosol Sizing and Hygroscopicity Spectrometer Probe (DASH-SP)” by A. Sorooshian, S.P. Hersey, F. J. Brechtel, A.
Corless, R.C. Flagan, and J.H. Seinfeld, Aerosol Science and Technology, 42 (6), 445-464, 2008. Copyright 2008 by
the American Association for Aerosol Research.



2.1 Abstract

We report on a new instrument developed to perform rapid, size-resolved aerosol hygroscopicity
measurements. The differential aerosol sizing and hygroscopicity spectrometer probe (DASH-SP)
employs differential mobility analysis in-concert with multiple humidification and optical sizing steps
to determine dry optical size and hygroscopic growth factors for size-selected aerosols simultaneously
at three elevated relative humidities. The DASH-SP has been designed especially for aircraft-based
measurements, with time resolution as short as a few seconds. The minimum particle diameter de-
tected with 50% efficiency in the optical particle counters (OPCs) is 135 + 8 nm, while the maximum
detectable particle diameter is in excess of 1 pm. An iterative data processing algorithm quantifies
growth factors and “effective” refractive indices for humidified particles using an empirically-derived
three-dimensional surface (OPC pulse height - refractive index - particle size), based on a calcu-
lated value of the “effective” dry particle refractive index. Excellent agreement is obtained between
DASH-SP laboratory data and thermodynamic model predictions for growth factor dependence on
relative humidity for various inorganic salts. Growth factor data are also presented for several or-
ganic acids. Oxalic, malonic, glutaric, and glyoxylic acids grow gradually with increasing relative
humidity up to 94%, while succinic and adipic acids show no growth. Airborne measurements of
hygroscopic growth factors of ship exhaust aerosol during the 2007 Marine Stratus/Stratocumulus
Experiment (MASE II) field campaign off the central coast of California are presented as the first

report of the aircraft integration of the DASH-SP.

2.2 Introduction

Uptake of water by atmospheric aerosols is important in a variety of phenomena: light scattering,
ability to act as cloud condensation nuclei, and deposition within the human respiratory system.
Aerosol hygroscopicity measurements have been made with a variety of systems (Table 2.1). The
parameter normally quantified is the diameter growth factor (GF = Dy et/ Dp ary). Laboratory

growth factor measurements are commonly performed by levitating a particle in an electrodynamic
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balance (Cohen et al., 1987; Tang and Munkelwitz, 1993, 1994a,b; Chan et al., 1997; Peng et al.,
2001; Peng and Chan, 2001). This method probes single, laboratory-generated particles, directly
measuring the mass change in response to humidity variation. The need to directly measure the
growth factor of ambient aerosols led to the development of the hygroscopicity tandem differential
mobility analyzer (HTDMA, Liu et al., 1978; Sekigawa, 1983; Rader and McMurry, 1986), in which
dry particles of a selected size are exposed to a specific relative humidity (RH), after which the
wet size is measured by classifying the grown particles with a second DMA, and counting with a
condensation particle counter (CPC). Owing to the long duration of time required to measure the
size distribution of the grown particles using a DMA, the HTDMA technique is relatively slow.
However, both techniques above enable high-precision measurements of the growth factor.

While these methods have produced important insights into the hygroscopic behavior of atmo-
spheric aerosols, the long time required to determine growth factors for different particle sizes and
RHs makes them impractical in a number of important measurement scenarios in which the prop-
erties of sampled particles vary rapidly, especially during airborne measurements. A number of
alternate methods, which are described in detail in Table 2.1, have been employed to probe the
hygroscopic properties of the atmospheric aerosol more rapidly than is possible with the HTDMA.
Several of these methods probe the entire aerosol as measured at different humidities, using neph-
elometers to probe ensemble light scattering (Rood et al., 1985; Dougle et al., 1998; Carrico et al.,
1998, 2000; Sheridan et al., 2002; Magi and Hobbs, 2003; Kim et al., 2006), or measuring aerosol size
distributions with optical particle sizing instruments in parallel (Kotchenruther and Hobbs, 1998;
Hegg et al., 2006, 2007; Snider and Petters, 2007), or multiple DMAs operated in parallel (Wang
et al., 2003). The use of an optical particle counter (OPC) in place of a DMA detector is not new, as
several investigators (Covert et al., 1990; Hering and McMurry, 1991; Brand et al., 1992) used OPC
detection of mobility-classified particles to gain insight into the mixing state of atmospheric aerosol
and to determine their optical properties. One approach that attempts to provide the resolution
of the HTDMA without the response time limitations is to classify particles with a DMA operated

at one RH, equilibrate the classified particles at a second RH, and then measure the resulting size
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distribution using a fast particle sizer such as an OPC. Kreisberg et al. (2001) classified particles
at a high RH, dried the classified particles, and measured the dry particle size using an OPC in
an instrument they called the relative humidity-moderated differential mobility optical particle size
spectrometer (RH-DMOPSS). The RH-DMOPSS, which is an extension of the DMOPSS design of
Stolzenburg et al. (1998), measures shrinkage by drying rather than growth upon humidification
like most other hygroscopic growth instruments. The RH-DMOPSS is an improvement upon the
HTDMA in that it is faster and can measure a larger range of particle sizes (0.1 — 1.1 pm). However,
this instrument provides a growth factor at only one RH at any given time.

In this paper, we describe a new instrument that enables simultaneous determination of growth
factors at several RHs, and that overcomes the challenges of determining the size of dry particles with
unknown composition. The instrument has been designed especially for aircraft-based measurements.
The differential aerosol sizing and hygroscopicity spectrometer probe (DASH-SP), developed by
Brechtel Manufacturing Inc. (http://www.brechtel.com/), employs DMA classification of dry aerosol
particles, equilibrates the classified particles to a new RH, and then measures the sizes of the
grown particles using an OPC. An iterative data processing algorithm quantifies growth factors
and “effective” refractive indices (n) for wet particles based on a calculated “effective” dry particle
refractive index; iterations are performed on a three-dimensional surface (pulse height — n — D))
based on dry particle calibration data from several salts with known refractive indices. By operating
four controlled-RH channels in parallel and equipping each of the humidified channels with a separate
OPC, hygroscopic growth factors can rapidly be determined at a number of particle sizes without
having to incur the time delays required to stabilize a humidification column to a new RH. Depending
upon the concentration and size distribution of the aerosol sampled, the growth factors of particles
at any selected size within the size resolution of the instrument can be determined in as little as a
few seconds.

We present first an overview of the design of the DASH-SP instrument. Results from laboratory
characterization tests illustrate the performance of the instrument, including size detection limits,

time resolution, stability, accuracy, and inherent uncertainties. The data processing algorithm is
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subsequently described, which is used to convert pulse height data to growth factors. Hygroscopicity
measurements for various inorganic salts and organic acids are compared to theoretical predictions
for growth factor dependence on RH. Finally, airborne field measurements establish that the DASH-
SP is capable of measuring growth factors at multiple sizes and RHs with a time resolution as much

as two orders of magnitude shorter than that of the HTDMA.

2.3 DASH-SP Description

The DASH-SP, illustrated in Fig. 2.1, couples a single classification DMA system with a set of
growth factor measurement systems that are operated in parallel. The modules that comprise the
instrument are, in the order in which the aerosol experiences them: (1) an aerosol drier; (2) an aerosol
neutralizer; (3) a classification DMA that selects the dry mobility size range for which growth factor
measurements are made; (4) a set of parallel aerosol conditioning modules in which the aerosol is
brought to equilibrium at controlled RHs; and (5) a detector at the outlet end that determines the
total particle concentration leaving the DMA, and the size distributions of the particles after RH
equilibration. The aerosol path through the instrument will now be described in detail.

A 0.5 LPM aerosol sample flow first passes through a Nafion drier (described below), and then
passes through a 2!°Po neutralizer that brings the dried particles to a stable, steady-state charge
distribution. The aerosol then enters a cylindrical DMA with a 33.9-cm-long classification column,
and inner and outer radii of 62.4 mm and 72.3 mm, respectively. The DMA sheath flow rate is
5 LPM. The DMA selects particles in a narrow interval of mobility-equivalent diameters in the
0.1 to 1.0 pym range. The minimum voltage at which particles are classified is 281 V (to select
150 nm diameter particles), so Brownian diffusion does not significantly broaden the DMA transfer
function (Flagan, 1999), and the transmission characteristics of the DMA closely approach the
ideal, nondiffusion transfer function of Knutson and Whitby (1975). Particles larger than 1 pm
can be classified by operating the DMA at lower flowrates, although the fraction of particles that
carry multiple charges will become significant, making data analysis more difficult. For the present

purposes, we shall limit discussion to measurement of growth factors of particles with dry diameters
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of 1 pm or smaller. The classified aerosol leaving the DMA is split into five separate flows. The
total concentration of classified particles is determined, without further conditioning of one of the
five flows, by measuring the dry, classified particles using an integral TSI Model 3781 water-based
condensation particle counter (CPC). The CPC serves as a redundant particle number concentration
measurement against which data from the OPCs, to be described below, can be compared.

The remaining four classified aerosol flows are used to measure growth factors. They first pass
through a Perma Pure, LLP, Nafion humidifier (Model MD-070-24FS-4) that consists of a Nafion
membrane tube that is enclosed in a coaxial tube. The Nafion efficiently transmits water through
the membrane, enabling the small aerosol flow through the center tube to equilibrate with the RH
of the larger flow between the membrane and the outer shell. The RH of that larger flow is adjusted
by mixing of dry air with air that has been saturated with water vapor by passage through a Nafion
tube coil that is immersed in a warm water bath. Feedback control using an RH sensor (Model
HMP50YCC1A2X, Vaisala) ensures that a constant, predetermined RH is achieved in both the
conditioned aerosol flow, and the outer flow. One humidifier is kept dry (< 8% RH), while the other
three are operated at higher and different RHs. The maximum RH is typically below 94% in order
to prevent condensation within the instrument, although higher RH can be used for short periods
of time.

The aerosol growth factor is measured as a surrogate for particle growth in response to humidity
changes in the atmosphere where sufficient time is generally available for the droplets to fully equi-
librate with atmospheric water vapor. To simulate the atmospheric response effectively, the time in
the conditioning columns must be sufficient to ensure full equilibration. The characteristic time for
a droplet to reach thermodynamic equilibrium with water vapor in unsaturated conditions (RH <
100%) is estimated to be on the order of microseconds (Pilinis et al., 1989). The ~4 s residence time
within each conditioning column is sufficient to ensure equilibration. Moreover, as described below,
the outer flow from the Nafion humidifier is used as a sheath flow within the OPC to ensure that
the equilibrium is maintained to the point of measurement.

The four conditioned aerosol flows pass directly to dedicated, custom-built OPCs, designed to



11

detect particles in the 100 nm to 3 um diameter size range. To ensure that particles pass through
the 1.4 x 1072 mm?® view volume of the collection optics, the aerosol (0.06 LPM) and a coaxial
sheath flow (4 LPM) are focused by acceleration through a nozzle. Laboratory tests have shown
that the sheath and aerosol streams do not mix. The view volume of the OPCs is determined by
calculating the intersection volume of the cylindrical particle beam and the laser light sheet through
which particles pass. The design of the laser light sheet is such that all particles that enter the
OPC optical cavity pass through the light. The thickness of the laser light sheet is measured in
two ways: 1) projecting the laser against a distant surface and then measuring the projected width
with a vernier caliper while using a light meter to define the edges of the light; and 2) by using
an oscilloscope to measure the pulse width and, therefore, the transit time of individual particles
through the light sheet. The particle velocity is calculated using the known flow rate through the
accelerating nozzle. By multiplying the velocity by the transit time, the thickness of the laser light
sheet is determined. The two methods for measuring the light sheet thickness agree to within 15%
and found a thickness of 0.015 mm. However, the light sheet does not have perfect edges. Therefore,
larger particles are observed above the comparator threshold for slightly longer pulse widths.

To minimize size changes during measurements, the OPCs measure scattering of light from single
particles as they pass through the laser light sheet originating from the diode laser (A= 532 nm,
World Star Technologies, Model TECGL-30). Scattered light is collected using an elliptical mirror
from a wide angle ( +64°/-50° in vertical plane and +/-74° in horizontal plane) in the near forward
direction to integrate over the Mie resonances, thereby minimizing intensity oscillations that might
otherwise lead to ambiguity in size determination. A cone of scattered light (4/-22°) emanating
from the view volume along the axis of the laser is not collected due to a pass-thru hole in the
elliptical mirror that is needed to allow the laser to exit the optical cavity. The mirror focuses the
scattered light onto a photomultiplier tube (PMT, Hamamatsu Model H6779-02). RH, temperature
(T), flow, and pressure (P) sensors monitor conditions of all flows, both upstream and downstream
(except flow) of each OPC.

The DASH-SP employs two data acquisition systems: a high-speed system to acquire the pulse
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data produced by the photomultipliers, and a second system to monitor signals from the slower
sensors used to record T, RH, DMA size selection, DMA voltage, OPC gain settings, etc. The
signal from the PMT is processed through two gain stages, low gain for measurement of particles
larger than about 450 nm, and high gain for particles in the 135 < D, < 450 nm size range. The
instrument automatically selects the appropriate gain stage according to the size expected for that
channel. A four-channel high-speed digitizer (National Instruments™, Model PCI-6132) accumulates
the logarithmically amplified, detected peak PMT signals from individual particles for count rates
up to 2.5 x 10% s71, corresponding to a concentration of 2.5 x 10¢ cm™3. Particle coincidence, which
occurs when multiple particles are simultaneously in the OPC view volume, is a function of particle
number concentration, view volume, and particle size. The coincidence performance of the OPC
was validated by simultaneously sampling the same DMA-selected particles with two CPCs and
the OPC. One CPC sampled upstream of the OPC, while the second CPC sampled downstream of
the OPC. The maximum coincidence error associated with the laboratory and field measurements
during this study is 3%, while the 1% particle coincidence concentration limit is approximately 5000
em ™3 and 350 cm~3 for the smallest (~135 nm for high gain) and largest (~450 nm for high gain)
detectable particles, respectively, in the OPCs.

The DASH-SP can be operated manually or autonomously. In manual operation, the user spec-
ifies the RH for each humidifier, the size of particles to be selected by the DMA, and the number of
particles to be sized by the OPC for each RH channel. The autonomous mode can step through a
number of particle sizes and RHs, measuring a specified number of particles for each D,/RH com-
bination. Changing the RH on any conditioning column slows the measurements due to the time
required for the RH to stabilize after such a change. The typical RH equilibration time needed
after a step change in RH from < 10% to be within + 1% of 74%, 85%, and 92% was determined
to be 236 £ 61 s, 372 £ 106 s, and 569 £ 97 s, respectively (n = 11); these equilibration times
represent an upper limit since smaller changes in RH within these broad ranges would ideally be

carried out during experiments.
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2.4 Experimental Methods

A series of laboratory experiments were conducted to characterize the DASH-SP while it operated
in the manual mode. For all characterization tests described below, test salt aerosols were employed.
Salt solutions were prepared by mixing a known amount of salt with Milli-Q water, usually resulting
in 0.2% (by mass) solutions. A compressed air source, with a downstream high-efficiency particulate
air (HEPA) filter to remove particulate contaminants, supplied flow to a stainless steel, constant-
rate atomizer (Liu and Lee, 1975) and sheath air flows for the DMA and OPCs. A dilution flow
system was used to maintain atomizer output particle number concentrations below 1000 cm ™2 at
a DMA-selected size.

The DASH-SP was also deployed on the Center for Interdisciplinary Remotely-Piloted Aircraft
Studies (CIRPAS) Twin Otter aircraft in the July 2007 Marine Stratus/Stratocumulus Experi-
ment (MASE II) campaign, in which airborne aerosol and cloud measurements were carried out
off the central coast of California. For the duration of the field study, the instrument operated
in the autonomous mode where the scan sizes and minimum OPC pulse count quantities were
pre-programmed. We briefly present data from one particular flight to report the first airborne

deployment of the DASH-SP; a more comprehensive analysis of data from this entire campaign will

be presented in subsequent work.

2.5 Instrument Characterization

2.5.1 Size Limits of OPC Detection

The range of particle sizes in which characterization experiments are carried out depends on the OPC
size detection limits. The optical properties of salts vary, so the size detection limit of the OPCs
is a function of the composition of an aerosol sample. By sampling a set of 16 different species (10
inorganic, 6 organic), the minimum particle diameters detected with 50% efficiency in the OPCs were
found to be 135 4+ 8 nm and 234 + 16 nm for high- and low-gain settings, respectively. The variation

in OPC response as a function of refractive index is contained within the standard deviations, which
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reflect the variability among the ensemble of salts tested. The maximum size that can be detected
accurately by the OPC is approximately 450 + 30 nm with the high-gain setting, and beyond 1
pm with the low-gain setting. However, uncertainties associated with multiply charged particles are
enhanced when detecting particles of increasing size, especially near 1 pm. Also, electrical saturation
of the OPCs results in enhanced uncertainties starting at D, > 450 nm (high gain) and D, > 700

nm (low gain).

2.5.2 Time Resolution

The time resolution of the instrument is determined by three factors: 1) the transport delays between
the point where particles enter the DASH-SP or, for a steady aerosol, where they enter the DMA,
and the OPC detectors; 2) delays associated with programmed changes in the sampled particle size;
and 3) the time required to obtain statistically significant counts in each OPC channel. A maximum
transition time of 17 s is needed when switching between different DM A-selected sizes for normal
operating conditions in order to ensure particles of the previous size have exited the system; this
addresses the first two factors governing time resolution. The tubing length of each stream from
the 5-way splitter (see Fig. 2.1) to each humidification chamber and OPC is equivalent, which
results in the same particle transit time in each channel. Tests were performed to estimate the
minimum number of particles at a given size required to obtain a response with varying degrees of
statistical significance. These tests indicate the length of time the instrument should sample at a
given set of operating conditions to obtain representative growth factors. Sample sets of over 10,000
pulses were obtained for a selected particle size for different salts (D, = 150 — 404 nm). Pulses
were randomly removed from each data file in a way to determine the variation of the modal pulse
height and standard deviation as a function of decreasing counts at a fixed particle size. The ratio
of standard deviation to modal pulse height is usually within 10% for pulse numbers ranging from
50 to 10,000. The variation of the modal pulse height is = 1% when comparing pulse counts of
over 10,000 to any number of counts down to 50, below which the difference increases relatively

quickly. In order for the standard deviation of observed pulse heights to be within 10%, 5%, and 1%
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of the original standard deviation calculated for a population of over 10,000 particles, an average of
60, 220, and 530 pulses are required, respectively. Figure 2.2 displays the time required to satisfy
these different limits of the original modal pulse height and standard deviation for a wide range of

3ata

particle number concentrations at a selected dry diameter. For example, for 10 particles cm™
DMA-selected size, a minimum of 5 s is needed to be within 1% of the modal pulse height had over
10,000 particles of the same composition been sampled. An additional order of magnitude of time is
required to be within 1% of the original standard deviation as compared to 1% of the original mode.
As will be shown subsequently, the mode is the critical parameter in quantifying growth factors
via the iterative data processing technique. Assuming a pulse height distribution with a distinct
and dominant mode (there are often less dominant modes due to multiply-charged particles), the
data processing algorithm will determine the correct pulse height distribution mode regardless of
the variance in the distribution. Thus, sampling time at a given D,/RH combination should be

reduced to improve time resolution at the expense of variance, which ultimately has no effect on the

accuracy of quantified growth factors.

2.5.3 DASH-SP Accuracy, Precision, and Uncertainties

The uncertainty of the DASH-SP measurement of growth factor depends on the uncertainties in the
RH and sizing (DMA and OPC) measurements. Critical to the accuracy of the RH measurements
is the calibration procedure. One “reference” RH sensor (Model HMP50YCC1A2X, Vaisala) was
initially calibrated over six saturated salt solutions within the 8 — 97% RH range. The remaining
12 RH sensors were then calibrated as an ensemble against the “reference” sensor in a temperature-
controlled chamber through which a controlled mixture of dry and humid air was circulated. The
accuracy of the RH measurements was evaluated by comparing theoretical deliquescence RH (DRH)
for multiple salts with measurements. The DRHs of ammonium sulfate, sodium sulfate, and potas-
sium chloride aerosols agreed with literature values (Seinfeld and Pandis 2006) to within + 1.0%,
while sodium chloride aerosols agreed to within + 1.6%. The overall RH measurement uncertainty

was calculated by taking the summed root mean square errors of the measured OPC sample and



16

sheath flow RHs, and combining this with the uncertainty associated with the RH sensors. The
overall uncertainty was usually + 1.5%, while the RH sensor precision was + 0.7%.

Temperature fluctuations and gradients within each of the four humidification chamber-OPC
units can lead to uncertainties due to the RH changing. Temperature sensors monitoring the sheath,
sample, and exit flows of each OPC exhibited no significant change (T < 1° C) during laboratory
scans that lasted as long as ~10 min, but temperatures did show a systematic increase (AT > 1° C)
over longer periods of time. During aircraft flights lasting 5 h in which the DASH-SP was deployed,
the twelve temperature sensors recorded the same level of variation. For example, the twelve sensors
during one representative flight exhibited averages between 24.0 — 25.0° C and standard deviations
between 3.0 — 3.5° C. However, the RH sensors exhibited significantly less variation due to the feed-
back control of the humidification by the instrument software: the RH standard deviation ranged
between 0.1 — 1.8% for OPCs with upstream humidification chambers equilibrated at RHs of 74%,
85%, and 92%. Therefore, the RH variation resulting from temperature fluctuations in the humidi-
fication chamber-OPC units is normally within the uncertainty of the RH sensor measurements.

The instrument software calculates the DMA voltage required to classify a selected dry size for
the specific geometry and operating parameters (T, P, flow rates) of the DMA. Since the DMA
sheath flow rate is usually 10 times larger than the aerosol flow rate and relatively large particles
are studied, the width of the sampled electrical mobility window is & 10%. DMA performance
was frequently evaluated with calibrated PSL particles ranging in diameter between 152 - 1101 nm.
Accurate DMA operation is exhibited when the maximum particle concentration is observed at the
DMA-selected size that matches the actual size of the PSL particles, rather than a smaller or larger
size. The maximum particle concentration was observed to occur at DMA-selected sizes within +
3% of the actual size of the PSL particles tested. It should be noted that the PSL particles studied
have a reported size uncertainty ranging from + 1 - 3%. The average uncertainty associated with
growth factor measurements is calculated to be + 4.3%, with an uncertainty as high as 8% at a dry
size of 150 nm at lower RHs (< 80%).

Tests were done to check for contamination both in the form of leaks and in the source of Milli-Q
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water used in atomizing solutions. When feeding filtered air into the DASH-SP frequently over a
period longer than 30 days, no particles were detected by the CPC and fewer than 1 cm™3 were
detected by the OPC (high gain). Particles detected by the OPC corresponded to sizes below the
50% detection limit of the OPC (D, < 135 nm). Pure Milli-Q water was atomized into the DASH-SP
system; no particles were detected by the CPC beyond 135 nm, and < 1 cm ™3 were detected by the
OPC (high gain). Below 135 nm, background particle concentrations measured by the CPC reached
a value as high as 30 cm ™3 at 5 nm; the OPC response at these lower sizes remained at < 1 cm™3.
No background particle signals were observed using the low-gain OPC configuration for these tests.
Since the experiments conducted with salts usually involved OPC number concentrations between
100 - 1000 cm ™2 at a specific size, any background particles from the water source and inside the
system itself are deemed negligible. Moreover, since no particles larger than 135 nm were observed by

the OPC for these tests, contamination is negligible for ambient sampling, as the system is designed

to sample at minimum dry D, exceeding 135 nm (150 nm for this study).

2.5.4 Stability

The stability in dry and wet particle data was studied. For dry data, stability was quantified over
a time span of four months by calculating pulse height standard deviation relative to pulse height
average for both gain settings and different particle sizes (Fig. 2.3). Above 200 nm, at the high-
gain OPC setting, is < 10%, with the species of greatest atmospheric relevance (ammonium sulfate,
ammonium nitrate, sodium chloride) being < 3%. For the low-gain setting, is < 10% at 350 nm
and < 5% beyond 350 nm for all species studied. For wet studies, the stability in growth factor at
different initial dry sizes and RHs between 30 — 92% was quantified for several species, where was
usually < 3% for all species studied. In summary, the stability of the DASH-SP improves for both

dry and wet particles with increasing size above the 50% detection limit of the OPC.
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2.6 Data Analysis

Data resulting from the collection of scattered light from individual particles are returned by the
OPCs as pulse heights, the amplitudes of which depend on particle size, shape, and refractive index,
the latter depending on particle composition. For the purposes of pulse height data interpretation,
the following assumptions are made: (1) purely scattering, spherical particles (one exception to the
sphericity assumption for growth factor calculations is that a shape factor of 1.08 was assumed for
dry sodium chloride particles, thought to be cubic, prior to humidification (Hinds, 1999; Hameri
et al., 2000); (2) the DMA-selected particle size corresponds to the mode of the true particle size
distribution, and therefore, the mode of the OPC pulse height distribution; and (3) for particles
that undergo humidification, the mode of the OPC pulse height distribution represents the true
wet particle size. The first assumption is an approximation for ambient particles, but has been
commonly made in previous DMA-OPC studies (Stolzenburg et al., 1998; Hand et al., 2000; Ames
et al., 2000; Kreisberg et al., 2001; Hand and Kreidenweis, 2002). Growth factors are calculated using
the volume-equivalent diameter (D)), while the DMA classifies particles based on their mobility-
equivalent diameter (D, o), the two diameters of which are only equivalent for spherical particles.
Following the methodology of Gysel et al. (2002), employing a shape factor of 1.08 for dry sodium
chloride particles results in a value of 0.96 for the ratio Dp:Dp mop. This provides a representative
indication of the sensitivity of growth factor measurements to particles with one type of shape effect
(cubic rather than spherical); without the shape factor correction, growth factors for sodium chloride
particles would be underestimated by 4%. The volume of water in particles after humidification is
often substantial; the assumption that particles are spherical and scatter, but do not absorb, light
is generally valid for those particles for which growth is significant.

Before the pulse height distribution modes can be used to determine the particle size and refrac-
tive index, dry particle calibrations must be performed to accumulate sufficient data relating pulse
height, particle size, and refractive index. OPC calibrations were carried out for a set of six salts
of known refractive index (1.39, 1.47, 1.50, 1.52, 1.54, and 1.60; salts listed in Fig. 2.4) (Weast and

Astle, 1987; Lide, 2005) by measuring OPC pulse height response to a range of DM A-selected diam-
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eters (150, 175, 200, 225, 250, 300, 350, 375, 404, and 415 nm) without humidification. Figure 2.4
summarizes the OPC response as a function of dry particle size for salts of different refractive index
from one set of calibrations. For each OPC, high-order polynomial equations accurately represent
the relationship between OPC pulse height and particle dry diameter for different refractive indices

(R? > 0.995), allowing calculation of size from a given refractive index and OPC pulse height:

Dy dry = a5z’ + agxt + asx® + asx® + a1z + ao (2.1)

where © = OPC pulse height and constants ay — a5 are determined using calibration data. The
relationship between OPC pulse height and refractive index for specific particle dry diameters can
be modeled as a cubic polynomial (R? > 0.996), allowing calculation of refractive index from OPC

pulse height at a given dry particle size:

Refractive index = bzx® + boa? + bya + by (2.2)

where x = OPC pulse height and constants by — b3 are determined using calibration data. Using Eq.
2, OPC response curves for different dry particle sizes were extrapolated to calculate pulse heights
for refractive indices between 1.33 and 1.39 for which calibration salts were not tested (water has
a refractive index of 1.33). A three-dimensional surface can now be generated with the following

equation, which is derived from multiple regression analysis:

Pulse height = ¢5 + caD), + csn + czDﬁ +en® + coDpn (2.3)

where n is refractive index and D, corresponds to particles in their dry or wet state.

Figure 2.5 summarizes the algorithm used to calculate “effective” refractive index and growth
factor from the dry and wet pulse height distribution modes. Initially, the dry pulse height distribu-
tion mode is used to iterate on a two-dimensional surface (n vs pulse height, fixed D)) to determine
the dry particle “effective” refractive index. After guessing a value for the wet particle diameter,

a volume-weighted refractive index is calculated to account for the refractive index of both water
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and the dry particle. Using the wet particle pulse height data, iterations are carried out on the
three-dimensional surface to converge on a value for the humidified particle’s “effective” refractive
index, which is subsequently used to determine the wet particle diameter and growth factor. This
iterative process is not possible without a priori knowledge of the dry particle refractive index, which
requires one of the four humidification chambers to be operated in the dry state. This algorithm
assumes that particles are internally mixed and that particulate matter is completely dissolved in
humidified particles.

One exception to the iterative procedure for humidified particles is when testing laboratory-
generated aerosols with known dry-particle refractive indices; a thermodynamic model of particle
water uptake (Brechtel and Kreidenweis, 2000a,b) can predict the refractive index for a specific
salt at a given RH. Only one step is then needed to interpolate on the three-dimensional sur-
face (D, vs. pulse height, fixed n) to determine the true wet particle size. The modified Kohler
model used includes a parameterization for the solution osmotic coefficient that approaches the
correct thermodynamic limit as the solution becomes infinitely dilute (Brechtel and Kreidenweis,
2000a,b). Predictions from both this model and the Aerosol Inorganics Model (AIM, Clegg et al.,
1998, available online: http://www.aim.env.uea.ac.uk/aim/aim.html) are used below for comparison

with laboratory data for a number of salts.

2.7 Growth Factor Measurements

2.7.1 Inorganic Salts

Experiments were carried out to determine growth factor values as a function of RH, from 10%
to 94%, for different inorganic species (ammonium nitrate, ammonium sulfate, ammonium nitrate,
sodium chloride, potassium chloride, and sodium sulfate) and organic acid species (oxalic, glyoxylic,
malonic, succinic, glutaric, and adipic acids). The growth factors for these species are either known
or can be calculated theoretically to assess the accuracy of the DASH-SP measurements. However,

only the inorganics provide a firm comparison between theory and/or laboratory measurements with
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those of the DASH-SP since growth factors for organic acids are not as well established as those for
inorganic salts.

Figure 2.6 shows the measured hygroscopic growth curves for various inorganic and organic
acid species. With the exception of the organic acids and ammonium nitrate, a sharp increase in
growth factor is observed at the DRH, providing evidence for the homogeneity of the humidity field
experienced by the particles. The measured growth factors of the inorganic species agree well with
thermodynamic theory for RH values above the DRH (£ 1%). For ammonium sulfate at an RH of
92% the discrepancy is £ 4% based on the Brechtel and Kreidenweis (2000a,b) model, and £ 1%
based on the Clegg et al. (1998) model. Growth factor measurements at RH values above the DRH
show the following levels of agreement with thermodynamic theory: sodium chloride (1.0% above
theory, o = 2.3%, n > 50), ammonium sulfate (1.5% above theory, o = 1.7%, n > 50), sodium
sulfate (2.0% below theory, o = 2.4%, n > 50). Ammonium nitrate particles have been shown to
remain “wet” at RHs as low as 8% (Dougle et al., 1998; Lightstone et al., 2000), which explains why
the observed growth factors exceed unity for RHs below the DRH. Multiple growth factor curves are
reported for ammonium nitrate in Fig. 2.6 to show that at sizes near 250 nm, the growth factors

increase with higher dry particle sizes.

2.7.2 Organic Acids

In contrast to inorganic species, the hygroscopic properties of organic aerosol species are not as
well known. Organic acids are an important component of atmospheric aerosols (Kawamura and
Tkushima, 1993; Khwaja, 1995; Chebbi and Carlier, 1996; Saxena and Hildemann, 1996; Kawamura
and Sakaguchi, 1999; Kerminen et al., 2000; Yao et al., 2004; Huang et al., 2005; Fisseha et al., 2006;
Sorooshian et al., 2007b), the presence of which can affect the hygroscopicity of ambient particles
(Saxena et al., 1995; Hansson et al., 1998; Ansari and Pandis, 2000; Cruz and Pandis, 2000; Peng
et al., 2001; Peng and Chan, 2001; Prenni et al., 2001, 2003; Wise et al., 2003). Two- to six-carbon
dicarboxylic acids are investigated here, in addition to glyoxylic acid, which is a direct precursor

to oxalic acid, the most abundant particulate dicarboxylic acid in the atmosphere (Kawamura and
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Tkushima, 1993; Kawamura and Sakaguchi, 1999; Kerminen et al., 2000; Poore, 2000; Yao et al., 2004;
Crahan et al., 2004; Yu et al., 2005; Huang et al., 2005, 2006; Sorooshian et al., 2006b, 2007a,b).

Oxalic (Cz), malonic (Cs), glyoxylic (Cs), and glutaric (Cs) acids do not exhibit a DRH, but
rather grow gradually with increasing RH (Fig. 2.6). This result is consistent with previous studies
which showed that organic acids absorb water at all RHs (Saxena and Hildemann, 1997; Dougle
et al., 1998). Unlike the other organic acids studied, succinic (C4) and adipic (Cg) acids exhibited
no hygroscopic growth over the RH range studied, which is consistent with the HTDMA results of
Prenni et al. (2001). With the exception of glyoxylic acid, previous studies have either measured or
calculated DRHs for these organic acids; only malonic (DRH = 74 - 91%) and glutaric (DRH = 84
- 99%) acids exhibit DRHs in the range of RHs tested in this study, while the rest of the organic
acids exhibit DRHs exceeding 97% (Saxena and Hildemann, 1997; Peng et al., 2001).

Excluding oxalic and glyoxylic acids, the experimental data in Fig. 2.6 indicate a clear odd-
even carbon number effect, where the odd-carbon number organic acids (malonic and glutaric acids)
exhibit relatively more hygroscopic growth as compared to the even-carbon number acids (succinic
and adipic acids). This behavior is consistent with the literature (Saxena and Hildemann, 1996;
Prenni et al., 2001); solubility alternates with the number of carbon atoms in the organic acid
molecule up to Cyg. Oxalic acid is significantly more hygroscopic than succinic and adipic acids, the
other two even carbon-number dicarboxylic acids.

Growth factor values for dicarboxylic acids measured in this study tend to be lower than those
predicted by the Brechtel and Kreidenweis (2000a,b). The growth factors for malonic acid showed
the best agreement with predictions as compared to the other organic acids, with a growth factor that
is at most 6% below that predicted. The measured growth factor for glutaric acid was at most 17%
below predictions. Malonic and oxalic acids exhibited relatively similar growth factors up to an RH of
92% (1.53 £ 0.07, 8% below theory, and 1.58 4+ 0.07, 26% below theory, respectively), while glutaric
acid showed less growth (1.27 + 0.05, 19% below theory). Because thermodynamic parameters are
not available for glyoxylic acid, only experimental results are shown; glyoxylic acid exhibits similar

hygroscopic behavior when compared to oxalic, malonic, and glutaric acids. Glyoxylic acid has a
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measured growth factor of 1.44 + 0.06 at an RH of 92%.

Five potential explanations for the disagreement between measurements and predictions for the
dicarboxylic acid growth factors include: (1) uncertainties in the model parameters used for each
dicarboxylic acid (osmotic coefficient, surface tension, solution density); (2) particles did not crys-
tallize during drying prior to size-selection by the DMA and, therefore, do not properly reflect the
quantity of solute; (3) particles were non-spherical; (4) volatilization of the organic acids occurred;
and (5) the dicarboxylic acid particles exhibit slower water uptake than the inorganic species studied
and did not have enough time to reach equilibrium at a given wet RH. The extent to which each
of the five aforementioned explanations leads to the discrepancy between predictions and measure-
ments is not known. It is noted that the second, third, and fifth explanations would ideally lead to
an underestimate of the growth factor. In particular, there is less known about the morphology of
organics as compared to inorganic species, therefore, if the organic acid particles were not spherical
or compact, then the experimentally determined growth factors are less than their actual values
from a morphology standpoint. The measurements do provide evidence that ambient particles that
contain organic acids, specifically oxalic, malonic, glutaric, and glyoxylic acids, experience growth

at low RHs (< 65%).

2.8 Validation of Iterative Data Processing Code

In order to assess the validity of the data processing technique for interpreting ambient data, the
iterative procedure outlined in Fig. 2.5 was applied to data collected from wet ammonium sulfate
experiments to quantify “effective” refractive index and growth factor as a function of RH. The three
wet RHs used in the field study subsequently discussed, 74%, 85%, and 92%, were also applied in
these wet ammonium sulfate tests (n > 15 at each RH). The measurements that have been processed
with the iterative code are compared to predictions of the Brechtel and Kreidenweis (2000a,b) and
Clegg et al. (1998) models. Figure 2.7 shows that, although the calculated “effective” refractive
index at an RH of 74% agrees perfectly with the literature (Weast and Astle, 1987), the DASH-

derived average growth factors exceed theory at this RH by as much as 8%. The measured growth
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factors at RHs of 85% and 92% lie within one standard deviation of the model predictions, whereas
the “effective” refractive indices agree to within 1%. This is a result of the fact that the calculation
of growth factor in the iterative data processing code is more sensitive to DMA, OPC, and RH
uncertainties as compared to calculation of refractive indices.

Figure 2.8 (A-C) shows examples of the dry and wet size distributions from wet ammonium
sulfate data processed with the iterative code. Size distribution data are presented at four RHs
(one dry, and three wet RHs) for each of three initial dry sizes (150, 175, and 200 nm). The size
distributions for dry particles and those at an RH value of 74% should be identical since ammonium
sulfate particles deliquesce at an RH of 79.9 + 0.5% (Seinfeld and Pandis 2006). However, the mode
diameters of the size distributions at RH = 74% slightly exceed those of the dry size distributions.
The dry and RH = 74% size distributions are broader at a dry size of 150 nm than at the two
larger sizes; this broadening behavior is normally observed when the particle size is close to the
minimum OPC detection limit. There is variation in the growth factors at constant RH, as the
range in values at RHs of 74%, 85%, and 92% is 0.04 (average GF = 1.06), 0.08 (average GF =
1.59), and 0.16 (average GF = 1.80), respectively. The differences in growth factor at constant
RH for various dry sizes is attributable to uncertainties in the measurements and the iterative data
processing procedure, particularly the cubic and high-order polynomial equations. However, all
of the growth factors reported in Fig. 2.8 are within 10% of predictions from the Brechtel and
Kreidenweis (2000a,b) and Clegg et al. (1998) models.

One would expect narrower size distributions for the dry ammonium sulfate results in Fig. 2.8
since the DMA is selecting one size. To determine whether the broadness of the dry ammonium
sulfate size distributions is caused by an instrument issue or by impurities and morphology issues
associated with ammonium sulfate particles, dry PSL size distributions were also computed since
PSL particles are spherical (Fig. 2.8 D). The PSL size distributions are considerably narrower
than those of dry ammonium sulfate particles, suggesting that the latter aerosol likely consisted of
non-spherical particles that affect the final optical sizing; particle shape variations can significantly

influence their scattering and absorption properties (Chylek et al., 1984; Videen et al., 1997). The
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PSL size distributions for particle diameters of 152 nm and 404 nm were slightly broader than
distributions at diameters of 199 nm and 300 nm, providing further evidence that the OPCs have
somewhat lower size resolution near their minimum and maximum size detection limits. It is unlikely
that particle coincidence plays a role in the broadening behavior apparent in Fig. 2.8. If this were
the case, the same shape would be observed in the dry PSL distributions for all sizes shown. It is
possible, however, that some of the broadening is also due to the particles experiencing a range of
RHs.

These results suggest that the iterative procedure is capable of accurately determining refractive
indices and providing dry and wet size distributions. Although the distributions may be broader
close to the OPC size detection limits, the modes of these distributions can still be used to accurately

calculate growth factors.

2.9 Field Implementation of DASH-SP

On July 16, 2007, by prior arrangement, the Twin Otter intercepted and repeatedly sampled the
exhaust plume of a large PANAMAX container ship with a 55 MW main engine operating on heavy
fuel oil. Figure 2.9A shows the flight tracks during the ship experiment. The aircraft first flew up
the plume toward the ship, which was steaming directly into the wind, at an altitude of 30 m; this
procedure was repeated three more times. The aircraft also performed several cross-wind transects
of the plume at various altitudes in the marine boundary layer (< 250 m), which was clear on this
day. Inside the plume, submicrometer particle number concentrations reached as high as 365,000
cm ™3, as determined with a differential mobility analyzer with a time resolution of ~73 s, whereas
the background aerosol concentration outside of the plume was < 500 cm™2. The plume was ~ 0.4
km wide during the first downwind transect at an altitude of 30 m and it was 2 km wide during the
second to last transect at an altitude of 150 m (the plume was not detected in the last transect at
210 m).

Figure 2.9B displays the water-soluble aerosol composition inside the plume as measured every

4.5 min (equivalent to a flown distance of ~13.5 km) by a particle-into-liquid sampler (PILS, Brechtel



26

Manufacturing Inc., Sorooshian et al., 2006a). The water-soluble aerosol mass, which reached values
as high 93 pug m~2 just behind the ship, was composed mainly of sulfate (96.2% + 4.0% of water-
soluble mass; n = 15). Other water-soluble components of the aerosol included Nat (1.0% + 2.4%),
NO3;~ (1.0% =+ 0.6%), organic acids (0.6% =+ 0.3%), C1~ (0.6% =+ 0.9%), and NH4" (0.5% =+ 0.4%).
The aerosol was highly acidic, as the ammonium-to-sulfate molar ratio was, on average, 0.03. The
ratio of water-soluble mass to the DMA-observed volume concentration of the aerosol was 1.13 g
em ™ 4 0.30 g cm ™3, suggesting that a significant fraction of the aerosol was accounted for by the
PILS data, assuming that the ambient aerosol density was close to that of sulfuric acid (1.84 g cm™3).
As observed by an Aerodyne time-of-flight aerosol mass spectrometer, the aerosol contained a large
proportion of hydrophobic organic species that were not detected by the PILS. It is likely that some
of the hydrophobic species were light-absorbing, like soot, which introduces error in the iterative
data processing algorithm because of non-zero imaginary components of the refractive index.

DASH-SP data are presented for the following dry diameters: 150, 175, 200, and 250 nm. The
instrument was pre-programmed to detect a minimum of 300 pulses in each OPC channel for this
flight. For 150 and 175 nm particles, 1 s and 10 s were usually required before all OPCs detected at
least 300 pulses inside and outside of the ship plume, respectively. For 200 and 250 nm particles, 10
- 30 s and 10 — 60 s were required inside and outside of the plume, respectively.

The average dry “effective” refractive index of aerosol in the ship plume was determined to be
1.53 4+ 0.04, while the “effective” refractive index in the background aerosol outside of the plume was
1.49 + 0.04. It should be noted that the refractive indices of sulfuric acid, ammonium bisulfate, and
ammonium sulfate are 1.41, 1.48, and 1.52, respectively (Weast and Astle, 1987; Ames et al., 2000).
The time resolution of the DASH-SP is evident in Fig. 2.9C, which shows the spatial distribution
of growth factors at an RH of 92%. In the ship plume, the average growth factors at RHs of 74%,
85%, and 92% were 1.11 £+ 0.04, 1.46 + 0.09, and 1.53 + 0.10, respectively. The corresponding
growth factors in the background aerosol were 1.19 + 0.09 (RH = 74%), 1.54 + 0.05 (RH = 85%),
and 1.63 £ 0.08 (RH = 92%). Therefore, the overall averages suggest that there was a decrease

in hygroscopicity inside the ship plume as compared to the background marine aerosol at RHs >



27

74%. There was no significant difference in growth factor as the plane flew closer to the ship in its
plume from a downwind distance greater than 30 km. We hypothesize that this occurred because the
relative mass fractions of acidic sulfate and hydrocarbon-like organic species did not vary appreciably
over the range of timescales of transport between the ship and aircraft. The observed growth factors
in the plume are lower than what would be expected for pure sulfuric acid, and this is likely a result
of the presence of other species, such as hydrophobic organics, in the particles that reduced the

hygroscopicity.

2.10 Conclusions

This study introduces a new instrument, termed the differential aerosol sizing and hygroscopicity
spectrometer probe (DASH-SP). In the instrument, a DMA-selected monodisperse aerosol flow is
split into five flows, one to each of four OPCs with its own upstream humidification column, and
one to a CPC. The DASH-SP has been designed for aircraft operation and other applications where
hygroscopic growth observations are required at multiple sizes and RHs with high time resolution.
An iterative data processing algorithm calculates growth factors and “effective” refractive indices
for humidified particles based on a calculated value of the “effective” dry particle refractive index;
iterations are performed on a three-dimensional surface (pulse height — refractive index — D)) based
on dry particle calibration data from several salts with known refractive indices.

Laboratory tests were performed to characterize the instrument’s performance. The minimum
particle diameter detected with 50% efficiency in the OPCs is 135 4 8 nm; particles with diameters
> 1 pm are detected by the OPCs using the low-gain setting, subject to increasing uncertainty as
a function of growing size due to multiply charged particles and electrical saturation of the OPCs.
Estimates for the time required to obtain statistically significant counts in each OPC channel were
reported for a wide range of particle number concentrations. The RH uncertainty is + 1.5% with
an average uncertainty of + 4.3% for growth factor measurements. Measured DRHs of ammonium
sulfate, sodium sulfate, and potassium chloride aerosols agree with literature values to within + 1%,

while that for sodium chloride aerosols agrees to within & 1.6%. A high level of stability exists in
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the dry salt calibrations and growth factors for various salts at RHs up to 92%, especially at particle
diameters larger than the 50% detection limit of the OPCs.

Excellent agreement exists between growth factor data for several inorganic salts and predictions
from a thermodynamic model. Growth factor data for organic acids show that, with the exception
of oxalic and glyoxylic acids (both Cy acids), the organic acids with an odd number of carbons
(malonic and glutaric acids) exhibit greater hygroscopic growth than those with an even number
(succinic and adipic acids). Succinic and adipic acids exhibit no hygroscopic growth up to an RH
of 94%, while the other organic acids show gradual growth starting at low RHs (< 65%). Oxalic
acid, the most abundant organic acid in ambient aerosols, exhibits the greatest hygroscopic growth
among all of the organic acids studied.

The DASH-SP was successfully deployed in the 2007 Marine Stratus/Stratocumulus Experiment
(MASE II) campaign on board the CIRPAS Twin Otter aircraft. Results are presented here for
one flight during this study in which the plume from a large container ship was sampled. Growth
factors of the exhaust plume aerosol downwind of this ship at RHs of 74%, 85%, and 92% were 1.11
+ 0.04, 1.46 + 0.09, and 1.53 + 0.10, respectively. The field data demonstrate that the DASH-SP
is capable of providing first-of-a-kind, rapid, simultaneous, size-resolved aerosol hygroscopic growth
measurements at multiple RHs. Future work will address the instrument response to non-spherical

and light-absorbing particles.
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Table 2.1:

Acrosol hygroscopicity measurement techniques

Aerosol hygroscopicity measurement techniques.

Measurement
description

Measurement

category Notes

Studies

Single particle levitation to directly  Electrodynamic balance
measure r ch;mgc in response
to humidity ition

Variation in aerosol light scatiering
coefficient with changing RH

can study full RH hysteresis
behavior

Growth factor is estimated by the
ratio of the humidification factor
at adry RH and an elevated RH

Humidity-controlled nephelometry:
either one or multiple
RH-conditioned nephelometers,
each typically operated at 3
wavelengths

Comparison of size distributions
from two aircraft wing probes:
Passive cavity aerosol
spectrometer probe (PCASP: dry
RH) and forward scattering
spectrometer probe (FSSP or
F300; ambient RH)

Aerosol hydration spectrometer:
Two OPCs in parallel at different
RHs (48-53% and 88-92%)

Cannot compare aerosol at one
particular size and is limited by
the RH at ambient conditions

Parallel unit operations to estimate
growth factor of total acrosol
from size distribution shifts

Cannot compare aerosol at one
particular size: typically requires
20 min for each sample
(maximum = 40 min) (Hegg
et al. 2006)

Cannot compare aerosol at one
particular size

Dual Automated Classified Aerosol
Detector: Two DMASs in parallel
at different RHs

Humidified tandem DMA
(HTDMA): Two DMASs in series
with a humidification step in
between

Usually restricted to sizes less than
~500 nm; limited by one RH at
one time: time resolution can be
as low as 15 min (Busch et al.
2002)

Unit operations in series to measure
growth factor of size-classified
aerosol from size distribution
shifts

Can study only one wet RH at a
time: measures shrinkage upon
drying rather than growth upon
humidification: initial humid
diameters can be as large as

Relative humidity-moderated
differential mobility optical
particle size spectrometer
(RH-DMOPSS): high flow DMA
followed by an OPC and CPC
operating in parallel. DMA and
OPC arc operated at different
RHs: dry aerosol is used to
calibrate the OPC continuously
during operation

Hygroscopic-differential mobility
analyzer-acrodynamic particle
sizer (H-DMA-APS): DMA
followed by a dry APS and a
separate RH-conditioned APS

Differential aerosol sizing and
hygroscopicity spectrometer
probe (DASH-SP): DMA
followed by a parallel system of
one CPC and four OPCs, each of
which has an upstream
RH-conditioning module

than that of the HTDMA

Can study only one wet RH at a
time

Can study multiple RHs
limit near 1 gem; OPCs detect

resolution as short as a few
seconds

Suitable only for laboratory studies;

1.1 pm; time resolution is better

simultancously; DMA upper size

particles in excess of 1 gm: time

Cohen et al. 1987a, 1987b; Tang and
Munkelwitz 1993, 1994a, 1994b; Peng
etal. 2001; Peng and Chan 2001

Rood et al. 1985; Carrico et al. 1998, 2000;
Kotchenruther and Hobbs 1998; Sheridan
etal. 2002; Magi and Hobbs 2003: Malm
et al. 2005: Kim etal. 2006

Kotchenruther and Hobbs 1998 Snider and
Petters 2007

Hegg et al. 2006, 2007

Wang et al. 2003

Sekigawa 1983; McMurry and Stolzenberg
1989: Covertetal. 1991: Zhang et al. 1993;
Berg et al. 1998; Covert and Heintzenberg
1993; Swietlicki et al. 1999, 2000;
Svenningsson et al. 1992, 1994, 1997:
Cocker etal. 2001: Batensperger et al.
2002; Bush et al. 2002; Massling et al.
2003: Gysel et al. 2004 Ferron et al. 2005;
Carrico et al. 2005; Gasparini et al. 2006:
Aklilu et al. 2006; Massling et al. 2007

Kreisberg et al. 2001

Massling et al. 2007

This study
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Figure 2.1: Schematic of DASH-SP.
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deviation to be within 1%, 5%, and 10% of the standard deviation that would be obtained when
counting at least 10,000 particles at constant particle composition.
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Figure 2.3: Stability statistics for different species and sizes over a time span of four months. Panel
A corresponds to the high-gain OPC setting, and Panel B represents the low-gain setting for dry
tests. Panel C represents stability statistics for growth factor during wet studies using the high-gain
OPC configuration (n > 20 for each salt in the bottom panel).
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Figure 2.6: Experimentally determined growth factor curves for inorganic and organic acid species.
Predictions from the Brechtel and Kreidenweis (2000a,b) model are shown for all salts except for
glyoxylic acid and potassium chloride, while predictions from the Clegg et al. (1998) model are also
shown for ammonium sulfate. The Brechtel and Kreidenweis (2000a,b) model includes the Kelvin
term to account for droplet curvature. Error bars reflect uncertainties associated with the RH and
sizing (DMA and OPC) measurements. The reported deliquescence RH (DRH) and efflorescence
RH (ERH) values are from the following references: Saxena and Hildemann (1997) and Peng et al.
(2001) for organic acids, and Seinfeld and Pandis (2006) for the inorganic species.
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Figure 2.7: Comparison between two thermodynamic models and DASH-SP data for ammonium
sulfate particles. The reported DASH-SP results were calculated by using iterative procedure in
Figure 2.5 to process the OPC pulse height data. The RH error bars reflect uncertainties in the
RH measurement, while the GF error bars reflect the precision of the measurement after several
repetitive trials.
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Figure 2.8: Size distributions from wet ammonium sulfate and dry PSL aerosol laboratory tests.
Panels A, B, and C correspond to ammonium sulfate tests in which DM A-selected dry particle sizes
of 150, 175, and 200 nm, respectively, were exposed to RHs of < 8% (dry), 74%, 85%, and 92%. Each
curve is labeled with its calculated growth factor and ”effective” refractive index (n), as calculated
from the iterative data processing procedure in Figure 2.5. Panel D corresponds to dry PSL size
distributions to show that for spherical particles the distributions are narrower than those for salts
that may not be perfectly spherical. The size distributions tend to be broader near the minimum

and maximum size detection limits of the OPCs.
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Figure 2.9: Panel A) Flight tracks during a MASE II flight (July 16, 2007) during which the Twin
Otter aircraft sampled emissions from a large cargo ship off the central coast of California. The
duration of the ship exhaust plume measurements was approximately 2.5 h. The plane flew at an
altitude of 30 m in the ship’s plume, before performing multiple cross-wind transects of the plume at
the labeled altitudes. Panel B) Water-soluble species concentrations as measured by a PILS onboard
the Twin Otter. The four, black vertical lines indicate when the aircraft was immediately behind the
ship. Panel C) Growth factors at an RH of 92%. Marker sizes are proportional to the submicrometer
particle number concentration (range = 50 - 365,000 cm~?), as determined by a DMA.
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Chapter 3

Aerosol hygroscopicity in the
marine atmosphere: a closure
study using high-time-resolution,
multiple-RH DASH-SP and
size-resolved C-ToF-AMS data*

*Reproduced with permission from “Aerosol hygroscopicity in the marine atmosphere: a closure study using high-
time-resolution, multiple-RH DASH-SP and size-resolved C-ToF-AMS data” by Scott P. Hersey, Armin Sorooshian,
Shane M. Murphy, Richard C. Flagan, and John H. Seinfeld, Atmospheric Chemistry and Physics, 9 (7), 2543-2554,
2009. Copyright 2009 by Authors. This work is licensed under a Creative Commons License.
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3.1 Abstract

We have conducted the first airborne hygroscopic growth closure study to utilize data from an Aero-
dyne compact Time-of-Flight Aerosol Mass Spectrometer (C-ToF-AMS) coupled with size-resolved,
multiple-RH, high-time-resolution hygroscopic growth factor (GF') measurements from the differen-
tial aerosol sizing and hygroscopicity spectrometer probe (DASH-SP). These data were collected off
the coast of Central California during seven of the 16 flights carried out during the MASE-IT field
campaign in July 2007. Two of the seven flights were conducted in airmasses characterized by conti-
nental origin. These flights exhibited elevated organic volume fractions (V Fyrganic = 0.56 £0.19, as
opposed to 0.39 & 0.20 for all other flights), corresponding to significantly suppressed GF's at high
RH (1.61 £ 0.14 at 92%RH, as compared with 1.91 + 0.07 for all other flights), more moderate GF
suppression at intermediate RH (1.53 & 0.10 at 85%, compared with 1.58 £ 0.08 for all other flights),
and no measurable GF suppression at low RH (1.31 £ 0.06 at 74%, compared with 1.31 £ 0.07 for
all other flights). Organic loadings were slightly elevated in above-cloud aerosols, as compared with
below-cloud aerosols, and corresponded to a similar trend of significantly suppressed GF' at high RH,
but more moderate impacts at lower values of RH. A hygroscopic closure based on a volume-weighted
mixing rule provided good agreement with DASH-SP measurements (R? = 0.78). Minimization of
root mean square error between observations and predictions indicated mission-averaged organic
GFsof 1.22, 1.45, and 1.48 at 74, 85, and 92% RH, respectively. These values agree with previously
reported values for water-soluble organics such as dicarboxylic and multifunctional acids, and cor-
respond to a highly oxidized, presumably water-soluble, organic fraction (mission-averaged O:C =
0.92 4 0.33). Finally, a backward stepwise linear regression revealed that, other than RH, the most
important predictor for GF is V F,,4anic, indicating that a simple emperical model relating GF,
RH, and the relative abundance of organic material can provide accurate predictions (R? = 0.77) of

hygroscopic growth for the California coast.
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3.2 Introduction

Atmospheric aerosols change size with fluctuations in relative humidity, with a magnitude dic-
tated by chemical composition. Because this hygroscopic response determines particle size, it influ-
ences direct climate forcing attributed to aerosols. Further, subsaturated hygroscopic growth factor
(Dpwet/Dp.ary) is strongly correlated with CCN activity (Prenni et al., 2001). Given the importance
of aerosol water uptake on both the direct and indirect light scattering properties of aerosols, incom-
plete understanding of aerosol hygroscopicity has been identified as a major limitation in estimations
of climate forcing (IPCC, 2007).

With a firm foundational understanding of hygroscopic properties of inorganic aerosol con-
stituents, there has been a significant shift in focus toward organic hygroscopicity in the last decade,
as a number of theoretical (e.g., Clegg and Seinfeld, 2006; Topping et al., 2005a,b), laboratory (Peng
et al., 2001; Choi and Chan, 2002a; Peng and Chan, 2001; Choi and Chan, 2002b; Sjogren et al.,
2007; Virkkula et al., 1999; Cruz and Pandis, 2000; Prenni et al., 2001; Cocker et al., 2001a,b; Hameri
et al., 2002; Saathoff et al., 2003; Prenni et al., 2003; Petters et al., 2006; Varutbangkul et al., 2006;
Sjogren et al., 2007; Prenni et al., 2007; Moore and Raymond, 2008; Rood et al., 1985; Carrico et al.,
1998, 2000; Dougle et al., 1998; Magi and Hobbs, 2003; Kim et al., 2006; Kreisberg et al., 2001;
Hegg et al., 2006; Massling et al., 2007), and chamber (e.g., Ansari and Pandis, 2000; Cocker et al.,
2001a,b; Duplissy et al., 2008) studies have sought to address how the presence of organics affects
the water uptake characteristics of atmospheric aerosol. Despite advances in understanding of hy-
groscopic characteristics of organic-containing particles, measurements of aerosol hygroscopicity in
field campaigns have remained relatively sparse.

Closure studies, which attempt to reconcile simultaneously measured hygroscopic and chemical
data, link laboratory studies of hygroscopicity, theoretical models for water uptake, and field mea-
surements of aerosol-water interactions. The standard method for predicting hygroscopic growth
from composition data is based on volume-weighted water uptake by the individual chemical con-
stituents. While it is usually possible to predict water uptake for the inorganic fraction of atmospheric

aerosols, the wealth of organic species in the atmosphere, combined with limited understanding of
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organic aerosol hygroscopicity, has led investigators to assign the water uptake of organics as the
particle growth not explained by inorganic constituents (e.g., Malm et al., 2005).

An important approach in hygroscopicity closure is to combine ambient measurements of wa-
ter uptake with simultaneous, detailed chemical measurements from the Aerodyne Aerosol Mass
Spectrometer (AMS). One notable ground-based study in an urban atmosphere (Gysel et al., 2007)
used chemical data from the AMS to make volume-weighted predictions of hygroscopic growth fac-
tor (GF), providing good agreement between predicted and measured hygroscopicity values. Their
study represents an improvement in the hygroscopic treatment of organics over prior work, but is
limited by both low time resolution and single-RH conditions inherent in HTDMA systems.

The current study presents data obtained during seven flights in the marine atmosphere off the
coast of Central California during the second Marine Stratus/Stratocumulus Experiment (MASE-
IT). The dataset is the first to combine high-time-resolution, size-resolved AMS chemistry with high-
time-resolution, size-resolved hygroscopic data at multiple RH values from the Differential Aerosol
Sizing and Hygroscopicity Spectrometer Probe (DASH-SP). Hygroscopic studies have previously
been carried out in the marine atmosphere (see Table 3.1), but none of those listed utilized either
AMS chemical data or hygroscopic data as highly size-, time-, and RH-resolved as those presented

here.

3.3 Experimental

3.3.1 MASE-II Experiment

The data presented here were obtained during a series of seven cloud probing flights carried out
as part of the second Marine Stratus/Stratocumulus Experiment (MASE-II) field campaign during
July 2007. The MASE II experiment was the second of two airborne field campaigns directed toward
measurement of aerosol-cloud relationships in marine stratocumulus in the eastern Pacific Ocean.
The Marine Stratus/Stratocumulus Experiment (MASE) was carried out in 2005 off the coast of

Monterey, California (Lu et al., 2007), and MASE II was undertaken in 2007 in the same region.
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Both experiments were carried out in the month of July, when marine stratocumulus are prevalent
over the region, and utilized the CIRPAS Twin Otter aircraft. In each campaign, comprehensive
airborne measurements were made of aerosol and cloud properties in areas both perturbed and
unperturbed by continental emissions. Tables 3.2 and 6.1 list the flights carried out during MASE
IT and the instrument payload onboard the Twin Otter, respectively. The present study addresses
measurements of the hygroscopic properties of marine aerosols during MASE II. Other flights probed
emissions from a large bovine source and a large container ship, and these data are presented

elsewhere (Sorooshian et al., 2008b; Murphy et al., submitted).

3.3.2 Aerosol Composition Measurements

Non-refractory aerosol chemical species were characterized by the Aerodyne compact Time-of-Flight
Aerosol Mass Spectrometer (C-ToF-AMS) (¢ToF-AMS, Drewnick et al., 2004a,b). Particles with
vacuum aerodynamic diameters (D,,,) 50 nm < D,,, < 800 nm are focused by an aerodynamic lens,
pass through a 3.5% chopper, and are vaporized at 530 — 600 °C. The chopper is operated in three
modes, to detect background mass spectra, ensemble average mass spectra over all particle sizes, or
size-resolved mass spectra. After particle vaporization, molecules are ionized via electron impact,
and are pulsed into a time-of-flight mass spectrometer. MASE-II data were collected at unit mass
resolution. AMS mass spectra are deconvolved into sulfate, nitrate, ammonium, and organic mass
loadings (Allan et al., 2004). O:C ratios are determined by using mass concentration at m/z 44 and
a parameterization presented in Aiken et al. (2008).

AMS measurements were averaged to match the time-resolution of hygroscopicity measurements,
and particle density was calculated for each flight leg. Because the C-ToF-AMS measures particle
vacuum aerodynamic diameter (D,,) and the DMA measures electrical mobility diameter (D.,, ), one
can determine particle density by comparing the volume distribution from the DMA (dV/dlog(Dem))
to the total mass distribution measured by the C-ToF-AMS (dM/dlog(De.,)) (DeCarlo et al., 2004).
If one assumes that the aerosol consists of an internal mixture of spherical particles, the relationship

between the two diameters is p, = (Dya/Dm)po, Where p, is unit density (1 g/cm?®). Under these



51

assumptions, the ratio of the D,, where the mass distribution peaks to the D,,, where the volume
distribution peaks is the density. Reference to the peak of each distribution is given for simplicity,
though in practice the ratio that causes the entirety of the two distributions to best align is the
final calculated particle density. Organic density is then calculated by using the bulk chemistry
from the C-ToF-AMS for a given time period and assuming the particles measured by the DMA
are completely dry. The dry densities of all the inorganic components are known and, assuming
volume additivity, the density of the organic component can then be estimated. If the inorganic
component of the particles measured by the DMA is not completely dry, this procedure will result
in an underestimate of the particle density because the D.,, will be larger than it would have been
for a dry particle. Particles entering the C-ToF-AMS are assumed to be dry, and even if they are
not completely devoid of water, the presence of small amounts of water causes little change in the
vacuum aerodynamic diameter. One important issue concerning C-ToF-AMS data is the collection
efficiency of particles within the instrument (Huffman et al., 2005). In this study, C-ToF-AMS mass
loadings were confirmed by comparison between the sulfate measurements from the C-ToF-AMS and
the Particle Into Liquid Sampler - Ton Chromatograph (PILS-IC, Brechtel Mfg. Inc.) during periods
when there were no rapid fluctuations in particulate mass loading. Composition data represent size-
resolved AMS chemistry averaged over 10 nm size bins. Since hygroscopicity measurements were

carried out for particles of De¢yy, qry equal to 150, 175, and 200 nm.

3.3.3 Hygroscopicity Measurements

Hygroscopicity measurements were carried out with the Differential Aerosol Sizing and Hygroscop-
icity Spectrometer Probe (DASH-SP, Brechtel Mfg; Sorooshian et al., 2008a). Ambient particles
pass through a nafion dryer before receiving a uniform charge distribution in a ?'°Po neutralizer.
A cylindrical, single-classification differential mobility analyzer (DMA) then size selects particles
into narrow ranges of mobility-equivalent diameters (De,,) between 0.1 and 1.0 pm. The resulting
monodisperse aerosol is split into five separate flows. One channel provides a redundant measurement

of total particle concentration at the DM A-selected size with a water condensation particle counter
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(TSI Model 3831). The remaining four channels consist of parallel nafion humidification chambers
(Perma Pure, LLP, Model MD-070-24FS-4), followed by correspondingly humidified custom optical
particle counters (OPCs). In the OPC sample volume, particles pass through a focused laser beam
(A = 532 nm, World Star Technologies, Model TECGL-30) and scatter light in proportion to size
(Dp) and refractive index (RI). Forward-scattered light is collected and focused on a photomultiplier
tube, and the resulting electrical pulse is recorded by a high-speed data acquisition computer. An
iterative data processing algorithm, based on laboratory calibrations with salts of known refractive
indices, is used to determine the best fit on a solution surface relating electrical pulse height, size,
and refractive index. The hygroscopic growth factor (GF = D, wet/Dp,ary) is corrected for the RI
change caused by particulate liquid water at elevated RH. Temperature and pressure measurements
are continually made at multiple locations in the instrument, and used to ensure that temperature
and pressure variability do not impact hygroscopicity measurements. In the current study, hygro-
scopicity was measured at dry sizes corresponding to D, of 150, 175, and 200 nm. Multiple RH
sensors in the nafion tubes and OPCs controlled RHs to dry (< 8%), 74%, 85%, and 92%, with RH
uncertainty of 1.5%. Low particle loadings inherent in the marine atmosphere required increased
on-line collection times at each DMA size step, but usually < one minute was sufficient to overcome
counting statistic limitations. Overall uncertainty in GF calculations is 4.5%. Assuming particles to
be uniform, non-light-absorbing spheres allows the assumption that the intensity of scattered light
is a function of only RI and D,,. This assumption also allows calculation of dry, ‘effective’ RI from

the known DMA-selected D,, and measured scattered light intensity.

3.3.4 Hygroscopic Closure

A volume-weighted mixing rule was used to perform a hygroscopic closure using AMS and DASH-SP
data, under the assumption of independent and additive water uptake by individual constituents in

each particle:

1/3
GFmized(aw) = (Z eiGFi(aw)3> (3.1)

g
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where GF,;zeq is the overall particle GF, a,, is the water activity, GF; is the hygroscopic growth
factor for pure species i, and ¢; is the volume fraction of species i. At equilibrium, a,, =RH (Seinfeld
and Pandis, 2006). Values for ¢; were calculated for the following species, using AMS masses of am-
monium (NH;), nitrate (NO3 ), sulfate (SO3~), and total organic: ammonium nitrate (NH;NO3),
ammonium sulfate ((NH4)2S04), ammonium bisulfate (NH4HSOy), sulfuric acid (H2SO4), and or-
ganic. Partitioning between sulfate species was determined on the basis of the ammonium to sulfate
molar ratio (SR = [NHJ]/[SO37]). When SR < 1, the sulfate was assumed to be a mixture of
H5SO4 and NH4HSO4; when 1 < SR < 2, sulfate was assumed to be a mixture of NH;HSO4 and
(NH4)2S04; when SR > 2, sulfate was assumed to be solely (NHy)2SO4. During MASE-II, sulfate
was predominantly found to exist as NHyHSO4. (NHy)2SO4 is assumed to have a GF of unity at
RH equal to 74% since particles are exposed to RH well below its effloresence point before subse-
quent rehumidification. The organic fraction was assumed to be hydrophilic, based on evidence of
a high degree of organic oxygenation from AMS mass spectra (see Section 3.4.3). Values of GF; for
the organic fraction were calculated as those necessary to minimize the root mean square error in

comparing predictions with measured hygroscopicity.

3.4 Results

GF values for seven flights are presented (RF 7, 10, 11, 12, 13, 14, and 16 in Table 3.2). Table
3.4 presents measured GF's at each RH and each Dey, qry. Typically, multiple measurements were
made on each leg, at each size, for each flight. The error reported is + one standard deviation in
these multiple measurements. When only one measurement was made at a given size in a given leg,
it is reported without error. Ship plumes were encountered on flights 10 and 16, as evidenced by
brief, significantly elevated particle number concentration. Analysis of GF measurements in these
presumptive plumes is not presented in the present work. Aerosol densities were calculated for each
leg and used in the analysis below. Mission-averaged densities (averaged over all flight legs) were
found to be 1.53 £ 0.19, 1.56 4 0.20, and 1.47 + 0.15 g/cm?® for below-cloud, above-cloud, and free

troposphere legs, respectively. Mission-averaged organic densities were calculated to be 1.20 4 0.76,
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1.34 + 0.46, and 1.30 4+ 0.24 for below-cloud, above-cloud, and free troposphere legs, respectively.

3.4.1 Airmass Origin

Relative to the other flights, RF 12 and 16 exhibited significantly suppressed water uptake at high
RH for all dry sizes. During these two flights, 92% GF values for 200 nm De,,, q4r, particles averaged
1.61 £ 0.14, as compared with 1.91 4+ 0.07 for all other flights. These low-GF flights corresponded
to significantly elevated total organic, as measured by the AMS. Mass concentration averaged 1.97+
1.71 pg/m? organic (as opposed to 0.58 & 0.63 png/m? for all other flights), corresponding to volume
fraction organic (V Fyrganic) of 0.56 £ 0.19 (as opposed to 0.39 £ 0.20 for all other flights).
Back-trajectory analysis suggests that the MASE-II flights can be categorized by airmass origin
as either polluted/continental (flights 12, 16), or non-continentally influenced (flights 7, 10, 11, 13,
14). Figure 3.1 shows 92% GF measurements for 200 nm D, 4., particles, with corresponding 48-hr
HYSPLIT (available at http://www.arl.noaa.gov/ready/hysplit4.html) back-trajectories identifying
airmass origin. Note that the low GF's and high V F,gqnic measured on flights 12 and 16 correspond
with airmass origins over the continental United States, while higher GF's and lower V F,,ganic
measured on other flights correspond to airmass origins over the clean marine environment. It is
interesting to note that trajectories at sea level have marine origins for all flights (including low-GF
flights 12 and 16), and that there is a general trend of descending air from aloft over the course of
the trajectories. This suggests that mixing of air from aloft is a significant factor in determining
marine aerosol characteristics in the marine boundary layer. It is also noteworthy that GF values
at low RH were not significantly suppressed, with values of 1.31 + 0.06 at 74% (compared with
1.31 4+ 0.07 for all other flights). GF values at intermediate RH were moderately suppressed in
the continental airmasses, measuring 1.53 &+ 0.10 at 85% (compared with 1.58 4 0.08 for all other
flights). In other words, the effect of the high-V Fi,;ganic, continental airmass was to significantly
suppress GF at high RH, while having no measurable effect on aerosol water uptake at low RH
and a moderate impact at intermediate RH. These results, while suggestive of continental airmass

influence, should be interpreted in light of the relatively coarse grid resolution of the HYSPLIT
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model. In this analysis, small shifts in back-trajectories toward continental origin correlate with

significantly suppressed high-RH G F's.

3.4.2 Hygroscopicity Trends

No size-dependent hygroscopicity was observed over the range of measured Dey, 4ry, and in addition,
no significant size-dependent trends in V F,,jqnic Were observed. Further, organic-to-sulfate ratios
from the AMS showed no significant variation over the size range measured by the DASH-SP. This
suggests an internally-mixed aerosol between the sizes of 150 and 200nm.

Figure 3.2 shows below- and corresponding above-cloud 92% GF values for all flights. There
exists a ubiquitous trend of higher below-cloud aerosol GF' values at high RH when compared with
top of cloud hygroscopicity values (1.88+0.14 below cloud, versus 1.78 +0.18 above cloud). Marker
sizes, proportional to V Fy,ganic, suggest a trend of higher organic loading above cloud in several
flights (0.36 = 0.15 below cloud, versus 0.43 £ 0.22 above cloud). While variability is rather large in
these measurements, the trend of elevated V Fy,.ganic above-cloud does correspond to suppressed GF
at high RH. There is a trend of more moderate GF' suppression at intermediate RH in the higher
V Forganic above-cloud layer (1.53 & 0.06 above cloud, as compared with 1.58 £ 0.07 below cloud).
Unlike the continental-influenced flights, there is evidence of greater suppression of low-RH GF's in
above-cloud legs, with 74% GF values of 1.31 + 0.05 above cloud, compared with 1.36 + 0.05 below.
It appears, then, that the elevated organic loadings typical of above-cloud legs are correlated with

GF suppression at high RH, and more moderate GF suppression at lower RHs.

3.4.3 Hygroscopic Closure

A hygroscopic closure was performed, using volume-weighted hygroscopic contributions from each
chemical constituent identified by the AMS. O:C ratios for the flights presented were very similar for
below-cloud (0.93 £ 0.32), above-cloud (0.91 + 0.26), and free troposphere (0.92 + 0.25) legs in both
continentally- (0.94 %+ 0.30) and marine-influenced (0.91 £ 0.25) flights. This result indicates that

the organic component was consistently highly oxidized. With this evidence, the organic fraction was
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treated as a bulk, water-soluble constituent and was not divided into soluble and insoluble fractions
based on AMS organic mass spectra (Kondo et al., 2007). As described in Section 3.3.4, GF' values
were calculated for the organic component of the aerosol by minimizing root mean square error when
comparing measured G F's with volume-weighted closure predictions. Mission-averaged organic GF's
were determined to be 1.22, 1.45, and 1.48 at 74, 85, and 92% RH, respectively. Agreement at 74
and 92% RH is within 2%, compared with the hydrophilic multifunctional and dicarboxylic acids
parameterized in Peng et al. 2001, though the 85% organic GF is overpredicted here by 7%. Closure
results are presented in Fig. 3.3. Markers in Fig. 3.3 are color-coded according to relative humidity,
and marker size is proportional to V Fo,ganic. The volume-weighted hygroscopic closure utilizing
size-resolved AMS chemistry achieves good agreement with the 675 DASH-SP GF measurements,
with an R? of 0.78. Agreement is better at lower values of RH, owing to smaller GF magnitudes
and less overall GF' variability.

Aside from the obvious RH dependence of GF' values, the clearest trend in Fig. 3.3 is that of
larger markers (higher VFO,,gamc) at low GF transitioning to smaller markers (lower VFO,,gamc) at
high values of GF for the same RH. The clarity and regularity of this trend reveal the importance

of the organic fraction in determining GF' values.

3.4.4 Simplified Parameterization

To further investigate the relative importance of each parameter in quantifying aerosol water uptake,
and to detemine the simplest empirical model still capable of accurately predicting GF', a backward
stepwise linear regression was performed. The process, which eliminates predictors one-by-one to
generate increasingly simplified linear representations of data, started with over 60 predictors, rang-
ing from PILS and AMS chemical parameters to atmospheric data. The result is a two-parameter

model that predicts GF as a function of RH and V Fi,ganic:

GF = —0.312 + 0.0233(RH) — 0.282(V Fyprganic) (3.2)
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Figure 3.4 demonstrates the accuracy with which this model predicts DASH-SP GF' values over
the measured the range of RH and V Fi,ganic. It is noteworthy that the R? for this model is
0.77, indicating that the simple, two-parameter model explains only 1% less variability than the
full volume-weighted chemical closure, which contains significantly more information (i.e. multiple
inorganic chemical species and their individual GF's, in addition to organic fraction with its associ-
ated GF'). It appears as though accurate predictions of particle water uptake in this region can be
made simply on the basis of relative humidity and the relative abundance of organics in the aerosol,
given a relatively uniform, highly-oxidized organic component internally mixed with predominantly
ammonium bisulfate. While this model accurately predicts GF' over the range of RH and V Fy,.ganic,
and for the O:C ratios measured during MASE-II, it should not be used when RH is outside the

range 74% < RH < 92%, or where V F,, gqnic is less than 0.1 or greater than 0.9.

3.5 Discussion

Comparing mixed organic-inorganic particles with those comprised entirely of inorganic salts, there
is a strong RH-dependence in the effect of organics on hygroscopicity (Peng et al., 2001). During
the MASE-II field campaign, GF values at 74% RH averaged ~1.3. Organic GF's were calculated to
be 1.22 at 74% RH, suggesting that they contributed significantly to overall aerosol water uptake at
low RH. GF values at 85% RH averaged ~1.6 during the campaign, and so the organic GF of 1.45
calculated for 85% RH suggests that organics played a less significant role, but still influenced water
uptake at intermediate RH. An organic GF value of 1.48 was calculated for 92% RH, with DASH-SP
92% GF measurements of ~1.8 indicating that organics make little contribution to overall water
uptake at high RH.

Inorganic salts exhibit deliquescent behavior as RH is increased. Many organics do not deliquesce
or crystallize when RH is increased or decreased, respectively, but instead retain water at RH values
well below the RH of deliquescence (RHD) of the inorganic salts with which they often co-exist in
ambient particles. As a result, at RH values below the salt RHD, the presence of organics enhances

water uptake. Thus, the effect of organics is to contribute significantly to overall water uptake at
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low values of RH in mixed organic-inorganic particles. At high RH, on the other hand, organics
tend to take up significantly less water than the inorganic constituents with which they co-exist in
ambient particles. Therefore, at RH values above the inorganic RHD, organics appear to suppress
water uptake relative to that which a pure inorganic particle would exhibit.

Figure 3.5 shows simplified behavior of a pure ammonium sulfate (AS) particle, pure organic
acid (OA) particle (as described by Peng et al., 2001), and a mixed organic acid and ammonium
sulfate (OA/AS) particle over the range 50% < RH < 94%. Note that the mixed OA/AS particle
shows smooth growth with RH, as opposed to the deliquescent behavior exhibited by the pure AS
particle. The tendency of organics to retain water at low RH causes water uptake behavior for the
OA/AS particle to follow that of the descending (i.e. efflorescence) branch of the pure AS growth
curve. Since pure OA takes up less water at high RH than does pure AS, the growth curve for the
OA/AS particle is suppressed, compared with that of pure AS. The overall result, as predicted by
thermodynamic theory, is that the presence of OA leads to enhanced water uptake at low RH and
suppressed GF' at high RH.

Virkkula et al. (1999) concluded that the most important factor contributing to GF suppression
at high RH was the volume fraction of organic present in an aerosol. Others have suggested that the
exact chemical identity of the organic constituents is not especially important, and that for an organic
component classified as either oxidized or hydrocarbon-like, its relative abundance determines its
effect on GF values (McFiggans et al., 2005; Moore and Raymond, 2008). The aerosol measured
during MASE-II was comprised of an internally-mixed combination of highly-oxidized organics with
predominantly ammonium bisulfate in the size range 150-200nm. Results presented here from a
stepwise linear regression on GF' data from the marine atmosphere suggest that the single most
important factor in predicting GF (aside from RH) is, indeed, V F,ganic. This suggests that an
aerosol containing a uniform, highly-oxidized organic component may be sufficiently characterized
in global models by a size distribution, RH, and a bulk estimate of the relative abundance of organics.

A brief sensitivity study was undertaken, in order to determine the importance of the V F,,ganic

term in predicting water uptake for the marine aerosol encountered during this study. Predictions of
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hygroscopic GF' based on the assumption of an entirely inorganic aerosol yielded poorer agreement
(R? = 0.68) than the simple parameterization presented in this paper (R? = 0.77). This suggests
that accurate predictions of organic volume fraction are important to predict water uptake for a
marine aerosol with a uniformly oxidized organic component.

In most instruments that measure aerosol hygroscopicity, residence times for humidification are
on the order of seconds; much longer than the equilibration time for most inorganics with water
vapor. Sjogren et al. (2007) noted, however, that particles with high volume fraction organic
material may require as long as 40 s to achieve equilibrium with water vapor. If such long times
are necessary to achieve equilibrium, hygroscopic measurement methods suitable for the field will
tend to overpredict GF at low RH (water vapor does not evaporate completely from the particle
during the drying process), while underpredicting GF' at high RH (insufficient humidification time
is provided for the organic fraction to achieve thermodynamic equilibrium with water vapor). In
electrodynamic balance (EDB, (Cohen et al., 1987a,b,c)) studies, suspended particles are subjected
to extended exposure to water vapor (minutes to hours), establishing equilibrium. Some organics
exhibit extremely high deliquescence relative humidities (DRH) (e.g., oxalic acid), while others
exhibit gradual hygroscopic growth at low RH and substantial growth at high RH (e.g., malonic
acid) (Peng et al., 2001). It is possible, given the wide range of organic species in the atmosphere
and correspondingly wide range of hygroscopic properties associated with those species, and the
relatively short humidification times in the DASH-SP and other similar instruments, that the effects
attributed to organics may reflect some kinetic instrumental limitations.

Additionally, while particles entering the DASH-SP are dried to well below relative humidity
of efflorescence (RHE) for the inorganic salts encountered in the marine atmosphere, it is possible
that the presence of organics causes some particles to remain in a supersaturated (with respect to
efflorescence) state after drying. The inorganic fraction of such a supersaturated particle would
exhibit gradual water uptake with increased relative humidity, even at RH lower than the RHD for
the inorganic salt. Assuming deliquescent behavior of the inorganic salt (i.e. the inorganic fraction

is crystalline at RH < RHE), this enhanced water uptake at low RH would be attributed to solely
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the organic fraction, thereby leading to a potential overestimation in the organic GF.

3.6 Conclusions

We report a hygroscopic closure study for the coastal California aerosol, using size-resolved C-ToF-
AMS chemical data coupled with highly time-resolved, multiple-RH hygroscopicity measurements
from the DASH-SP.

Airmasses originating from continental locations showed elevated organic loading, and corre-
spond to significant GF suppression at high RH. More moderate GF' suppression was measured
at intermediate RH and no impact was observed at low RH. A comparison of above-cloud with
below-cloud aerosol indicated that a slightly organic-enriched layer above cloud corresponded with
suppressed GF's at high RH. A volume-weighted hygroscopic closure provided excellent agreement
with measured GF's, and mission-averaged organic GF's at 74, 85, and 92% were calculated to be
1.22; 1.45, and 1.48, respectively. These GF' values are relatively high when compared with many
previous estimations of organic GF, but agree well with values reported for dicarboxylic and mul-
tifunctional acids. These high organic GF's are indicative of the highly oxidized state of the aged
organic fraction. A simplified parameterization for predicting GF was developed using a stepwise
linear regression method. This parameterization is a function of only RH and V F,,4anic, and ex-
plains only 1% less variability than does the volume-weighted chemical closure. These results may
be more broadly applicable to similar coastal conditions, where some aged organics are present in
an otherwise marine-influenced atmosphere.

The richness of this hygroscopic/chemical data set underlies the significance of coupling the
DASH-SP instrument with the AMS. The improved time resolution available with the DASH-SP
eliminates much of the time-averaging of AMS composition data that is otherwise necessary with less
highly time-resolved HTDMA hygroscopicity measurements. The importance of simultanecous GF'
measurements at multiple RH values is demonstrated by a simplified parameterization for predicting
GF as a function of RH and V F,,44nic; a result potentially important for efficiently representing

aerosol-water interactions in global models.
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Table 3.1: Previous marine aerosol hygroscopicity studies.

Investigators  Year Study Area Reported GF's
Hegg 1996 Eastern Pacific 1.4-2.0
Berg 1998  Pacific and Southern Oceans 1.56 — 1.78

Kotchenruther 1999 Mid-Atlantic 1.81 —2.3F
Gasso 2000 Eastern Atlantic v =0.51 —0.75¢
Swietlicki 2000 Northeastern Atlantic 1.6 —1.8
Zhou 2001 Arctic Ocean 14—-1.9
Hegg 2002 Eastern Pacific v=0.2-0.7*
Vakeva 2002 Northeastern Atlantic 1.3 —1.4*
Massling 2003  Atlantic and Indian Oceans 1.6 — 2.0
Hegg 2006 Eastern Pacific 1.3—-15
Kaku 2006 Eastern Pacific 1.2-17
Tomlinson 2007 Southeastern Pacific 1.3 —-1.7*

T Ratio of light scattering coefficient at 80% RH to 30% RH
! from the expression by, (RH)/bs,(RHp) = ((1 — RH/100)/(1 — RHy/100))" " (Kasten, 1969)
* Aitken mode particles
* 85% RH
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Table 3.2: MASE-II flights.

Flight Number (RF) Date Type of Flight

1 10-Jul-07 Cloud/aerosol interactions
2 11-Jul-07 Cloud/aerosol interactions
3 12-Jul-07 Bovine source probe

4 14-Jul-07 Cloud/aerosol interactions
5 15-Jul-07 Cloud/aerosol interactions
6 16-Jul-07 Coordinated ship plume probe
7 21-Jul-07 Cloud/aerosol interactions
8 22-Jul-07 Cloud/aerosol interactions
9 23-Jul-07 Cloud/aerosol interactions
10 24-Jul-07 Cloud/aerosol interactions
11 25-Jul-07 Cloud/aerosol interactions
12 26-Jul-07 Cloud/aerosol interactions
13 28-Jul-07 Cloud/aerosol interactions
14 29-Jul-07 Cloud/aerosol interactions
15 30-Jul-07 Bovine source probe

16 31-Jul-07 Cloud/aerosol interactions
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Figure 3.1: 92% GF values for D¢y, 4ry = 200 nm particles are shown for below (black) and above
(vellow) cloud flight legs. 48-hr HYSPLIT back-trajectories show airmass origin for each flight.
Flights 12 and 16 show both suppressed GF' values and continental, polluted airmass origin.
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Figure 3.2: Below- and above-cloud 92% GF values for Dy, 4ry 200 nm particles as a function of
altitude, with lines connecting measurements made on the same ‘trip’ from bottom to top of cloud.

Marker size is proportional to V Firganic, and ranges from 0.10 to 0.90. ‘a’ and ‘b’ designate separate
‘trips’ during the same flight.
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Figure 3.3: Measured GF values versus volume-weighted predictions. Markers are color-coded

with RH, and marker size is proportional to V F,;ganic (ranging from 0.10 to 0.90). The blue line
represents 1:1.
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Figure 3.4: Predictions of GF from the simplified parameterization. Markers are color-coded

with RH, and marker size is proportional to V F,,ganic (ranging from 0.10 to 0.90). The blue line
represents 1:1.
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Figure 3.5: Comparison of growth curves for pure ammonium sulfate, pure hydrophilic organic,
and mixed organic/inorganic particles. Ammonium sulfate curves calculated from AIM (Clegg et al.,
1998)



78

Chapter 4

The Pasadena Aerosol
Characterization Observatory
(PACO): Chemical and Physical
Analysis of the Western Los
Angeles Basin Aerosol”

*Reproduced with permission from “The Pasadena Aerosol Characterization Observatory (PACO): Chemical and
Physical Analysis of the Western Los Angeles Basin Aerosol” by S.P. Hersey, J.S. Craven, K.A. Schilling, A.R. Metcalf,
M.N. Chan, Richard C. Flagan, and John H. Seinfeld, Atmospheric Chemistry and Physics Discussions, 11, 5867—
5933, doi:10.5194/acpd-11-5867-2011, 2011. Copyright 2011 by Authors. This work is licensed under a Creative
Commons License.
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4.1 Abstract

The Pasadena Aerosol Characterization Observatory (PACO) represents the first major aerosol
characterization experiment centered in the Western Los Angeles Basin. The sampling site, located
on the campus of the California Institute of Technology in Pasadena, was positioned to sample a
continuous afternoon influx of transported urban aerosol with a photochemical age of 1-2 h and
generally free from major local contributions. Sampling spanned 5 months during the summer of
2009, which were broken into 3 regimes on the basis of distinct meteorological conditions. Regime I
was characterized by a series of low pressure systems, resulting in high humidity and rainy periods
with clean conditions. Regime II typified early summer meteorology, with significant morning marine
layers and warm, sunny afternoons. Regime III was characterized by hot, dry conditions with little
marine layer influence.

Organic aerosol (OA) is the most significant constituent of Los Angeles aerosol (42, 43, and 55%
of total submicron mass in regimes I, I, and III, respectively), and that the overall oxidation state
remains relatively constant on timescales of days to weeks (O:C = 0.44 £+ 0.08, 0.55 + 0.05, and
0.48 + 0.08 during regimes I, II, and III, respectively), with no difference in O:C between morning
and afternoon periods. Periods characterized by significant morning marine layer influence followed
by photochemically favorable afternoons displayed significantly higher aerosol mass and O:C ratio,
suggesting that aqueous processes may be important in the generation of secondary aerosol and
oxidized organic aerosol (OOA) in Los Angeles.

Water soluble organic mass (WSOM) reaches maxima near 1400-1500 local time (LT), but the
percentage of AMS organic mass contributed by WSOM remains relatively constant throughout the
day. Sulfate and nitrate reside predominantly in accumulation mode aerosol, while afternoon SOA
production coincides with the appearance of a distinct fine mode dominated by organics. Particulate
NH4NO;3 and (NH4)2SO4 appear to be NHs-limited in regimes I and II, but a significant excess of
particulate NH;r in the hot, dry regime III suggests significantly less marine 8027 and the presence
of organic amines.

Positive Matrix Factorization (PMF) analysis of C-ToF-AMS data resolved three factors, corre-
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sponding to a hydrocarbon-like OA (HOA), semivolatile OOA (SV-OOA), and low-volatility OOA

(LV-OO0A). HOA appears to be a periodic plume source, while SV-OOA exhibits a strong diur-
nal pattern correlating with ozone. Peaks in SV-OOA concentration correspond to peaks in DMA
number concentration and the appearance of a fine organic mode. LV-OOA appears to be an aged
accumulation mode constituent that may be associated with aqueous-phase processing, correlating
strongly with sulfate and representing the dominant background organic component.

Filter analysis revealed a complex mixture of species during periods dominated by SV-OOA
and LV-OOA, with LV-OOA periods characterized by shorter-chain dicarboxylic acids (higher O:C
ratio), as well as appreciable amounts of nitrate- and sulfate- substituted organics. Phthalic acid
was ubiquitous in filter samples, suggesting that PAH photochemistry may be an important SOA
pathway in Los Angeles.

Water uptake characteristics indicate that hygroscopicity is largely controlled by organic mass
fraction (OMF). The hygroscopicity parameter x averaged 0.31 £ 0.08, approaching 0.5 at low
OMF and 0.1 at high OMF, with increasing OMF suppressing hygroscopic growth and increasing
critical dry diameter for CCN activation (D). An experiment-averaged korq of 0.14 was calculated,
indicating that the highly-oxidized organic fraction of aerosol in Los Angeles is appreciably more
hygroscopic than previously reported in urban areas.

Finally, PACO provides context for results forthcoming from the CalNex field campaign, which

involved ground sampling in Pasadena during the spring and summer of 2010.

4.2 Introduction

Over half the world’s population lives in urban areas, and that fraction is expected to increase in
coming decades (Bremner et al., 2009). There have been a number of recent coordinated studies
focused on characterizing particulate air quality in major urban areas, such as Pittsburgh, PA
(Pittsburgh Air Quality Study, PAQS; e.g., Pekney et al., 2006; Bein et al., 2006; Wittig et al., 2004;
Cabada et al., 2004; Modey et al., 2004), Los Angeles, CA [(Southern California Air Quality Study,

SCAQS; e.g., Eldering et al., 1994; Watson et al., 1994; Chow et al., 1994; Turpin and Huntzicker,
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1991), (Southern California Ozone Study 1997, SCOS97-NARSTO; e.g., Croes and Fujita, 2003; Liu
et al., 2000; Pastor et al., 2003; Hughes et al., 2002; Liu et al., 2000), and (Secondary Organic Aerosol
in Riverside, SOAR ; e.g., Docherty et al., 2008; Eatough et al., 2008; Denkenberger et al., 2007))],
Mexico City, Mexico (Megacity Initiative: Local and Global Research Observations, MILAGRO;
e.g., DeCarlo et al., 2008; Stone et al., 2008; Aiken et al., 2009), and Beijing, China (Campaign of
Air Quality Research in Beijing, CAREBEIJING; e.g., Matsui et al., 2009; Yue et al., 2009; van
Pinxteren et al., 2009).

The Los Angeles metropolitan area, with a population of over 17 million people, has long been
considered a laboratory for air quality. Once the quintissential example of classic photochemical
smog, the Los Angeles area has, as a result of decades of aggressive emission controls, reached a
point where 8-h U.S. National Ambient Air Quality Standard ozone exceedances have decreased
from over 200 days/year in the 1980s to 120 in 2008 (AQMD, 2010). Nonetheless, this area remains
one in which particulate matter levels continue to regularly exceed air quality standards, with annual
PMs 5 averages exceeding the national standard every year from 2000-2008 in Los Angeles County
(CARB, 2010).

The Los Angeles basin is generally characterized as source-rich in its western area, with prevailing
west and southwest winds transporting emissions downwind toward the east and northeast (Lu and
Turco, 1995). Three major coordinated studies have been undertaken to characterize Los Angeles
air quality, in addition to ongoing work to describe facets of Los Angeles aerosol (Table 4.1). The
majority of previous studies in the Los Angeles basin have been centered in the downwind, eastern
part of the basin, roughly 60 km east of downtown Los Angeles. The aerosol in this region is
predominantly aged, with local contributions as well.

A major source of gaseous and particulate pollution in the Los Angeles area is mobile source
emissions. The Los Angeles aerosol undergoes dramatic evolution from nighttime/morning periods to
the photochemically active afternoon, characterized by changes in both its microphysical properties
and composition. Overall, the submicron aerosol is dominated by organic aerosol (OA), which is

predominantly secondary in origin (SOA), and nitrate (Docherty et al., 2008), with smaller amounts



82

of sulfate and a minor chloride contribution. Sulfate is primarily the result of marine sources, both
natural biota and shipping-related sulfur emissions (Watson et al., 1994).

The Pasadena Aerosol Characterization Observatory experiment (PACO) was conducted from
May-August 2009 in Pasadena, CA, in the north-central portion of the Los Angeles basin, 16 km NW
of downtown Los Angeles. Aerosol physics, composition, and hygroscopicity were measured during
54 days that spanned three distinct regimes of the annual meteorological cycle. A major forest
fire occurred at the end of the sampling period, starting on 26-Aug and consuming over 160,000
acres of the Angeles National Forest before containment on 16-Oct. Named the “Station Fire,” its
southernmost extent was roughly 8 km from the sampling site, and emissions from the fire impacted
the sampling site with periodic heavy smoke, soot, and ash. Results from PACO sampling during
the Station Fire will be presented in subsequent work.

PACO represents the first prolonged experiment aimed at characterizing the aerosol near the
source-rich western/central part of the Los Angeles basin; comparisons with previous studies in
downwind areas will help determine the rate of aerosol generation from Los Angeles sources, as well
as the nature of aerosol transformations with downwind transport. Further, the PACO study was
well-positioned to precede the 2010 CalNex field campaign (http://www.esrl.noaa.gov/csd/calnex/).

This paper presents an overview of the PACO experiment. Aerosol number and volume distri-
butions measured by a differential mobility analyzer (DMA) exhibit distinct diurnal patterns, and
composition data from an Aerodyne Compact-Time-of-Flight Aerosol Mass Spectrometer (C-ToF
AMS) indicate that these patterns are associated largely with the production of semivolatile oxidized
organic species during photochemically active daytime periods. AMS-based Positive Matrix Factor-
ization (PMF) results indicate that the character of OA in Los Angeles is overwhelmingly oxidized
and secondary, and the high time resolution data allow for investigation of the daily evolution of OA
components. Ultra Performance Liquid Chromatography/Electrospray lonization Time-of-Flight
High-Resolution Mass Spectrometry (UPLC/ESI-TOFMS) analysis of high-volume filter samples
provides further evidence for diurnal changes in the character of OA, while thermal-optical anal-

ysis of low-volume, denuded filter samples reveals the magnitude of organic and elemental carbon



83

in morning versus afternoon sampling periods. A particle-into-liquid sampler with offline ion chro-
matography analysis (PILS-IC) provides quantitative water-soluble inorganic ion composition during
PACO, while a PILS coupled with online total organic carbon analysis (PILS-TOC) measured total
water soluble organic carbon measurements during the third regime. Finally, trends in aerosol hygro-
scopicity indicate the degree to which changes in the magnitude and character of OA affect particle
water uptake. PACO results are compared with previous aerosol characterization experiments in the
Los Angeles basin, with major differences attributed to regional variations in both source profiles

and degree of aging.

4.3 Methods

Sampling was conducted on the Caltech campus in Pasadena, at 34.138° N, 118.124° W. Caltech is
located in the western portion of the Los Angeles basin, 8 km south of the San Gabriel Mountains
and 16 km NE of downtown Los Angeles in the San Gabriel Valley. The 210 freeway is located
1.5 km north of the site, with heavy traffic between the hours of 0800 and 0900, and then again
between 1500 and 1900. Prevailing daytime winds are from the W or SW, minimizing the impact of
primary emissions from the 210 freeway at the sampling site, but overnight NW winds occasionally
bring freeway emissions to Caltech. Other than this periodic impact from local primary emissions,
the Pasadena aerosol is representative of urban background particulate pollution from near the
source-rich downtown area of the Los Angeles basin.

PACO sampling took place between May and August of 2009, spanning the transition from spring
to summer meteorological regimes. PACO was separated into three distinct analysis periods on the
basis of meteorology, as summarized in Table 4.2.

With the exception of a high-volume filter sampler located outdoors on the roof, instruments
sampled from inlets connected to a main sampling line drawing in ambient air at a 16 liters per
minute (L/min) laminar flow rate. Sample flow to each instrument was supplemented with pumps
to be isokinetic with flow in the main sampling line, and sample lines were designed to draw from

the center of flow through the main line. Ambient air was dried by nafion driers upstream of each
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instrument.

4.3.1 Meteorology

Hourly meteorological data were downloaded from the Remote Automatic Weather Stations (RAWS)
archive from the Western Regional Climate Center at the Desert Research Institute (DRI, Reno,
Nevada). Data are from the Santa Fe Dam station, approximately 16 km east of the sampling site in

the San Gabriel Valley, and are available online: http://www.raws.dri.edu/cgi-bin/rawMAIN.pl?caCSFD.

4.3.2 Gas-Phase Data

Hourly O3,NO,, and CO data were obtained from the California Air Resources Board’s Pasadena
(South Wilson) monitoring site located on the Caltech campus. Data are available online at

http://www.arb.ca.gov/adam/hourly /hourly1.php.

4.3.3 Differential Mobility Analyzer

Particle size distribution measurements were performed with a cylindrical scanning differential mo-
bility analyzer (TSI Model 3081) upstream from a condensation particle counter (TSI Model 3760).
A logarithmic scan from a mobility diameter of 15 nm to 815 nm was completed every 237 s. The

sheath and excess flows of 2.5 L/min were used, with a 10:1 flow rate ratio of sheath-to-aerosol.

4.3.4 Aerosol Mass Spectrometer

An Aerodyne compact time-of-flight aerosol mass spectrometer (C-ToF-AMS; Drewnick et al., 2005;
Canagaratna et al., 2007) measured aerosol composition and size information for 54 days during
PACO. The AMS collects sub-micron particles via an aerodynamic lens into a particle sizing chamber,
after which particles are vaporized and ionized by a heater and filament assembly. Aerosol fragments
are then orthogonally extracted into an ion time-of-flight chamber where they are detected and
interpreted as mass spectra. Adjustments to the AMS fragmentation table were made regularly,

based on 21 filter sample periods over the course of PACO (Allan et al., 2004b). Additionally,
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thirteen ionization efficiency calibrations were made using ammonium nitrate solutions. The AMS
sulfate measurement was compared to sulfate concentrations from the PILS-IC, resulting in an AMS
collection efficiency (CE) of 0.5. This CE is in agreement with previous ambient studies (Huffman
et al., 2005; Drewnick et al., 2003; Allan et al., 2004a). AMS data were processed with the ToF-AMS

Analysis Toolkit in Igor Pro 6 (Wavemetrics, Lake Oswego, OR).

4.3.5 Positive Matrix Factorization Analysis

The dominant fraction of aerosol is organic in most urban areas (Zhang et al., 2007). OA comprises
a multitude of compounds, such that characterization by identification of each component is not
currently possible (Schauer et al 1996). Positive Matrix Factorization (PMF) has been used to
deconvolve AMS mass spectra in order to identify classes of organic compounds that constitute
OA (Paatero and Tapper, 1994; Paatero, 1997; Ulbrich et al., 2009). PMF solutions represent
linear, positive combinations of mass spectra that describe variability in data, and AMS-based PMF
results from most sites resolve factors whose mass spectra have characteristics of hydrocarbon-like
OA (HOA) and oxygenated OA (OOA), with other factors such as biomass burning OA (BBOA)
occurring in some areas (Zhang et al., 2007). OOA can often be further deconvolved into low-
volatility OOA (LV-OOA) and semivolatile OOA (SV-OOA), broadly representing aged, transported,
and highly oxidized OA and fresher, local, and less oxidized OA, respectively (Ng et al., 2010). AMS
measurements, in conjunction with PMF analysis, allow for investigation of the diurnal evolution
of OA and rapid changes in OA occurring during photochemically intense periods. Further, the
combination of PMF solutions with analysis of the relative abundance of mass-to-charge (m/z) ratios
43 and 44 can be used as an aerosol aging diagnostic that allows comparison between locations (Ng
et al., 2010).

For the PACO dataset, bulk AMS organic aerosol was prepared and then processed using the
PMF2.exe algorithm(Paatero and Tapper, 1994). Solutions from the PMF algorithm were compared
to meteorological variables and chemical tracers, as well as previously published mass spectra, using

the PMF Evaluation Tool (PET Ulbrich et al., 2009). The strategic procedure for probing the PMF
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solution space is provided in the Supplemental Information.

4.3.6 PILS-IC

A Particle-into-Liquid Sampler coupled with off-line Ton Chromatography (PILS-IC, Sorooshian
et al., 2006) sampled during 4-h periods (0700 - 1100 and 1500 - 1900), providing quantitative
measurements of inorganic and organic ions. The PILS samples ambient air through a 1 pm cut
size impactor and three denuders (URG and Sunset Laboratory) designed to remove inorganic and
organic gases that might bias aerosol measurements. Sampled air is then exposed to high water
supersaturation in a steam chamber, where particles grow sufficiently large to be collected by inertial
impaction before being delivered to vials held on a rotating carousel. Samples were collected every
30 min, and were stored at 2° C until analysis by a dual IC system (Dionex ICS-2000). PILS-IC

data from PACO are used primarily to determine collection efficiency corrections for the AMS.

4.3.7 PILS-TOC

Water-soluble organic carbon (WSOC) was quantified during 12-hr periods (0700 - 1900 LT) using
a PILS (Brechtel Manufacturing Inc.) coupled to a Sievers Model 800 Total Organic Carbon (TOC)
Analyzer (PILS-TOC). Details of this technique are described in detail by Sullivan et al. (2004;
2006). Briefly, particles smaller than 2.5 pm in diameter are sampled by the PILS and passed
immediately through an organic carbon denuder (Sunset Laboratory Inc.) to remove organic vapors.
Particles are grown into droplets, collected by inertial impaction, and delivered to a TOC analyzer
for quantification of WSOC, with data reported every 6 minutes. To account for dilution of the PILS
liquid wash flow to the TOC analyzer owing to collected drops and condensation on the PILS droplet
impactor, a constant dilution factor of 1.15 is assumed. This factor is based on measurements with
an independent PILS system coupled to ion chromatography, a technique that can more precisely
quantify the dilution factor. The reported WSOC levels are the difference between the measured
and background concentrations. Contamination in the M(Q water was the main component of the

background levels, which were assumed to be constant between periodic background measurements.
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The overall measurement uncertainty is estimated to be approximately 10%. The PILS-TOC was

employed during the final, photochemically active regime of PACO, from 10-July to 04-Aug.

4.3.8 Filter Sampling

Both high- and low-volume filter samples were collected during 4-hr sampling periods (0700 - 1100
and 1500 - 1900 LT). High-volume (1250 L/min) samples were collected with a Tisch TE-6001 sam-
pler fitted with a PMs 5 fractionater, using Whatman Quartz Microfibre Filters (cat. #1851-865).
Low volume (15.9 L/min) samples were collected on 47 mm PALL Life Sciences Pallflex membrane
filters, downstream from a Sunset Laboratory parallel-plate carbon filter denuder. Sampling was
carried out according to the IMPROVE_A protocol, except that oven limitations forced filters to be
pre-baked at 300° C before sampling. Despite the lower pre-baking temperature, subsequent analysis
of pre-baked filters revealed < 0.01 pg of organic carbon (OC) and elemental carbon (EC). After
sampling, filters were wrapped in two layers of aluminum foil and stored at -20° C until analysis.
Low- and high- volume samples were analyzed for OC and EC via thermal-optical analysis (TOA)
with a Sunset OC-EC TOA analyzer, following the IMPROVE_A temperature and calibration pro-
tocols. High volume quartz filters were also analyzed by Ultra Performance Liquid Chromatogra-
phy /Electrospray Ionization Time-of-Flight High-Resolution Mass Spectrometry (UPLC/ESI-TOFMS).
One-eighth of each filter was extracted with high-purity methanol under ultrasonication for 45 min.
Filter extracts were filtered through a PALL Life Sciences Acrodisc CR 25-mm syringe filter (PTFE
membrane, 0.2-mm pore size) into a scintillation vial. The filtered extracts were blown dry under
a gentle nitrogen stream at ambient temperature. The residue was reconstituted with 50:50 v/v
methanol with 0.1% acetic acid and water. Blank filters were extracted and treated in the same
manner as the field samples. Extracts were analyzed by a Waters ACQUITY ultra performance
liquid chromatography (UPLC) system, coupled with a Waters LCT Premier TOF mass spectrome-
ter equipped with an electrospray ionization (ESI) source, allowing for accurate mass measurements
(i.e., determination of molecular formulas) to be obtained for each observed ion. Extracts were ana-

lyzed by UPLC/ESI TOFMS operated in both negative and positive ion modes. Details of operation
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protocols, including column information and chromatographic method for the UPLC/ESI-TOFMS

are given by Surratt et al. (2008).

4.3.9 Hygroscopicity

Hygroscopicity measurements were carried out with the Differential Aerosol Sizing and Hygroscop-
icity Spectrometer Probe (DASH-SP, Brechtel Mfg), which is described by Sorooshian et al. (2008).
Briefly, ambient particles pass through a nafion dryer before size-selection by a cylindrical, single-
classification differential mobility analyzer (DMA). The resulting monodisperse aerosol is split into
five separate flows - one providing a redundant measurement of total particle concentration at the
DMA-selected size with a water condensation particle counter (TSI Model 3831), and the remain-
ing four channels consisting of parallel nafion humidification chambers (Perma Pure, LLP, Model
MD-070-24FS-4), followed by correspondingly humidified custom optical particle counters (OPCs).
In the OPC sample volume, particles pass through a focused laser beam (A = 532 nm, World Star
Technologies, Model TECGL-30) and scatter light in proportion to size (D,) and refractive index
(RI). Forward-scattered light is collected and focused on a photomultiplier tube, and the resulting
electrical pulse is recorded by a high-speed data acquisition computer. An iterative data processing
algorithm, based on laboratory calibrations with salts of known refractive indices, is used to deter-
mine the best fit on a solution surface relating electrical pulse height, size, and refractive index. The
hygroscopic growth factor (GF = Dy, wet/Dp,dry) is corrected for the RI change caused by particulate
liquid water at elevated RH.

In the current study, the DASH-SP sampled for 4-hr periods (0700 - 1100 and 1500 - 1900 LT).
Hygroscopicity was measured at dry sizes corresponding to D, ¢ of 150, 175, 200, and 225 nm.
Multiple RH sensors in the nafion tubes and OPCs controlled RHs to dry (< 8%), 74%, 85%, and
92%, with RH uncertainty of 1.5%. Because calculated RI varied little during sampling periods,
GF calculations were made with a single RI for each sampling period, representing the average RI
calculated for the entire period. The error introduced by this assumption is small, as light scattering

in the DASH is far more sensitive to size than RI. Overall uncertainty in GF calculations is calculated
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to be 4.5%.

4.4 Results and Discussion

4.4.1 Atmospheric Conditions

Figures 4.1, 4.2, and 4.3 are a compilation of meteorological data, as well as gas- and aerosol-phase
composition for regimes I, I, and III, respectively. Wind speed and direction display distinct diurnal
patterns, with stagnant or very light winds from the N/NE in the overnight to early morning hours
(2000 - 0600 LT) changing direction to come from the W/SW shortly after sunrise (0600-0700 LT).
Between 0600 and 1600, wind speed increases from 3-4 km/h to 13-15 km/h out of the W/SW
before decreasing back to very light or stagnant out of the N/NE by 2000 LT. One effect of these
wind patterns is to allow local emissions to build up in the Los Angeles basin during the nighttime
and early morning hours, leading to significant carryover of aged aerosol in the background Los
Angeles air, as proposed by Blumenthal et al. (1978). When sea breezes develop, fresh emissions in
source-rich areas are gradually transported from the western Los Angeles Basin toward downwind
areas in the E/NE. Situated 16 km from downtown Los Angeles, Pasadena can be considered as a
receptor site that first receives transported pollution between 1000 and 1100 LT, after roughly 4-5
hr of transport. During the afternoon hours (1300-1800 LT), the sampling site receives a steady
influx of air from the W/SW with photochemical age of 1-2 h. There are no significant freeways or
point sources of particulate pollution in close W/SW proximity to the sampling site, and so it is
expected that air sampled during PACO is representative of transported urban air in Los Angeles.
A major freeway with significant diesel and gasoline mobile sources is located 1.5 km to the north
of the sampling site, and so overnight N/NE winds may have periodically impacted the site with
primary particulate emissions. Daytime variation in gas- and aerosol-phase composition is expected
to result from three sources: 1. temporal changes in emissions from source-rich areas, 2. diurnal
variations in the intensity of photochemistry, and 3. the age of transported pollution.

A clear diurnal trend is observed in RH and solar radiation, with RH increasing to near 100%
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on most nights and remaining at or near saturation until sunrise. The incidence of nighttime and
morning marine cloudcover was common during regimes I and II, while regime III was typically
drier, with clear nighttime skies more common. Periods of more significant marine layer influence
are indicated by longer periods of saturated RH and more gradual decrease in RH (and slower
increase in solar radiation) after sunrise. Regime I has been classified as “springtime meteorology”
due to the impact of several low pressure systems in Southern California, bringing periodic drizzle
and leading to several days of cloudcover and significantly diminished solar radiation (i.e. 06-June
to 12-June). Daytime RH rarely fell below 50% during regime I. Regime II exhibited the strongest
summertime marine layer influence, with heavy cloudcover persisting until late morning (1000 to
1200 LT) nearly every day before making way for sunny, hazy afternoons with daytime RH between
25 and 40%. Regime III observed the least marine layer influence, with many mornings of clear
skies and daytime RH typically between 10 and 30%. Despite differences in meteorology, the diurnal
wind patterns described above were robust, with stagnant morning winds giving way to afternoon
sea breezes and pollutant transport from the W/SW.

Gas-phase data give a sense of the atmospheric chemical environment during sampling. Osj
exhibits a strong diurnal pattern correlated with solar radiation and serves as a tracer for photo-
chemical activity. During periods of relatively dry atmospheric conditions, the O3 concentration
peak increases in magnitude over subsequent days (see 17 to 19-July and 27-July to 2-August in
regime III), suggesting that either pollutants accumulate or photochemical activity increases during
periods of consistent, stable atmospheric conditions, resulting in photochemical episodes. CO and
NOy display more random behavior, exhibiting periodic peaks in concentration indicative of plumes

of fresher emissions.

4.4.2 Aerosol Composition

OC and EC mass concentrations, in addition to OC:EC ratios from representative days in each
regime, are presented in Table 4.3. OC is higher in afternoon periods when compared with mornings

in each regime (27, 18, and 4% higher in regimes I, II, and III, respectively), while EC is lower
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during afternoons (7, 35, and 22% lower in regimes I, II, and III, respectively). Further, OC:EC
ratios are significantly higher during afternoon periods. These diurnal trends in OC are expected,
given the importance of photochemical SOA production, and the percentage increase in OC mass
between morning and afternoon periods is similar to that observed by the AMS (15, 17, and 10%
higher in regime I, II, and III, respectively). Discrepancies may arise due to the different size ranges
measured by the AMS and filter sampling (upper limits of measurement are 1.0 and 2.5 pm for
the AMS and filters, respectively), in addition to potential volitalization of semivolatile organics
relating to the thermo-optical OC/EC analysis technique. The modest increase in OC between
morning and afternoon periods during the photochemically intense regime III may indicate that
significant OC existed in the background aerosol during this period. The decrease in EC observed
between morning and afternoon periods suggests that primary organics are a more significant portion
of the Los Angeles aerosol in the mornings, and the relatively low concentrations of EC suggest that
the dominant source of organic aerosol in Los Angeles is secondary.

DMA data are presented in panel 8 of Fig. 4.1, 4.2, and 4.3. Diurnal patterns are evident in
both DMA volume and number in all regimes. DMA volume tends to reach a maximum in the
mid-to-late morning (1000, 1100, 800 LT in regime I, II, and III, respectively), when RH is still
high and particles have presumably undergone cloud processing. The early maxima in regime III
underscore the absence of significant marine layer influence persisting into the late morning. On
average, DMA number concentration reaches a maximum between 1400 and 1500 LT during each
regime, roughly 3 h after transported pollution is expected to first arrive at the sampling site (Fig.
4.4). This indicates that increases in fine particle mass at the PACO sampling site are not the
result of transport alone, but also affected by photochemical production in transported, polluted
air from source-rich areas. There was no significant difference in wind patterns between regimes, so
the slightly earlier peak in DMA number in regime II suggests that marine moisture and aqueous-
phase processes (most prevalent in regime II) may hasten secondary aerosol production. Fig. 4.4
indicates that appreciable concentrations of fine particles (< 100 nm) are present in late nights and

early mornings (particularly in regimes II and III), possibly comprised of fresh emissions, nighttime-
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generated NOj , or fine particle carryover residing in a shallow mixed layer.

The third and fourth panels of Fig. 4.1, 4.2, and 4.3 show time traces of bulk AMS aerosol
mass concentration and mass fraction, respectively, while the sixth panel shows a time trace of
approximate O:C ratio, based on Aiken et al. (2008), as well as WSOC concentration from the
PILS-TOC (regime III). Organics dominated the aerosol sampled during PACO, and except for short
episodes in regime I, the approximate O:C ratio remained relatively constant during each regime
(0.44 £ 0.08, 0.55 + 0.05, and 0.48 + 0.08 during regimes I, II, and III, respectively). Organic
aerosol in regime IT appears to be more oxidized than I and III, suggesting that the marine moisture
and presumed aqueous processing may enhance the rate of organic oxidation in Los Angeles. From
bulk AMS time traces it is evident that organics increase in both magnitude and mass fraction each
afternoon, particularly during the more photochemically active regimes II and III. It is noteworthy
that there are no distinct trends in approximate O:C between mornings and afternoons (morning
approximate O:C = 0.44 £ 0.08, 0.54 £ 0.08, and 0.49 £ 0.07 for regimes I, II, and III, respectively,
while afternoon approximate O:C = 0.44 + 0.08, 0.53 4+ 0.06, 0.50 £+ 0.08 for regimes I, II, and
ITI, respectively). This suggests that there is little change in overall oxidation state of Los Angeles
aerosol, even on timescales of weeks. It is unlikely that all organics are uniformly oxidized at all times
in Los Angeles, but rather that there exists a continuum of OA oxidation, with more reduced and
more oxidized ends of that continuum maintaining a relatively constant ratio for extended periods
of time.

Trends in aerosol mass fraction are presented in Fig. 4.6. Organics dominate the Los Angeles
submicron aerosol, contributing 42, 43, and 55% of aerosol mass in regimes I, IT, and 111, respectively.
Diurnal trends are evident in Fig. 4.6, with organic mass fraction increasing significantly from
morning (0700-1100 LT) to midday (1100-1500 LT) to afternoon (1500-1900 LT) in each regime.
Sulfate is a significant component in marine/moisture-influenced regimes I and II, and is a more
minor in regime III, suggesting that cloud processing and marine influence may be an important
source of sulfate in Los Angeles aerosol. Nitrate contributes equal mass fractions in each regime,

with a minimum in the afternoon and a maximum in the morning. Ammonium contributes a
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remarkably constant mass fraction to the aerosol, despite significantly less inorganic sulfate in regime
111, suggesting an ammonium surplus for aerosol sampled in regime III. The significant peak in AMS
masses during the early morning of 5-July (regime II) corresponds to a total submicron mass of over
200 pg/m?, and resulted from a myriad of fireworks displays in the area surrounding the sampling
site. This plume has been removed from further analysis.

Diurnal trends in bulk composition are highlighted in the top panel of Fig. 4.5. It is noteworthy
that during the significantly marine - layer- impacted regime II, bulk organic, sulfate, nitrate, and
ammonium masses are all enhanced. This suggests that aqueous processing associated with marine
layer influence may be an important factor in generating aerosol mass in Los Angeles. Typically,
organics increase in magnitude to a maximum near 1400-1500 LT in each regime, corresponding to a
maximum in ozone, solar radiation, and DMA number - evidence of photochemical SOA production.
Sulfate exhibits slight enhancements during periods of peak photochemical activity in all three
regimes, but as suggested by Kleeman et al. (1999), it appears to be predominantly a background
marine species. Nitrate mass is highest in the nighttime and morning periods, likely resulting from
ozone-NOy production of HNOj at night and HO4-NOy production of HNOg after rush hour in
the mornings. As mentioned in Sect. 4.4.1, there were periods of high Os observed during PACO,
and during several of these periods there also appeared to be significantly elevated levels of aerosol
nitrate during nighttime sampling (e.g. 30-July to 3-Aug). Further, morning peaks in aerosol nitrate
varied significantly in magnitude, suggesting that there may be significant variation in the amount
of gas-phase HNOj3 production from day to day. Ammonium mass generally follows the combined
trends of SOi_ and NOj , but appears to be in excess in regime III. Defining an ammonium ratio

as:

(moles of NHJ measured by AMS)
(moles of NHJ required to neutralize SO}~ and NO3 )’

(4.1)

aerosol sampled in regimes I and IT was found to be generally neutralized (average ammonium ratio
= 0.96 £+ 0.21 and 0.94 £+ 0.17 for regimes I and II, respectively), while aerosol from regime III

was characterized by significant ammonium excess (ammonium ratio = 1.28 £ 0.30). These results
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suggest that aerosol phase NH4NOg was ammonia-limited during regimes I and II, but ammonia may
have been in excess during regime III. Investigating molar ratios of inorganic species, it is apparent
that the role of SO?{ is significantly diminished in regime III, corresponding to the absence of
marine layer influence. The ratio of NO3 to NH} remains relatively constant across regimes (0.32,
0.29, and 0.34 in regimes I, II, and III, respectively), while the ratio of SOZ_ to NHI exhibits a
marked decrease in regime III (0.42, 0.41, and 0.24 in regimes I, II, and III, respectively). The AMS
has difficulty distinguishing whether NH,NHy, and NHJ (m/z 15, 16, and 17, respectively) are
contributed by inorganics or organic amines. It is hypothesized that ammonium is chiefly inorganic
during the moister, marine-layer-influenced regimes I and II, serving primarily to neutralize SOZi
and NOj ', while there may be significant amounts of organic amines in the absence of marine layer
influence during regime III. It is also possible that these organic amines are present in all regimes,
which would imply that inorganic SO?I_ and NOj are not fully neutralized by NHZ‘ during regimes
I and II.

The bottom panel of Fig. 4.5 shows size-resolved PToF AMS composition for a representative
morning and afternoon period in each regime, with 09-Jun, 19-Jun, and 19-July representing regimes
I, II, and IIT respectively. Size-resolved data indicate that aerosol in regime I is typically internally-
mixed, with the mode centered at ~400-500 nm. Afternoon PToF data from regime I indicate that
photochemical organic production typically results in organics condensing on existing accumulation
mode aerosol. Regime II is characterized by significantly higher aerosol mass and more complex
size distributions. While there is a significant internally-mixed accumulation mode present and
centered at ~600-700 nm, there is also significant aerosol mass at sizes smaller than 300 nm in
both morning and afternoon sampling periods, though the mass at smaller sizes does not comprise
a distinct mode. Afternoon PToF data from regime II indicate that a fine mode appears coincident
with photochemistry, suggesting that fine mode aerosol is predominately comprised of secondary
species. Nitrate, sulfate, and ammonium are generally confined to accumulation mode aerosol in
regime II. Regime III PToF data reveal an aerosol that is dominated by organics at all sizes and

is distinctly bimodal. In addition to an internally mixed accumulation mode centered at ~500-
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600 nm, distributions from regime III also reveal a significant fine mode centered at ~100-200 nm.
The accumulation mode tends to be comprised of sulfate, nitrate, and ammonium (in addition to
organics) in the morning periods, with less nitrate in afternoons. Afternoon PToF data from regime
111, like those from regime II, reveal fine-mode aerosol growth resulting from production of secondary
organic species. Numerous studies have shown that the critical species for new particle formation in
the atmosphere is HoSO,4. The extent to which the observed fine mode aerosol might have originated
from the nucleation of gas-phase species during PACO is unclear. However, given the relatively large
amount of pre-existing aerosol surface area, as well as the relatively low concentration of SO, the
precursor to HoSQy, it is unlikely that new particle formation by nucleation is an important process
in Los Angeles. Instead, the growth of fine-mode organics is proposed to occur by condensation of
SOA on existing ultrafine primary aerosol. This tentative conclusion is contrasted with results from
Pittsburgh, in which Stanier et al. (2004) found new particle formation to be an important process,
strongly correlated with SOy concentrations. Whether condensing on nucleated sulfate or existing
ultrafine primary aerosol, growth of fine mode particles in Los Angeles is predominantly due to SOA.

Figure 4.7 shows the hourly average for WSOC mass (top panel, representing WSOC organic
mass) and % of AMS organic accounted for by WSOC (bottom panel) for regime III. A factor of 1.8
was used to convert water soluble carbon (WSOC) mass to water soluble organic mass (WSOM),
within the range of factors presented by Turpin et al. (2001), and matching the factor used by
Docherty et al. (2008) for aerosol in the Los Angeles Basin. Averaged hourly data reveal a trend
in WSOM, increasing from a minimum in the late evening and early morning to a maximum at
1500 LT, corresponding to maxima in Og concentration, solar radiation, AMS organic, and DMA
number concentration. This suggests that photochemical production of SOA in air transported from
source-rich areas is a significant source of WSOM in the Los Angeles basin. While there is a diurnal
trend in WSOM, the fraction of AMS organic accounted for by WSOM is relatively constant at
0.44 £ 0.16 during regime III, with a slight enhancement between 1500 and 1900 LT. This suggests
that while significant WSOM is photochemically generated during the course of a day, water soluble

organics comprise a relatively constant percentage of organic aerosol in Los Angeles. WSOC has
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been found to correlate well with oxidation state of organic aerosol (e.g., Kondo et al., 2007). Given
the relatively constant approximate O:C ratio observed in regime III and steady afternoon influx of

polluted air on the order of 1-2 hr old, the constant WSOM:AMS organic ratio is not unexpected.

4.4.3 PMF results

AMS data from PACO were combined into a single continuous dataset for analysis by the PMF
method. PMF produced several non-unique solutions that were compared with known mass spectra
and external time traces in order to choose final solutions. Figure 4.8 presents a summary of PMF
factors, while panel 6 of Fig. 4.1, 4.2, and 4.3 represents time traces for PMF factors for regimes I,
II, and III, respectively.

Three factors were resolved from the PMF method, and comparisons with previously published
spectra indicate that they correspond to a hydrocarbon-like organic aerosol (HOA) and semivolatile-
and low-volatility-oxygenated organic aerosol (SV-OOA and LV-OOA, respectively). The HOA
factor is closely correlated with previously published spectra from periods dominated by reduced,
primary organics (Zhang et al., 2005; Lanz et al., 2007; Ulbrich et al., 2009), and has significant
signal at m/z 41 and 57. The LV-OOA factor is closely correlated with previously-published OOA-1
factors and OOA-like factors observed in highly oxidizing environments (Zhang et al., 2005; Lanz
et al., 2007; Ulbrich et al., 2009; Alfarra et al., 2004). The SV-OOA factor is also correlated with
previously-published OOA factors, but has a higher degree of correlation with previously-published
factors expected to represent less-aged, less-oxidized, semivolatile oxygenated organic aerosol, or
SV-OOA (Zhang et al., 2005; Lanz et al., 2007; Ulbrich et al., 2009; Bahreini et al., 2005; Alfarra
et al., 2004). The LV-OOA factor has a larger ratio of m/z 44 to m/z 43, an indication of a more
aged, oxidized organic component (Ng et al., 2010). The SV-OOA factor, on the other hand, has
a smaller m/z 44 to m/z 43 ratio. PACO PMF factors correlated closely with “standard” HOA,
SV-OO0A, and LV-OOA factors reported by Ng et al. (2011), based on an average of results from 15
sites.

Asseenin Fig. 4.1,4.2, and 4.3, the HOA factor has the character of a periodic plume source, with
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low background concentrations punctuated by sudden, significant increases in concentration that
remain high for several hours at a time. These increases in HOA concentration occurred primarily
during regime I and are typically correlated with or just following peaks in CO concentration (panel
3 in Fig. 4.1, 4.2, and 4.3), though the low time- and concentration-resolution of CO measurements
made statistical analysis difficult. HOA is typically associated with primary organic aerosol (POA)
(e.g., Ulbrich et al., 2009; Ng et al., 2010), and the only significant local source of POA is expected
to be the 210 freeway, 1.5 km north of the sampling site. There appears to be a trend of HOA
plumes coinciding with or immediately following periods of light winds out of the N, which suggests
that the HOA-like factor may represent primary freeway emissions. It is unclear why this HOA
factor does not appear during every period of light winds out of the N. Low correlation between the
HOA factor and ozone (Pr = 0.39) suggests that HOA production is not a photochemical process,
and low correlations with inorganic AMS traces (Pr = 0.18, 0.15, 0.21, and 0.02 for sulfate, nitrate,
ammonium, and chloride, respectively) suggest that HOA production is independent of formation
of inorganic aerosol, and that HOA may comprise an externally mixed mode, separate from the
accumulation mode aerosol that is typically comprised of inorganic constituents.

The more dominant LV-OOA factor is most significantly correlated with inorganic AMS traces
(Pr = 0.75, 0.46, 0.65, and 0.46 for sulfate, nitrate, ammonium, and chloride, respectively). As
discussed in Sect. 4.4.2, inorganics are most prevalent in accumulation mode aerosol (rather than fine
mode), and their loadings appear to be associated with significant marine layer influence in the Los
Angeles Basin (e.g., regimes I and IT). The high degree of correlation between LV-OOA and inorganic
constituents suggests that the LV-OOA factor represents an organic component that typically resides
in accumulation mode aerosol and may be associated with marine layer/cloud processing influence.
The correlation between LV-OOA and ozone is relatively low (Pr = 0.39), indicative of an aged
background organic species, as opposed to a rapidly-produced photochemical product that exhibits
a distinct diurnal trend. Examining time traces for LV-OOA in Fig. 4.1, 4.2, and 4.3 reveals that
the LV-OOA factor exhibits relatively high background levels in the mornings and at night, while

periodically showing moderate increases in magnitude during midday periods of photochemistry.
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These periodic photochemical trends in LV-OOA correspond to periods of intense photochemistry
(e.g., 18-19-July), characterized by midday ozone concentrations near 80-100 ppb. This suggests
that while LV-OOA appears to be the major constituent of the aged background aerosol discussed
in Sect. 4.4.2, it can be photochemically produced on relatively short timescales during periods of
intense photochemical activity. Its strong correlation with SOi_, consistent presence during humid
overnight and morning hours, coincidence with accumulation mode aerosol, and greater prevalence
in moisture-impacted regimes I and II suggest that there may be significant aqueous processing
sources for LV-OOA in Los Angeles.

Figures 4.1, 4.2, and 4.3 show a regular diurnal trend in SV-OOA, with overnight minima in-
creasing to maximum concentrations daily at approximately 1400-1500 LT, close to maxima in solar
radiation, AMS organic, and DMA number concentration. The SV-OOA factor exhibits a reasonable
degree of correlation with ozone (Pr = 0.53), suggesting that semivolatile organics are products of
local photochemical oxidation of VOCs. Correlations with inorganic traces are lower than those for
LV-OOA (Pr = 0.42, 0.31, 0.45, and 0.19 for sulfate, nitrate, ammonium, and chloride, respectively).
As discussed in Sect. 4.4.2; aerosol size distributions exhibit significant enhancements in fine mode
aerosol in afternoon periods, with the fine mode comprised almost entirely of organics (particularly
in regimes IT and III). Further, SV-OOA correlates strongly with DMA number concentration (Pr
= 0.62, versus 0.00 and 0.33 for HOA and LV-OOA, respectively). The regular, significant en-
hancements in SV-OOA during peak photochemical periods, high correlation with DMA number
concentration combined with lower correlations with inorganics (which typically comprise accumu-
lation mode aerosol), and the regular appearance of fine organic modes during afternoons suggests
that the SV-OOA factor is comprised of early-generation photochemical products that are chiefly
responsible for the growth of fine-mode aerosol in the afternoons. Based on wind patterns discussed
in Sect. 4.4.1, SV-OOA is proposed to consist of secondary organic products on the order of 1-2 hr
old.

Ng et al. (2011) applied a simple method for making real-time estimates of OA components,

based on an empirical scaling factor that relates HOA and OOA (further segregated as SV-OOA and
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LV-OOA) to signal at fragments m/z 57 and m/z 44. HOA is estimated by b x (Cs7 — 0.1 x Cyq),
where b for PACO was found to be 13.96, compared with 13.4 (range = 8.5-19.2) for Ng et al. (2011).
PACO OOA (combined SV-OOA and LV-OOA) is estimated by ¢ x Cy4, where ¢ was found to be
8.05 for PACO, compared with 6.6 (range = 2.9-9.0) by Ng et al. (2011). The PACO SV-OOA and
LV-OOA factors are estimated by 3.30 x Cyy and 4.75 x Cyy, respectively.

Figure 4.9 shows the mass fraction of organic accounted for by each organic component during
each regime. OA in Los Angeles is overwhelmingly oxidized in nature, with LV- and SV-OOA
combined contributing 77, 92, and 86% of OA during regimes I, II, and III, respectively. HOA
contributed the largest fraction to OA during regime I, in large part due to episodically high HOA
concentrations during May and early June. HOA is a minor factor during regimes I and I11. SV-OOA
is a major constituent of OA during periods of photochemistry, with the hot, dry, photochemically
intense regime III seeing the most significant contribution of SV-OOA to OA. LV-OOA dominates
in regimes I and II, which were both periods of significant marine/moisture influence and cloud

processing.

4.4.4 Filter Analysis

PMF factors are mathematical solutions that return constant mass spectra that are combined lin-
early to describe variability in AMS data, and it is important to compare PMF results to physical,
independent characterizations of OA. For PACO, UPLC-ESI-(+ and -)-TOF-MS analysis of high-
volume filter samples was performed on 9 selected filters representing periods of high HOA, SV-O0A,
and LV-OOA concentrations, in order to distinguish chemical profiles associated with the PMF fac-
tors. Periods distinguished as “high SV- and LV-OOA” were chosen such that those species were the
single, dominant component of OA. PACO filter sampling did not include any periods in which HOA
was the isolated, dominant species, as periods distinguished as “high HOA” were also impacted by
high background levels of LV-OOA.

Functional groups of interest in UPLC-ESI-(4)-TOF-MS analysis were basic nitrogen groups

(i.e. amines, imines) as well as oxygen-containing moieties (i.e. carbonyls, alcohols, ethers). The
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complexity of the samples made complete speciation by this technique difficult, but it was possible to
identify the majority of the base peaks. Non-oxygenated nitrogenous compounds likely to be amines
were detected in significant concentrations and with some variety of carbon chain-length (C8-C16) in
the high HOA + LV-OOA periods, as well as during morning periods in which background LV-OOA
dominated the organic fraction. This suggests that amines may be an important class of organic
compounds in aged, background Los Angeles aerosol. The most prominent class of compounds in all
filters was oxygenated organic species, with increased variety of oxygenated species during periods
of significant photochemical organic production.

UPLC-ESI-(-)-TOF-MS offered better mass spectral resolution and more complete identification
of base peaks than (+) - mode, allowing for more complete chemical profiles. Phthalic acid is ubiqui-
tous in appreciable quantities in the extractable fraction of Los Angeles OA. Phthalic acid has been
identified as a significant product of poly-aromatic hydrocarbon (PAH) photochemistry (Kautzman
et al., 2010), so this result suggests that PAHs may be a significant class of precursor VOCs to OA
in Los Angeles. The high HOA + LV-OOA samples were characterized by appreciable quantities
of nitrogen- and sulfur-containing organics (> 10% of the extractable, identifiable fraction), which
is unique to periods in which both HOA and LV-OOA were high in magnitude. Carboxylic acids
were significant during both SV- and LV-OOA periods (> 15% of extractable, identifiable fraction),
though the carboxylic acids identified during SV-OOA periods tended to be longer-chain (C7-C10,
as opposed to C4-C9 for LV-OOA periods). Additionally, aerosol in LV-OOA periods tended to
have a more complex chemical profile, with no single class of compounds dominating the extractable
fraction identified by UPLC. This suggests that while the SV- and LV-OOA periods contain many of
the same chemical compounds, LV-OOA tends to be characterized by smaller organic acids (higher
0O:C ratio), as well as a more complex profile of organonitrates, organosulfates, and oxidized acids.

As explained in Ulbrich et al. (2009), aerosol partitioning with a bilinear PMF model is inherently
limited in fitting a dynamic organic component. With a dataset as large as that represented by
PACQO, it is not unexpected that the organic component undergoes numerous and significant changes

over the course of a single regime. Thus, two unique, constant mass spectra used to describe
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variability in a bilinear model may be more accurately viewed as two points on a continuum of
volatility, rather than two distinct components of differing volatility. This hypothesis is supported
by the commonality of compound classes identified by UPLC analysis for SV- and LV-OOA periods.
The continuum of oxygenation is further illustrated in Fig. 4.10, a plot of m/z 44 (CO3) versus
m/z 43 (mostly CoH307) proposed by Ng et al. (2010) as a mass spectral diagnostic for the age
of organic aerosol. It is hypothesized that LV-OOA components tend to have a higher ratio of m/z
44 to m/z 43 and represent a lower-volatility, more-aged organic component with a higher degree of
oxidation. Results from PACO indicate that the organic component of Los Angeles aerosol produces
a continuum of fy4 values during each regime and that the most aged organic fraction may actually be
comprised of fewer small diacids and a predominance of longer-chain, oxidized monoacids, complex
amines, and nitrate- and sulfate- containing organics. It is concluded that for the Los Angeles
aerosol, a bilinear PMF model, with mass spectra assumed to be constant over an entire regime,
is helpful in qualitatively assessing the degree of aging of the organic component, but represents a

broad simplification of a dynamic organic fraction of aerosol.

4.4.5 Hygroscopicity

The intensity of scattered light is a strong function of particle diameter (D,), and since aerosol
water uptake largely determines particle size, it is a major variable determining the interaction of
particles with radiation. Urban aerosol tends to be dominated by organic material, which is often
hydrophobic, leading to overall growth factors (GFs, Dy wet/Dp ary) that are smaller than those for
pure inorganic aerosol. At RH above the deliquescence RH of common inorganic aerosol constituents,
the comparatively low hygroscopicity of organics tends to result in an inverse correlation between
organic mass fraction and overall aerosol hygroscopicity (Shinozuka et al., 2009; Quinn et al., 2005;
Hersey et al., 2009).

Because urban aerosol is, in part, an external mixture of organic and inorganic components,
hygroscopic behavior is often complex, with several GF modes observed (e.g., Cocker et al., 2001;

Massling et al., 2005; Swietlicki et al., 2008; Massling et al., 2009; Meier et al., 2009; Tiitta et al., 2010;
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Rose et al., 2010). The optical sizing method utilized by the DASH-SP provides rapid measurements
on timescales suitable for aircraft studies, but does not allow resolution of more than two modes (a
nonhygroscopic and hygroscopic mode). During PACO, two modes were typically distinguishable:
a nonhygroscopic mode (1 < GF < 1.15 at 92% RH) identified during morning sampling (< 30% of
aerosol), decreasing to very minor significance in the afternoon, in addition to a dominant hygroscopic
mode that will be the focus of the rest of this section. This suggests that aerosol sampled in the
morning included an appreciable fraction of nonhygroscopic particles, with afternoon photochemistry
and SOA production resulting in an aerosol of more uniform, unimodal hygroscopicity. Since it was
not possible to resolve multiple growth modes, GF data represent the overall subsaturated water
uptake behavior for hygroscopic particles.

The DASH-SP measured GF at dry particle sizes of 150, 175, 200, and 225 nm. There was
no statistically significant difference between GF at these dry sizes, and so data were averaged to
give GFs representative for particles between 150 and 225 nm dry diameter. Particles sampled
during morning periods (0700-1100 LT) were significantly more hygroscopic at 74 and 92% than
those sampled during afternoon periods (1500-1900 LT); morning GF averaged 1.14 £ 0.13, 1.37 £+
0.10, and 1.97 & 0.45 at 74, 85, and 92 % RH, respectively, while afternoon GF averaged 1.06 =+
0.04, 1.37 £ 0.07, and 1.74 + 0.20 at 74, 85, and 92 % RH, respectively. Suppressed GF at 74 and
92% during afternoon sampling but constant GF at 85% suggests that the hygroscopic growth curve
(GF vs. RH) for morning-sampled aerosol is one with a higher GF at lower RHs, combined with a
steep ascending section at RH > 85%, suggestive of a predominantly inorganic aerosol with a small
hygroscopic organic component and little nonhygroscopic aerosol.

These GF values are significantly higher than those measured during the 1987 SCAQS study
in the eastern Los Angeles Basin (1.23 £ 0.08 for 200 nm particles at 90 + 3% RH; (Zhang and
McMurray, 1993)), and are more consistent with the most hygroscopic mode measured in Pasadena
in 1999 (1.6 at 89% RH; (Cocker et al., 2001)).

Figure 4.11 shows GF at 74, 85, and 92% plotted against organic mass fraction, with markers

colored by sampling date and time. PACO data show a clear trend of suppressed GF with increasing
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organic mass fraction (Pr = -0.56, -0.78, -0.71 for 74, 85, and 92%, respectively). The lowest GFs
and highest values of organic mass fraction occur late in PACO, during the dry and photochemically
intense regime III characterized by significant photochemical production of SV-OOA.

An increasingly popular representation of aerosol hygroscopicity is the x parameter, developed
by Petters and Kreidenweis (2007). As outlined in Shinozuka et al. (2009), one can use size-resolved

GF data at sub-saturated RH to solve the equation:

S(D) =

D3 — D3 | p{40Mw} 42)

D3 —D3(1-r) P |RTp,D

for x, where S is the saturation ratio over an aqueous droplet (0.74, 0.85, or 0.92), D and Dy are the
humidified and dry diameters, respectively, o is the surface tension at the interface of air and pure
water (0.072 Jm~2), M, is the molecular weight of water (18 gmol~!), R is the gas constant (8.3
Jmol™1K~1), T is the temperature (298 K), and p,, is the density of water (1 gcm™3). Because the
effect of organics on surface tension is not explicitly accounted for in this model, the x here may be
regarded an ”effective hygroscopicity parameter,” which includes both solute-induced water activity
changes and surface tension effects (Petters and Kreidenweis, 2007; Rose et al., 2010).

Using the calculated x values, one may estimate critical dry diameter (Dy), or the diameter
above which aerosol particles activate as cloud consenation nuclei (CCN) at a given supersaturation

(Sc), using the following equations:

443
K= ——, (4.3)
27D3In" S,
where:
4o M
A= v, 4.4

Following Shinozuka et al. (2009) and assuming S, of 0.2%, the relationship between x and D,

becomes:
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Dy =£"Y3 . 70nm (4.5)

Values of x and critical dry diameter at 0.2% supersaturation were calculated based on GFs at
85% RH and dry particle diameter of 200 nm. Uncertainties are estimated to be 25%, based on
sizing uncertainties in the DASH-SP and RH variation in the instrument (Sorooshian et al., 2008).
Figure 4.12 shows k (left axis) and critical dry diameter (right axis; Dg) plotted against organic
mass fraction, colored by time and date. Kappa values range from 0.15 to 0.51, with an average
of 0.31 + 0.08, while critical diameters ranged from 87 to 131 nm, with an average of 105 + 10
nm. As with GF data, there is a clear trend of decreasing x and increasing critical dry diameter
with increasing organic mass fraction, with the lowest hygroscopicity and CCN activity occurring
during regime III. Earlier periods characterized by more marine influence and higher RH exhibited
more hygroscopic behavior. At low values of organic mass fraction, k approaches that of nitrate and
sulfate salts (0.53-0.67), while approaching 0.1 at high organic fracion. Results from PACO suggest
that organics are moderately hygroscopic, with x values.

Shinozuka et al. (2009) presented paramaterizations for calculating % as a function of organic
mass fraction for 100 nm D, 4, aerosol in Central Mexico and the North American West Coast
(k = 0.34 — 0.20 - OMF and x = 0.47 — 0.43 - OMF, respectively, where OMF is organic mass
fraction), and these parameterizations are shown in Fig. 4.12. Overall, aerosol sampled during
PACO are more hygroscopic at a given OMF than those presented in Shinozuka et al. (2009), and
are parameterized as kK = 0.50 — 0.29 - OMF. This suggests that the organic fraction measured by
Shinozuka et al. (2009) inhibits hygroscopicity significantly more than in Los Angeles. It is possible
that the organics measured in Central Mexico and off the N. American West Coast exhibit more
surface-active behavior, inhibiting hygroscopic activity, or that those organics are predominantly
nonhygroscopic.

In order to further investigate the hygroscopicity of organics, x calculations were combined with
AMS data giving mass fractions of individual aerosol species in order to estimate a x value for

organics, Korg. If the overall hygroscopicity parameter, & is given by:
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k= Xn: Ki* Xi (4.6)
i=1

where 7 is the number of chemical constituents, ¢, with mole fraction x; and hygroscopicity parameter

k;, then the organic hygroscopicity parameter, k.4 can be estimated by:

Ninorg

K= Z Ki * Xi
Korg = Z;%, (4.7)
org

where 7norg is the number of inorganic constituents, ¢, with hygroscopicity parameter x; and mole
fraction x;, and Xorg is the mole fraction of organics in the aerosol. Previous publications have
assumed Korg of 0.1 for “hygroscopic” organics, and 0 for “nonhygroscopic” organics (Dusek et al.,
2010; Wang et al., 2010; Wex et al., 2010). Assuming &; for inorganics to be 0.6 and &; for sea salt
to be 1.3 (Wex et al., 2010), Eq. 6.9 gives korg of 0.16 for urban background aerosol transported to
the PACO sampling site. Assuming «; for inorganics to be 0.7 (Dusek et al., 2010) gives kopg of 0.12.
Taking a median ko4 of 0.14, it is clear that the organics measured during PACO are significantly
more hygroscopic than those previously measured in urban areas. This is not unexpected, given
the consistently high O:C ratios of organics and the dominance of SV-OOA and LV-OOA during
all three regimes of PACO. Further, the PACO sampling site is relatively free from the influence of
local sources of primary aerosol, which would have the effect of reducing k.q. Given that organics
dominate aerosol in most urban areas, it is potentially significant to find that organics in an important
urban center such as Los Angeles would have a value of k-4 appreciably higher than previously

calculated for urban aerosol.

4.5 Conclusions

A major ambient sampling experiment was conducted at a site in Pasadena, CA positioned to
sample a constant afternoon influx of transported Los Angeles pollution with a photochemical age

of roughly 1-2 h and generally free from the influence of local point sources. Sampling spanned 4



106

months during the summer of 2009, and was characterized by three distinct meteorological regimes: a
“springtime” period characterized by clean conditions coincident with low pressure systems (regime
I), a typical early-summer period characterized by significant morning marine layer followed by
warm, photochemically active afternoons (regime II), and a late-summer period characterized by
little marine layer influence, hot and dry conditions, and elevated photochemical activity (regime
I1T).

Chemical analysis of aerosol revealed that OC dominates particulate carbon in Los Angeles
(OC:EC average of 8.04), and is enhanced relative to EC by an average of 47% in the afternoon,
suggesting significant SOA production. High RH during marine-layer-influenced morning sampling
periods resulted in hygroscopic growth of aerosol particles and high aerosol volume, while drier
afternoon periods saw less hygroscopic growth but increased aerosol number and volume due to
proposed SOA production. Maxima in aerosol volume occured in the mid-late morning, reflecting a
balance between RH-induced hygroscopic growth and SOA production. Maxima in aerosol number
tended to occur near 1400-1500 LT, indicating that daytime photochemistry tended to generate a
fine aerosol mode.

Organics are the most significant constituent of transported Los Angeles aerosol, contributing an
average of 42, 43, and 55% of total submicron mass in regimes I, I1, and III, respectively. Interestingly,
there was no significant difference between morning and afternoon O:C ratios, suggesting that the
constant influx of 1-2 hr old aerosol results in an overall organic oxidation state at the sampling site
varying little despite significant SOA production. Regime II, characterized by significant morning
marine layer influence followed by photochemically active afternoons, displayed significantly higher
aerosol mass and higher average O:C ratio, suggesting that aqueous processes may be important in
the generation of secondary aerosol and OOA in Los Angeles. Afternoons during regime II and IIT are
characterized by the appearance of a fine organic mode, suggesting that SOA may be responsible for
growth of fine particles. It is unclear whether these fine particles are the result of sulfate nucleation
and subsequent SOA growth or SOA condensation on existing primary aerosol.

Water soluble organic mass (WSOM) reaches maxima near 1400-1500 LT, coincident with mark-
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ers for photochemistry and suggesting significant SOA contribution to WSOM. Sulfate is predom-
inantly an accumulation mode constituent, and its magnitude appears to depend on the degree of
marine influence. Nitrate is similarly a predominantly accumulation mode species, reaching maxima
after morning rush hour periods. Nighttime nitrate production is observed during periods in which
maximum ozone levels indicated significant photochemical events. An ammonium ratio, defined as
the moles of ammonium measured divided by the moles of ammonium required to neutralize sulfate
and nitrate as (NH4)2SO, and NH4NOj, respectively, revealed that ammonium limits particulate
NH4NOj3 in regimes I and II. An ammonium ratio of 1.28 £ 0.30 in regime III suggests that ammo-
nium was in excess and that organic amines may have been an important constituent of submicron
aerosol during this hot, dry, photochemically intense sampling period with reduced marine sulfate
influence.

PMF analysis of C-ToF-AMS data resolved three factors, corresponding to HOA, SV-OOA, and
LV-OO0A, and correlating well with the “standard” factors presented in Ng et al. (2011). The HOA
factor appears to be a periodic plume source, generally appearing during or shortly after peaks in
CO concentration. SV-OOA displays a strong diurnal pattern, correlating strongly with ozone and
the appearance of a fine mode (< 100 nm) in the aerosol size distribution, suggesting that these
SOA products are generated on timescales of 1-2 h and tend to comprise a fine aerosol mode. LV-
OOA is correlated with inorganic nitrate and sulfate and appears to be an aged carryover organic
component that resides in accumulation mode aerosol, but may be generated on short timescales
(1-2 h) under extremely oxidizing conditions. Its prevalence during humid overnight and morning
hours and enhanced importance in moisture-influenced regimes I and II suggest that there may be
significant aqueous-phase sources for LV-OOA. Overall the organic fraction of Los Angeles aerosol
is overwhelmingly oxidized, with LV- and SV-OOA contributing 77, 92, and 86% of OA in regimes
I, I, and III, respectively.

Filter analysis by both (+) and (-) mode UPLC-ESI-TOF-MS reveals a complex mixture of
organic compounds dominated by oxygenated species. Long (C8-C16), non-oxygenated nitrogenous

compounds likely to be amines are detected during periods impacted by high concentrations of
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background LV-OOA, suggesting that amines may be an important constituent of aged organic
aerosol in Los Angeles. Phthalic acid represents a ubiquitous, appreciable fraction of extractable
OA, suggesting that PAH photochemistry may be an important pathway for SOA production in
Los Angeles. Organo-nitro-sulfate species are observed during periods when aerosol appears to be
a mixture of aged background species and freshly emitted particles. Carboxylic acids appear to be
major contributers to both SV- and LV-OOA, with LV-OOA tending to be associated with shorter
(C4-C9) carboxylic acids and thereby higher O:C ratio.

The organic fraction of transported Los Angeles aerosol is dynamic and undergoes numerous
and significant changes on timescales of days to weeks, despite exhibiting consistency in the overall
degree of oxidation. Many compounds are common to periods identified as distinct by PMF analysis,
and PACO data suggest that Los Angeles OA is best described as a complex, dynamic mixture of
compounds that represent a continuum of oxidation. Thus, a bilinear PMF model that assumes
constant mass spectra representative of classes of OA is a useful tool in qualitatively assessing the
degree of OA aging and oxidation, but is a dramatic simplification representing a complex organic
fraction.

Finally, aerosol water uptake characteristics measured by the DASH-SP indicate that a bimodal
distribution becomes more unimodal during periods of photochemical SOA production. The degree
of hygroscopicity of the main hygroscopic mode is highly anti-correlated with organic mass fraction,
as indicated by decreasing GF and k, as well as increasing critical diameter with increased organic
fraction. Values for x averaged 0.31 4+ 0.08, approaching 0.5 at low OMF and 0.1 at high OMF.
It appears that organics in Los Angeles inhibit hygroscopicity less than those measured in Central
Mexico and off the N. American West Coast, potentially owing to less surface-active behavior or
an organic fraction comprised of more water soluble species. Indeed, k44 was found to be 0.14 for
PACO, which is appreciably higher than previously reported in urban aerosol.

PACO represents the first major aerosol characterization in the Western Los Angeles Basin, and
comparison with SOAR will help identify spatial variation in Los Angeles aerosol and determine the

nature of aerosol evolution as it is transported from source-rich (western) to downwind (eastern)
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parts of Los Angeles. Further, its timing will serve to contextualize and compare forthcoming results

from the CalNex field campaign, part of which involved ground sampling at the PACO site.
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