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Abstract

To advance our understanding on the relationship between the sources, chemical
composition and toxicity of coarse particles, and help the regulatory community to design
cost-effective control strategies, two comprehensive investigations were conducted ia the Lo
Angeles Basin from 2008 to 2010 to characterize the physico-chemical and toxicological
properties of ambient coarse particulate matter (CPM). The first study features ofagear
sampling campaign at 10 sampling sites throughout the basin in an attempt to study the spatial
and seasonal characteristics of ambient coarse particles. An intensive study, focusing on the
diurnal trends, was conducted at 3 sampling sites to examine how the change in meteorological
conditions throughout a day may affect the source strength and formation mechanisms of coarse
mode aerosols.

Overall, the group of crustal materials and other trace elements was the most dominant
component of CPM, accounting for approximately half of the total reconstructed CPM mass. The
contributions varied from 41% to 61% across the 10 samplings sites, with higher fractions in the
inland areas. Organic materials, accounting for around 20% of the CPM mass, well correlated
with crustal materials and the soil dust tracers of Ti and Fe, suggesting that hurtgnitssa
major source of organic materials in coarse particles. This is confirmed by further ini@stigat
on individual organic compounds, which revealed that the predominant organic constituents in
the coarse size fraction, includingalkanoic acids and medium molecular weight (MW)
n-alkanes (C25 to C35), were highly associated with crustal materials. Sea salt, on the other hand,
accounted for an average of 9% of the reconstruct CPM mass, with higher levels in spring and

summer when the onshore wind prevailed. Nitrate, the most dominant inorganic species in the

Xiv



coarse size fraction, arose predominantly from the depletion of sea salt, and thereby mostly
followed the temporal and spatial patterns of sea salt aerosols. Constituents with primary
anthropogenic origins, such as elemental carbon, hopanes and steranes, experienced very low
concentrations. On the other hand, natural sources such as mineral dust and the associated biota,
and to a lesser extent fresh and aged sea salt, constituted to the majority of ambient CPM mass in
the Los Angeles Basin.

In summer, ambient coarse particles were mostly re-suspended by wind, and their levels
were generally higher in the midday and afternoon sampling periods, in parallel with the higher
wind speeds. In winter, the levels of CPM were generally lower, with the exception of stagnation
conditions, when patrticles accumulated in the atmosphere in episodes of low atmosphenic diluti
During winter nighttime, the mixing height was lowest. Turbulences induced by vehicular
movements became a dominant re-suspension mechanism of coarse mode aerosols, resulting in
high levels of mineral and road dust at near-freeway sites. Overall, the contributions of inorganic
species to CPM mass were generally higher overnight, suggesting that the lower temgedature
higher relative humidity at nighttime favored the formation of these ions in the coarse mode.

To evaluate the toxic activity induced by CPM, a cellular assay was used to quantify the
generation of reactive oxygen species (ROS). The ROS activity experienced a significant diurnal
variation, with higher levels in summer than winter. During summertime, higher ROS activity
was observed in the midday / afternoon periods, while the peak activity occurred overnight in
winter. Using linear regression analysis, the ROS activity was highly associated with the
water-soluble fraction of four elements (V, Pd, Cu and Rh), which have primary anthropogenic

origins in the coarse size fraction. Based on the results of this investigation, coackespar

XV



generated by anthropogenic activities, although low in mass concentrations, are the key drivers of
ROS formation, and therefore more targeted control strategies may be needed to better protect the

public health from these toxic CPM sources.
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Chapter 1 Introduction

1.1. Background

Particulate matter (PM) is defined as a suspension of liquid droplets or solid matter in a gas
or liquid. PM is an extremely important component in the ambient atmosphere. It contributes to
smog formation and visibility degradation in urban atmospheres, and influences the surface
albedo by decreasing the amount of heat reaching the ground (Seinfeld and Pandis, 2006).
Particles also play significant roles in biogeochemical cycles in the atmosphere, asrving
reaction substrates and carriers for sorbed chemical and /or biological species (Brakener
1996). More importantly, numerous epidemiological studies have shown associations between
adverse health effects and ambient PM levels (Dockery et al., 1993; McConnell et al., 1999; Sram
et al., 1999; Stayner et al., 1998). Therefore, understanding the physico-chemical and
toxicological characteristics of PM is essential to evaluate its environmental and health
consequences.

Atmospheric PM is a complex mixture of many classes of chemical constituents, with size
ranging from a few nanometers (nm) to tens of micrometers (um) in aerodynamic diameter.
Sources of ambient PM can be both natural and anthropogenic. Natural sources include
windborne dust, sea spray, forest fires, and volcanic emissions (Seinfeld and Pandis, 2006).
Combustion activities such as burning of fossil fuels and biomasses are the major anthropogenic
sources in an urban atmosphere. These particles are also known as primary pollutants since they
are emitted directly into the atmosphere. On the other hand, particles can be formed by secondary
processes, such as the photo-oxidation of @@ NQ to form sulfate and nitrate particles,

respectively. Once emitted to the atmosphere, aerosol properties, including size and chemical



composition, are subject to transportation and transformation by various chemical and physical
processes (Hinds, 1999).
1.2. Characteristics of Particulate Matter
1.2.1. Particle size

Particle size is the most important parameter in describing particle characteristidncl
formation and removal mechanisms, atmospheric lifetime, as well as the site of deposition in
human respiratory tract. There are three distinct size modes of particles basatbserasd
particle size distribution: (a) the coarse mode, particle with an aerodynamic diameter between 2.5
and 10 um; (b) the accumulation mode, particle with an aerodynamic diameter between 0.1 and

P DQG F WKH XOWUDILQH PRGH SDUWLFOH ZLWK DQ DHU

The three size modes differ in their means of formation and removal, chemical composition,
deposition, and optical properties (Seinfeld and Pandis, 2006). Ultrafine particles primarily
originate from combustion sources, as well as homogeneous or heterogeneous nucleation of
atmospheric species. Ultrafine particles are removed from the mode predominantly through
physical process of coagulation with larger particles. Accumulation mode particles compose a
significant amount of PM mass and surface area. These particles are formed through@oagulat
of ultrafine mode particles, and growing of existing particles from condensation of gases. The
accumulation mode particles have inefficient removal mechanisms since they are too small to be
settled by gravity and too large to coagulate into larger particles, resulting in laenestimes
(Seinfeld and Pandis, 2006). Lastly, coarse mode aerosols are generated primarily by mechanical

processes such as grinding, erosion, and wind re-suspension. These particles have relatively high



gravitational settling velocities, allowing them to settle out of the atmosphere atiaalglshort
amount of time. Coarse particles are also known to react with atmospheric gases. For example,
formation of coarse particulate nitrate from reaction of nitric acid with minerabddssea salt
particles was observed in many studies (Goodman et al., 2000; Usher et al., 2003; Zhuang et al.,
1999). Unlike the formation of volatile compounds such as ammonium nitrate in the fine mode,
the irreversible reactions between atmospheric gases and coarse particles, coupledowién the
residence time of coarse particles decrease the atmospheric lifetime and serve as ant importa
removal pathway of gaseous pollutants.
1.2.2. Particle mass

Particle mass is an important parameter in terms of particle measurement. Particle mass
concentration is used for regulatory purposes in the United States, and is dominated by the
accumulation and coarse mode particles (Hinds, 1999). Ultrafine mode particles, on the other
hand, comprise a relatively small percent of mass concentration in ambient atmospheres due to
their small sizes.
1.2.3. Particle number

Particle number is another important characteristic that emerged in the field of PM
measurement in the last decade. In contrast with particle mass, particle number concentration is
dominated by ultrafine particles (UFPs). UFPs constitute to a majority of ambient particle number
concentrations but only a small fraction of particle mass. Primary vehicular emissions and
photochemical reactions are the major sources of particle number concentrations in an urban
atmosphere (Fine et al., 2004b; Kulmala et al., 2004). Although not currently used for regulation

in the United States, particle number emission limit was introduced in the Euro 5/6 standards in



recognition of the higher toxicity of ultrafine particles compared with partinolas¢umulation
and coarse mode (Delfino et al., 2005; Li et al., 2003)
1.2.4. Health effects

The impact of ambient PM on human health is the most prominent motivation that drives
aerosol researches. Numerous epidemiological studies linked elevated PM levels to various
adverse health outcomes, including premature deaths (Hoek et al., 2002), respiratory and
cardiovascular diseases (Gauderman et al., 2007; Pope and Dockery, 2006), and
neurodegenerative disorders (Peters et al., 2006). A few other studies also presented negativ
impacts of PM exposure on liver functions (Folkmann et al., 2007) and reproductive systems
(Sram et al., 1999). Both in-vitro and in-vivo studies demonstrated associations between
particulate exposure to respiratory inflammation, mitochondrial damage, and lung cancer
(Castranova et al., 2001; Costa and Dreher, 1997; Kleinman et al., 2007; Li et al., 2003). While
some recent studies presented higher toxicity of ultrafine particles relative to dreplarticles
in the accumulation and coarse mode in urban atmospheres (Hu et al., 2008; Li et al., 2003), a
few epidemiological studies have shown associations between coarse particles with adverse
health outcomes in areas where higher fractions of coarse PM are found (Lipsett et al., 2006;
Smith et al., 2000).

Particle size, governing the site of particle deposition along the respiratory tract, has an
important role in health effects induced by PM exposure. Particles that are larger than £0 um ar
usually not the point of interest in health studies due to their short atmospheriebieGPV
UDQJLQJ IURP WR —P LV JHQHUDOO\ UHIHUUHG DV 3LQKDC

deposits on the upper respiratory tract including the nasal airway and pharyngeal/laryngeal



regions. A small fraction of coarse particles might also penetrate and deposit furtiger in t
respiratory tract. Particles in accumulation mode have low removal efficiency on the el ai
and generally penetrate deeper to the tracheobronchial tree and pulmonary regions. Ultrafine
particles, on the other hand, have higher deposition efficiency in the nasal and alveolar regions.
Some recent studies have also shown the presence of ultrafine particles in the brain and central
nervous system (Oberdorster et al., 2004).

In spite of recent advancements in PM toxicity research, the relationships between aerosol
properties (e.g., size, number, volatility, surface area, and composition) and specific health end
points are not well understood and remain an area of active research. The production of reactive
oxygen species (ROS) and the consequent generation of oxidative stress is proposed to play a
direct role in PM-induced adverse health outcomes (Castro and Freeman, 2001; Tao et al., 2003)
Oxidative stress refers to an imbalance within cells where more ROS is produced than eliminated,

DQG KLJK OHYHOV RI R[LGDWLYH VWUHVYVY FDQ UHWXOW LQ GDF
functions and lead to apoptosis (Pelicano et al., 2004). Both chemical and biological assays are
available to quantitatively characterize the production of ROS, thereby allowing the examinati

of ROS activity with aerosols of various sizes and compositions.

1.3. Rationale of the Present Study

1.3.1. Motivation and objectives

Ambient PM is regulated under the Clean Air Act using size specific mass concentration
standards. The National Ambient Air Quality Standards (NAAQS) for ambient PM were first
established in 1971, when the standard of total suspended particle (TSP) was introduced. They

have evolved over the years as a result of emerging epidemiological and toxicological lsttidies t



linked elevated airborne PM mass concentration of different size fractions to a variety of adverse

health outcomes as discussed in Section 1.2.4. In 1987Mhparticles smaller than 10m in

diameter) standard was used to replace the TSP (Total Suspended Particulate) standids; The

(particles smaller than 2.5n in diameter) standard was introduced in 1997 to specifically

regulatelLQH SDUWLFOHV 7KH VWDQGDUGY DOVR LQWHQGHG \
SDUWLFOHV® UDQJLQJ IURP WR cr- Plowevwet)rdsQ UHIHUUHG DV
epidemiological studies reported only findings for f&hdPM, s, and they were mostly

conducted in urban areas where the levels of fine particles were higher than those of coarse

particles (Abbey et al., 1995; Dockery and Pope, 1994; Dockery et al., 1993; Schwartz et al.,

1994). Very limited studies provided clear quantitative evidence to link coarse pddiakhgerse

health effects. Due to the abovementioned reasons, the Environmental Protection Agency (EPA)
concluded at that time to continue to use;P8tandards to control thoracic coarse particles.

In the last few years, the difference between coarse and fine particle has become more
explicitly understood and appreciated. There is a growing, but still limited, evidencdtbf hea
effects induced by coarse particles. A number of epidemiological studies were conduated in ar
of lower PM, 5/ PMyq ratios such as Rena, NV and Phoenix, AZ (Chen et al., 2000; Lipsett et al.,
2006; Smith et al., 2000), allowing a more relevant evaluation of health effects imposed by CPM.
Some relatively inexpensive in-vivo and in-vitro tests developed in recent years also become
readily available to stimulate PM-induced toxicological responses, which provide a scientific
basis for understanding the pathological pathway of PM-induced health effects. Furthermore,
since the PNMsstandard was in place in 1997, PNevels have come down and thereby leading

to more comparable levels of fine and coarse PM even in urban areas. As a result, there has been



a major consideration on establishing a newPMstandard to specifically regulate coarse

particles. The potential change of PM standard has been controversial. There are concerns
regarding the inconsistent CPM-induced adverse health outcomes demonstrated in health studies.
The new standard may impact urban and rural areas differently because of the different sources
and size distribution of PM in these areas. The implementation of a heyy tndard would

also devalue the historical Rymeasurements and probably require additional monitoring

stations and equipment.

Currently, CPM is regulated under th&1;, standards. PN consists of both fine and coarse
particles, of which the sources, formation, and removal mechanisms are entirely differegot. Due
higher settling velocity and distinct origins, CPM is more affected by local sources, and is more
heterogeneous compared with particles in the fine mode. Thus, the temporal and spatial variation
of coarse particles, as well as the chemical composition could be different from place to place.
Therefore, regulating CPM using Rjtandards might not be appropriate in controlling this
thoracic coarse fraction of Py Additionally, limited literature has studied coarse particles
specifically, in contrast to the extensive monitoring network currently in pladeMg, and PM 5,
PMyq.2smeasurements were often obtained using the difference betwagamiMPM 5, which
introduced higher uncertainties, particularly in areas with highgPMMj, ratio. As a result,
significantly less is knowabout the physico-chemical and toxicological characteristics of CPM.
The distinct chemical composition in the fine and coarse fractions could also contribute to
potentially different health outcomes. Since these parameters are important in distingbishing
characteristics and health effects of CPM from those ofPPM; 5, it is desirable to have

comprehensive investigations on CPM based on independent ambient measurements.



In order to provide a scientific basis to develop cost-effective regulations to regulate CPM,
two comprehensive investigations were conducted in Southern California to exangsioal,
chemical and toxicological characteristics of coarse particles. The first project involved a
year-long sampling campaign to collect ambient coarse particles in 10 sampling sites across the
Los Angeles Basin, and the subsequent physical and chemical analyses of these samples. To
better understand the toxicity of coarse particles, the production of reactive oxygen sg@8es (R
was used to characterize the oxidative potential of the collected CPM. In the second project, the
diurnal variation of coarse particless studied to improve the understanding of important
atmospheric parameters that influence the ambient CPM concentration and composition, as well
as public health impacts as a result of human exposure. The results of these two studies were
integrated with published literature to provide a comprehensive investigation to bdtablis
linkage between sources, compaosition, and the toxicity of coarse particles. The obdtiees
present investigation work are:

1) To understand the cause of the temporal and spatial variation of CPM concentrations and
chemical composition, and identify their sources in the atmosphere;
2) To identify the linkage between toxicity levels and source-specific chemical constituents

CPM with distinctive origins, and
3) To determine the most effective strategy to regulate CPM and provide valuable scientific

information for environmental policy decision making.

The results of this investigation will ultimately help decide if a;PMstandard is more

beneficial than a P\ standard to regulate coarse particles.



1.4. Thesis Overview

This thesis presents my doctoral research work under the supervision of Professor
Costantinos Sioutas with the goal to provide a scientific basis for effective reguatioarse
particles. The thesis includes the following chapters:

Chapter 1 provides an overview of urban particulate matter, and the ratiottdte of
investigation.

Chapter 2 presents the ambient CPM chemical composition at 10 distinct locations in the
Los Angeles Basin. The sources and formation mechanisms of coarse particles are discussed. The
contributions of different sources, as well as their temporal and spatial variations are also
examined.

Chapter 3 focuses on the seasonal and spatial variations of CPM-bound individual organic
compounds, and their relation to sources.

Chapter 4 describes the historical data (1986-2009) of CPM mass concentrations and
chemical compositions in 3 different areas in the Los Angeles Basin, and discusses their relations
to sources and air quality regulations.

Chapter 5 presents the diurnal chemical profile of CPM, which gives insights on the ambient
conditions that affect the formation of coarse particles.

Chapter 6 explores the relationships between the chemical composition and the
toxicological profiles of CPM. The results will help identify the sources that aspemeible for
driving the toxic activity of coarse particles.

Chapter 7 concludes the findings of the present investigation and outlines the possible

strategies that would help establish cost-effective air quality standards to profadblthdnealth



from CPM exposure. It also identifies limitations of the current investigation anitps

suggestions for future research on this subject.
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Chapter 2 Spatial and Temporal Variation of Chemical Composition and Mass Closure of
Ambient Coarse Particulate Matter (PMq.,9 in the Los Angeles Area

2.1. Abstract.

To study the seasonal and spatial characteristics, as well as chemical composition of coarse
particulate matter, 10 sampling sites were set up in different areas of the Los Aragttes B
Ambient CPM was collected for a year-long in 24-hour periods once per week during weekdays,
and was analyzed for elemental and organic carbon (EC-OC), water soluble inorganic ions, and
total metals and elements. Five categories were used to reconstruct PM mass: 1) crustal materials
and other trace elements 2) organic matter 3) elemental carbon 4) sea salt and 5) secondary ions.
Overall, crustal materials and other trace elements were the most abundant category, accounting
for an average of 47.5 £ 12% of the total reconstructed mass. Secondary ions (sulfate, nitrate and
ammonium) and organic matter also contributed significantly at mass fractions of around 22.6 %
and 19.7%, respectively. Elemental carbon was a less significant component, accounting for less
than 2% of total mass across sites. Sea salt particles were more prevalent in spring and summer
(12.7%) due to the strong prevailing onshore southwesterly wind in that period. Mass fractions of
organic matter, as well as crustal materials and other trace elements werarhfgll and winter,
indicating that their contributions were not affected by the lower wind speed and change in wind
direction during that period. PM concentrations of sea salt particles decreased froto coast
inland along the trajectory of LA Basin, while crustal materials and other trace elements became
dominantatinland sites. On the other hand, organic carbon well-correlated with tracers of soll
dust (R = 0.74 and 0.72 for Ti and Fe respectively), suggesting that humic substances might be

the major constituent of organic matter in coarse mode aerosols in the Los Angeles Basin.
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2.2.  Introduction

Due to concerns of health effects of exposure to coarse particles, there has been
considerable discussion about explicitly regulating CPM. Currently, coarse particles are regulated
using PM, standard. Pl is a mixture of coarse and fine airborne particulate matter, both of
which have diverse predominant sources and removal mechanisms; thereby, chemical
composition is significantly different. Origins BM, s include fossil fuel combustion and photo
oxidation of gas precursors, while CPM arises predominantly from mechanical disruption and
attrition processes. Source apportionment studies showed that the composition of coarse particles
varied widely depending on the study areas; major components include resuspended soil, road
and street dust, fugitive dust, sea salts and biological materials (Hwang et al., 2008; Paode et al
1999).

Unlike PMyg andPM, 5, for which abundant data of continuous and time-integrated mass is
generated by local and state agencies, a nationwidg.R&onitoring network is not currently
in place. Moreover, limited peer-reviewed studies have examined comprehensively the chemical
composition of CPM in urban and rural areas of the U.S., thereby limiting the understanding of
the link between their sources, their physico-chemical characteristics and theiogixiiol
properties. In this study, 10 sampling sites were set up in different areas in the Los Angeles Basi
to collect time-integrated ambient CPM for an entire year-long period. The characierifatie
CPM physical properties, including the mass concentrations and its spatiatngodatevariation,
has been presented in our previous publications (Moore et al., 2010; Pakbin et al., 2010). This
chapter focuses on the much-needed information on CPM chemical composition and their sources

of formation, as well as their spatial and seasonal characteristics in urban and rarai trea
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Los Angeles Basin. This comprehensive dataset will be a key tool to policy makers in providing
vital information for conducting epidemiological health studies, for setting up &#ecti
compliance monitoring in Southern California, and ultimately for designing effective CPM
control strategies.
2.3. Methodology
2.3.1. Site description and sampling time

Ten sampling sites were selected and set up in the Los Angeles Basin to fully characterize
the range of conditions encountered in Southern California. The location of each site is shown in
Figure 2.1. Selection criteria and site characteristics were described in detail in a previous
publication of this study (Pakbin et al., 2010). Sites were categorized according to their
geographical locations. HUD is located in a residential and commercial neighborhood about 2 km
inland of the Ports of Los Angeles and Long Beach. It is 100 m and 1.2 km away from the
Terminal Island Freeway and I-710, respectively, representing a pollutant source region. LAN is
situated in a desert-dominated rural region in the City of Lancaster in the north of the Los
Angeles County. It is a typical desert site over 2 km west of freeway CA-14. The 8 r@maini
sites are mostly on the trajectory of Los Angeles Basin, which can be grouped into West LA
(GRD and LDS), Central LA (CCL and USC), East LA (HMS and FRE) and Riverside (GRA and
VBR) as moving from coast to inland. The 6 sites in the Los Angeles area (GRD, LDS, CCL,
USC, HMS and FRE) are urban sites with most of them located near freeway (< 1 km) except for
CCL and GRD. The two inland sites in Riverside County (GRA and VBR) are considered as

semi-rural receptor sites.
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The one-year sampling campaign was conducted from April 2008 to March 2009. A 24-hour
time-integrated sample was collected at each site once per week from 12:00 AM Pacific Standard
Time (PST) to 12:00 PM PST. All substrates were collected on weekdays and removed from
samplers within 24 hours after collection. Data recovery was over 88% overall. A total of 470
daily samples were submitted for chemical analysis. Monthly concentrations were calculated as

the arithmetic averages of daily concentrations for all the chemical species.

Figure 2-1 Map of the 10 sampling sites.

2.3.2. Sampling equipment and setup
At each site, dual Personal Cascade Impactor Samplers (PCIS) were employed j\yith PM
inlets (Pakbin et al., 2010) to collect size-segregated patrticles in the size range of 10-2.5 pm,
2.5-0.25 pm, and lessthan 0.25P DW OLWHUV SHU PLQXWH /30 PP =HIC
Life Sciences, Ann Arbor MI) and quartz fiber (Whatman Inc., Florham Park, NJ) filters were

used in the coarse stage of each PCIS. Zefluor filters were weighed before and after sampling for
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determination of collected mass using a Mettler Microbalance (Mettler-Toledo, Columbus, OH;
weight uncertainty + 1 pg) after 26U HTXLOLEUDWLRQ XQGHU FRQWUROOHG |
and relative humidity (30% + 5%).

A Coarse Particle Concentrator (Misra et al., 260d9mposed of a virtual impactor
upstream of a filter holdérwas set up in parallel to collect particles between 2.5-10 um using
the PMy inlet as mentioned previously. The virtual impactor was operated at 50 LPM with a
minor flow rate of 2 LPM. Particles were enriched by 25 times and collected on Teflon substrates
(47mm, TefloTM, 2.0 um pore size, Pall Cord, East Hills, NY). Substrates were also weighed
before and after sampling to measure the collected mass. Comparisons between CPM mass
concentrations measured by the PCIS (coarse fraction) and Coarse Particle Concentrator were
described in Pakbin et al. (2010). In brief, they agree within 20% or less except in the site of
Lancaster, which experienced particle bouncing at the PCIS (Pakbin et al., 2010).
2.3.3. Chemical analysis

Water extracts of the quartz filters collected from PCIS were analyzed for wateesolubl
inorganic ions using ion chromatography (Lough et al., 2005). Elemental carbon and organic
carbon were determined by the NIOSH Thermal Desorption / Optical Transmission method
(Birch and Cary, 1996) using the same quartz filters. The PCIS Zefluor filters were analyzed by
the Inductively Coupled Plasma-Mass Spectroscopy (ICP-MS) to determine the concentrations of
the total metals and elements. Lough et al. (2005) described in detail the procedures for the
process of analysis. In brief, filter membranes were extracted using a mixture of 1.5 mL of 16 N
HNO;, 0.2 mL of 28 N HF, and 0.5 mL of 12 N HCI, and subsequently digested in closed Teflon

digestion vessels. Digestates were analyzed for total metals and elements using ICP-MS (PQ
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Excell, ThermoElemental). Due to the issue of particle bourninitlge PClSatthe Lancaster site,
substrates collected from the Coarse Particles Concentrator were used instead of those from the
PCIS for the total ICP-MS analysasthis site. CPM samples collected using the Coarse Particle
Concentrator contain a small fraction (4%) of fine PM that are inherently included in the minor
flow of the virtual impactor. With the comparable levels of trace elements and metaks am¢i
coarse PM fractions previously reported in this basin (Krudysz et al., 2008; Sardar et al., 2005;
Singh et al., 2002), it is unlikely that the concentrations of coarse-particulate metals and elements
would be significantly affected by the inclusion of this small fraction of fine particles, so no
corrections were made to account for this very small fraction of fine PM included in the coarse
mode. A detailed description of the characteristics of individual metals and elements were
presented in depth in a separate paper due to their importance in source apportionment and
epidemiological studies, while this chapter focuses on the chemical compaosition, as well as the
spatial and temporal properties of coarse patrticles. For all analytical measurements, e sampl
were analyzed along with field blanks, laboratory blanks, filter spikes and external check
standards. On average, one blank filter was analyzed for every 10 samples. Sample spike
recoveries were within the acceptance range a1 85%. Uncertainties of the chemical
measurements were propagated using the square root of the sum of squares method based on the
analytical uncertainties and uncertainties from blank corrections.
2.4. Results and Discussion
2.4.1. Meteorology

Table 2.1 shows selected meteorological parameters for four seasons at sites clustered in

five distinct geographical regions of the basin. Overall, mean temperature and relativeyhumidit
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exhibited little seasonality at urban Los Angeles sites, with more intense variabilityeabser
inland. With the exception of Lancaster, temperatures in fall were similar to thosernésudne

to the extended warmer months of September and October, which is very typical in this region.
Total precipitation was virtually insignificant in spring and summer while highestritemin

Long Beach and along the coast, relative humidity levels were highest (61.6 - 76.8% atid 58.3
81.0%, respectively) and peaked in summer. Further inland, at the Riverside and Lancaster sites,
seasorte-season fluctuations in temperature and relative humidity became more pronounced.
Particularly, at the Lancaster site, the mean temperature spanned a broad rang2 6f8Q

over the seasons. Relative humidity was also lower than all other sites (26.9 - 55.9%) and
dropped to as low as 26.9% in summer. These rather extreme oscillations highlight the
SGHVHIUNMH FRQGLWLRQV DW WKLV VLWH

Table 2-1 Selected meteorological parameters by location and season.

Temperature (°C) | Relative humidity (%) | Precipitation (mm) Wind (m/s)
Awverage Awverage Total Speed (calm%) Direction
Spring 16.3 65.2 12.0 1.6(4.1) SwW
Summer 21.3 76.8 0.7 1.9(3.3) sSw
Long Beach
Fall 19.9 67.8 54.8 1.2(5.6) w
Winter 13.8 61.6 168.9 0.7(2.9) NW
Spring 15.0 69.0 10.9 1.7(9.8) W
Summer 19.4 81.0 1.5 0.7(26.2) W
West LA
Fall 19.0 65.3 98.0 0.2(50.2) NE
Winter 13.9 58.3 215.8 0.2(26.2) NwW
Spring 17.2 59.0 9.7 2.1(0.6) SW
Summer 22.8 66.7 0.0 3.6(1.2) SW
Central and East LA
Fall 20.9 55.5 184.9 1.6(4.6) SW
Winter 141 55.6 182.6 1.5(0.6) NE
Spring 17.4 63.4 1.8 2.6(5) NW
. . Summer 25.6 65.0 5.6 3.6(2.7) w
Riverside
Fall 22.0 56.8 1.5 1.6(6.5) NW
Winter 13.8 61.8 78.5 1.3(3.9) N
Spring 15.2 40.5 NA 4.1(13.5) w
Summer 27.9 26.9 NA 4.3(11.6) W
Lancaster
Fall 18.8 36.5 NA 1.5(30.5) w
Winter 8.7 55.9 NA 1.5(33.6) w
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Vector average wind speeds and directions are also shown in Table 2.1. As expected, wind
direction across the sites was consistent with the prevailing air trajectory cribesloms
Angeles Basin from coast to inland (Eiguren-Fernandez et al., 2008). In the West LA, Central LA
and East LA regions, winds originated from the southwest and west for most of the year, in
accordance with the typical onshore flow patterns of the basin. As the air parcel proceeded inland
to Riverside, the wind was deflected to northwesterly or westerly. However, this pattern was not
as persistent in winter and / or fall as wind predominantly had a northerly component. In general,
wind speeds were stronger away from the coast, and higher wind speeds were observed in spring
and summer.
2.4.2. Data overview

Statistical summaries of annual mass concentrations of selected chemical species and
gravimetric CPM are listed in Table 2.2, including the average concentrations and associated
standard errors of gravimetric mass, prevalent inorganic ions, carbonaceous compounds, and the
most significant elements and metals . Across the basin, CPM gravimetric concentrations were
highest at HUD due to its proximity to industrial and vehicular CPM sources. In contrast, the
&30 FRQFHQWUDWL-RPQMH W MNKHH FASGEIHXZHHWAMW W KH ORZHVW EHFDXV
from urban sources. Although not shown in the table, lower overall PM mass concentrations were
observed in winter (6.93 + 1.3 pgintompared to spring, summer and fall (12.3 + 2.3 fig/m
This is consistent with the results of Sardar et al. (2005), which determined thatimetert
conditions of low wind speeds and higher soil moisture lead to less re-suspension of road and soil

dust, the main contributors to CPM.
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Nitrate was the most predominant inorganic ion found at the 10 sampling sites, with
concentrations of 1.60 + 0.84 ugirithese levels were relatively lower than those reported
earlier in this basin (Sardar et al., 2005) averaging to 2.78 + 1.7..@@was overall a major
CPM constituent across the basin, averaging 1.01 + 0.56' ugith more pronounced
concentrations at the Riverside sites. Sardar et al. (2005) also reported relativelyehiglkeaf]
coarse particulate OC (1.46 + 0.62 pdymompared to this study. Among elements, those that are
typical of crustal materials and soil, such as Fe, Ca, Al, Mg and Ti (Lough et al., 2005), were
prevalent at all sites. Fe was the most dominant crustal element (395.5 + 130aogiss the
basin with the exception of the Riverside and Lancaster sites, where concentrations of Fe and Al
were similar. On the contrary to minerals, elements that are indicative of traffic iorthe form
of re-suspended road dust, tire and brake wear, such as Ba, Zn and Cu (Lough et al., 2005), were
less abundant. Their concentrations were generally lower than 58 inglinating the lower
contribution of traffic-related emissions to coarse particles. EC was generally low @tBiEs
(84.6 = 94.3 ng/M), with the highest concentrations at HUD (190.4 + 141 f)gkonsistent with

its mixed residential/commercial nature and proximity to traffic.

Table 2-2 Statistical summary of annual concentrations (Agthselected chemical species and
gravimetric CPM mass concentrations.

Long Beach West Los Angeles Central Los Angeles East Los Angeles Riverside Lancaster
HUD GRD LDS CCL PIU HMS FRE VBR GRA LAN

NH,* 54.6£15.7 43.6x14.4 48.9+15.2 58.7£17.5 47.2+18.8 65+184 96.7+23.2 88.5+23.4 132+41.2 17+6.65
cr 631+144 690+145 699+132 525+146 554+161 429+132 306+97.5 2B5+67.6 179+68 201+79.1
S0.% 620+55.3 458+95.8 623+62.1 571+64.2 615+66.5 483+92.3 522:61.4 460+54.7 383+89.9 205+17.3
NO3 1510+158 1430172 1670+179 1860+202 1860+240 2010257 1920+233 17204239 1600+332 452+47.2
Mg 149+9.07 125+13.9 122+15.5 118+9.46 153+15.7 121+12.1 113:13.9 166+18.9 155+21.4 85.3+21.2
Al 357+39.6 160+20.1 248+39.8 192+23.4 293+30.2 234+17.4 23%42.2 433+43.8 366+46 335+83.6

Ca 340+33.2 173+24.1 183£15.2 243+39.8 328+29.4 250+16.3 246:37.2 432+42.5 389+48.6 213+51
Ti 28.9£3.14 16.5+2.48 20.9+3 23.5+2.95 28.7+3.08 23+1.32 279+3.3 34.6+3.33 32.6x4.1 30.1+7.16
Fe 462+61.2 286+50.3 367+46.4 397+63.3 487+58.4 373+26.1 41Q:38.8 461+42.1 425+49.4 307+62.9
Ba 21.3+3.1 16.9£3.24 21.2+3.07 28+4.93 28.9+3.78 22+1.78 25:2.04 15.2+1.55 16.1+1.6 8.7£1.49
Zn 14.1+2.13 5.88+1.24 5.62+0.99 8.3t1.4 8.95+1.19 8.01+0.8 11.2+2.86 5.96+0.58 9.62+2.22 5.17+0.73
Cu 12.8+1.85 18.8+2.59 20.9+2.34 24.1+3.02 22.9+2.39 15+1.4 21.6+2.58 10.5+1.33 10.9+1.41 21.5+8.82
ocC 1190+214 767+121 809+125 1030£179 942+171 1070+£121 1100+103 1380+214 1250+146 538+121
EC 190.4+43.6 63.2+19.2 54.7+20.3 87.1+27.2 81.4+27.7 88.8432.2 80.9+21.9 84+23.2 84.2+20.6 34.9+10.1
Gravimetric CPM|  13350+1059 9990+1101 9740+857.2 | 10080+9%64.9  11490+1447 10800+964.7 10010+1210 13180+1641 1055041862 9373+1546

* Results reported as meanzstandard error (ng/m*).
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2.4.3. CPM mass reconstruction methodology

For the purpose of chemical mass reconstruction, chemical components were grouped into
five categories: crustal materials and other trace elements (CM + TE), organic @®stter (
elemental carbon (EC), sea salt (SS), and secondary ions (Sl). CM represents the sum of typical
crustal materials, including Al, K, Fe, Ca, Mg, Ti and Si. Each of these species was multiplied by
the appropriate factor to account for its common oxides based on the following equation (Chow et
al., 1994; Hueglin et al., 2005; Marcazzan et al., 2001):

CM=189AI+1.21K+143Fe+14Ca+1.66Mg+ 1.7 Ti+ 2.14Si D

Elemental Si was estimated by multiplying Al using a factor of 3.41 (Hueglin et al., 2005)
since it was not analyzed by the ICP-MS method used in this study. The Ca and Mg oxides were
calculated using the non-sea salt (nss) portion of Ca and Mg. Since oxygen was not measured in
the CPM samples, the mass of Ca and Mg oxides were estimated by multiplying Ca and Mg by
1.4 and 1.66, respectively, to account for the oxygen associated with these species. It should be
noted that this approach would lead to an overestimation of the mass associated with Ca and Mg
if they were ions associated with nitrate, sulfate or other directly measured ionkjdoraw
multiplier is not needed, since these components of the Ca and Mg were measured directly. A
sensitivity analysis was conducted to investigate the impact of this overestimation oertie ov
PM mass closure. The calculated maximum possible overestimation for Ca and Mg is 48.8 + 7.6
ng/nt and 19.7 + 2.1 ngfimean + standard error), respectively, which is < 1% of the overall
reconstructed mass. Therefore, their impact on the overall mass closure is minimaltheo tes
effectiveness of summing metal oxides in estimating mineral content, Andrews et al. (2000)

applied this approach to various measured soil compositions across the United States and found
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that 50-90% of the measured PM sample mass could be accounted for, depending on the soil type.
Other trace elements (TE) include elements such as nss-Na, Cu, Zn, and Ba. OM was obtained by
multiplying the measured concentration of organic carbon (OC) by a factor of 1.8, which is based
on an average of the recommended ratios of 1.6 + 0.2 for urban aerosols and 2.1 + 0.2 for aged or
non-urban aerosols (Turpin and Lim, 2001). It should be noted that the average molecular weight
per carbon weight ratio may vary with source characterization, site location, and betagss se
In our analysis, the same factor has been applied across the 10 sites and over four seasons, which
may introduce some uncertainties in the overall estimations of OM to total mass. The SS
contribution represents particles in the form of fresh sea salt. It is computed as the sum of
measured chloride ion concentration plus the sea salt fraction of concentratiorisMgRaK*,
c&*, SQ* based on the composition of seawater and ignoring atmospheric transformations
(Seinfeld and Pandis, 2006)

SS = Cl+ ssN& + ssMd* + ssK + ssC&" + ssSGF  (2)
where ssNa= 0.556 C|, ssMd"* = 0.12 ssNj ssK' = 0.036 ssN§ ssC&" = 0.038 ssNg and
ssSQ* = 0.252 ssNa(Terzi et al., 2010). The EC contribution was reported as measured by
thermal desorption. The Sl contribution was calculated as the sum 80#ssNH,", and NQ,
where nsSQO,” is total measure80,> minus the sea salt fraction 80,>".

Figure 2.2 shows a linear regression (least squares) of the daily reconstructed and
gravimetric mass concentrations for all sites and all months. Thirteen out of 470 data pants wer
omitted from this analysis, of which four data points were detected as outliers (standard deviation
> 3) and nine data points were excluded due to incomplete chemical data. The gravimetric and

reconstructed mass concentrations show a generally strong correlation, with a coefficient of
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determination (B of 0.69, indicating overall good agreement between the reconstructed mass

and the gravimetric mass. Further analysis by season, as demonstrated in Figure 2.3 (a-d), reveals
a seasonal trend in the correlation of the reconstructed and gravimetric mass concentnations. T
season-based®Ralue ranges from 0.62 to 0.81. The overall ratio of reconstructed mass to
gravimetric mass concentration is 0.89 + 0.02 (mean + standard error) with a seasonal gariation
0.95 + 0.02, 0.75 £ 0.03, 0.84 + 0.03, 1.02 £ 0.04 for spring, summer, fall and winter, respectively.
These ratios are consistent with other published literature, with average ratiog ftaom 0.73 -

0.96 (Hueglin et al., 2005; Sillanpaa et al., 2006; Terzi et al., 2010). Higher fractions of
unidentified mass were found in summer and early fall, which is consistent with other studies that
showed more unidentified PM mass in summer than winter (Ho et al., 2005; Hueglin et al., 2005).
The higher unidentified fraction could be attributed to the uncertainty in the OC naaliigti

factor used as discussed earlier coupled with some uncertainties in the conversion and estimation
of elemental oxides. The discrepancy in the conversion factor used to estimate organic matter
(OM) from organic carbon (OC) depends greatly on source characterization of organic
component, which is generally not well known for coarse particles and may have considerable
seasonal variation. For example, Zhao and Gao (2008b) demonstrated the presence of
dicarboxylic acid, particularly oxalic acid, in coarse size fraction, and suggested that the

formation of coarse particulate oxalate by possible photochemical reactions was favored at higher
temperature. The conversion factor used in our study may also under-represent the contribution of
organic matter from soils, which is likely to contain sugars and amino acids that have higher

molecular weight per carbon weight ratio (Turpin and Lim, 2001).
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Figure 2-2 Linear regression of overall reconstructed vs. gravimetric mass concentrations. Value
in parentheses represent standard errors of the slope and intercept.
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Figure 2-3 Linear regression of reconstructed vs. gravimetric mass concentrations in: (a) spring;
(b) summer; (c) fall and (d) winter. Values in parentheses represent gtanaas of the slope and
intercept.
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2.4.4. CPM mass chemical composition

Figure 2.4 (a-d) illustrates the chemical mass closure segregated by seasugss(gpmer,
fall and winter) using the 5 main CPM categories, as mentioned previously. Sites were arranged
according to their distance from coast (i.e. West LA, Central LA, East LA and Riveasidle)
their unique characteristics (i.e. the HUD site being dominated by traffic emissions, while LAN
EHLQJ D 3likabNeh WnMial mass ratios of the 5 categories against the total reconstructed
mass, computed as the averages of all monthly mass concentrations, are shown in Table 2.3 to

demonstrate the overall spatial variation in CPM mass composition.
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Figure 2-4 Chemical composition and gravimetric mass concentration by location in: (a) spring;
(b) summer; (c) fall and (d) winter
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Crustal materials and other trace elemer@sustal materials and other trace elements were the

major contributors to CPM mass in all sites with an average percentage of 41.2, 44.0, 42.7, 54.7%
of the total reconstructed mass in West LA, Central LA, East LA and Riverside, respectively, as
shown in Table 2.3. In general, mass fractions of crustal materials and other trace elétnents

two Riverside sites (VBR and GRA) and the Lancaster site (LAN) were higher than those in the
urban Los Angeles sites for all seasons except winter. The elevated concentrations at the inland
sites can be associated with the relatively higher wind speeds and lower relative humidgg in th
areas (particularly in spring and summer, as showninTable2DQG WKHLU 3UXUDO"™ QDW
compared to the urban Los Angeles sites; therefore, windblown dust contributed more to the
coarse particle mass concentration. The percentage of the Long Beach site (HUD), located near
the I-710 freeway, was high at 49.4%. Increased levels at HUD may be attributed to its location in
apoOOXWDQW 3V R X Wbéadih and thé efhenhcBrhelt &f Fe-suspension of traffic emissions

in the form of road dust. As discussed earlier, HUD is located near freeways with a large volume
and high fraction of Heavy Duty Diesel Vehicles (HDDVSs) due to its proximity to the Horts o

Los Angeles and Long Beach (Pakbin et al., 2010). HDDVs are known to induce higher particle
re-suspension (Charron and Harrison, 2005) with brake-wear emissions than light duty vehicles
(Garg et al., 2000) thus contributing to higher roadway CPM emissions. The contribution of

crustal materials and other trace elements was highest at 60.5% in Lancaster. Lancaster is a rural
site with completely different chemical profile compared with other sites in the basin, and metals

and elements were overall the most dominant components.
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Table 2-3 Annual mass fractions (%) (mean + standard deviation) of CPM components.

LongBeach WestLA  Central LA East LA Riverside  Lancaster
CM+TE | 49.4+6.7% 41.2+9.5% 44.0£10% 42.7+7.9% 54.7+8.0% 605+21.6%

OM 18.6+7.3% 18.0+8.3% 19.2+8.7% 22.1+7.0% 21.7+6.2% 16.0+11.2%
EC 1.75¢1.3% 0.88+1.1% 0.94+1.0% 1.16+1.3% 0.99+0.9% 0.89+10%
SS 10.8+48.8% 15.1+8.6% 10.2+48.3% 6.94+6.6% 3.37+3.6% 10.2+17.3%
Sl 19.445.3% 24.9+6.6% 25.6+9.1% 27.2+8.1% 19.2+7.7% 12.4+71%

With a few exceptions in spring and summer, when sea salt concentration was higher and
inorganic aerosol formation was more prevalent, crustal materials and other trace elements were
the most abundant species in coarse mode aerosols. In fall and winter, metals and elements were
always the major contributors across all sites with the exception of the Lancaster siteerhd,g
CPM mass concentrations were lower in cooler months due to stable atmospheric conditions,
coupled with lower average wind speeds and higher average precipitation as shown in Table 2.1.
Despite the lower CPM mass concentrations, the percentage contributions of crustal nraterials i
winter (43.5 £ 9.8%) were similar to or higher than those of spring (38.3 £ 13%), summetr (40.7
16%) and fall (44.1 = 11%), indicating the significant contribution of the soil daigtrials to
CPM in this basin.

In order to assess the relative contributions of anthropogenic vs. crustal sources of trace
elements bound to CPM, crustal enrichment factors (CEFs) were calculated by dividing the
selected element abundance in the PM sample by their average abundance in the upper
continental crust (UCC) obtained from Taylor and McLennan (1985), after normalizatibago A
the reference element. The CEFs of the 10 sampling sites are presentedd®.biguith sites
categorized geographically into Los Angeles (GRD, LDS, CCL, UCS, HMS and FRE), Long
Beach (HUD), Riverside (VBR and GRA) and Lancaster (LAN). Typically, CEF > 10 are

indicative of PM sources different from crustal material, notably anthropogenic sources. The
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CEFs were generally highat urban sites of Los Angeles and Long Beach, with lowest CEFs
observed in Lancaster. Elements with the highest CEFs were Sb, Sn, Mo, S, Cu, Pb Zn, and Ba,
which are indicative of traffic-related emissions (Lough et al., 2005). The higher CEFs observed
at urban sites provide further evidence that the majority of these transition metelsased in

the atmosphere through abrasive vehicular emissions, particularly the wear of brake and tire

lining (Lin et al., 2005).
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Figure 2-5 Crustal enrichment factors of individual elements at Los Angeles, Long Beach,
Riverside and Lancaster. The reference element is Al.

In this study, Fe and Al were the two most abundant minerals, together with Si (which as we
noted earlier was estimated from the Al concentrations), their sum accounted for an average of
62.0% of total measured crustal materials and other trace elements, and 29.5% of total
reconstructed mass. This is consistent with other studies which show that crustal material is a
major source of coarse mode aerosol in both urban and sub-urban environments (Hueglin et al.,
2005; Sillanpaa et al., 2006). On the other hand, elements related to anthropogenic sources, such

as Cu and Sb from brake wear (Lin et al., 2005), had concentrations that were low compared with
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the mineral dust. Overall, natural crustal elements were the major component of this category,
while anthropogenic sources contributed to a much lesser extent.

Carbonaceous compound3rganic matter was a substantial constituent of CPM, with an average

contribution of 19.7 + 8.1% to the total reconstructed mass. EC concentrations were low in
general, contributing to approximately 1.1% of total reconstructed mass, consistehewith t
literature that EC mostly exists in the fine PM mode (Huang and Yu, 2008). Seasonal average of
OM fraction was generally higher in fall (23.0 + 6.8%) and winter (24.5 = 8.3%) compared with
spring (16.5 £ 6.6%) and summer (14.6 £ 6.0%). Although PM mass concentrations were lower in
winter, OM fraction increased in all sites. It suggested that OM in the coarse mode was not much
affected by local meteorology and it probably had a stable source strength year-long. On the other
hand, the concentrations of OM were generally lowest in summer in the basin with the exception
of the two Riverside sites.

The two inland sites (VBR and GRA) had higher OM concentrations in summer and fall,
when the corresponding gravimetric mass concentrations were also higher. Despite the lower OM
concentrations in the source sites in summer, OM concentrations remained high in the two inland
sites. With their proximity to the Chino dairy farm area which is located along thettrag¢s
from coast to inland (Eiguren-Fernandez et al., 2008), it is possible that biological Isiateria
including humic substances, have contributed to the high organic content. This is consistent with
recent literature which showed that organic materials with biological origins, such asabacteri
viruses, fungus, spores, pollens, algae and plant debris, were a significant componegimof PM

urban atmospheres (Bauer et al., 2008; Winiwarter et al., 2009). The Lancaster site (LAH), on th

RWKHU KDQG ZDV ORZ LQ ERWK PDVV IUDFWLRQWLENEGG VHRNH H C
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characteristics. The Long Beach site (HUD) had the overall highest EC fraction (on average
1.75% ) likely due to its location near freeways with higher number and proportion of HDDVSs,

which generally emit higher EC compared with gasoline vehicles (Biswas et al., 2009).

Table 2-4 Regression analysis of organic carbon (OC) vs. 4 main coarse PM categories and
selected species in: (a) spring and summer and (b) fall and winter.

(a) y=mx+c R (b) y=mx+c R

OC-CM+TE 0.15x+194.9 0.56 OC-CM+TE 0.2x+278.9 0.72
OC-EC -1.73x+914.9 -0.21 OC-EC 2.97x+755.7 0.43
OGC-SS -0.07x+927.4 | -0.15 OGC-SS -0.3x+12923 -0.19
OG-S 0.09x+627.9 0.22 OGC-SI 0.29x+643.7 0.46
OC-Ti 31.26x+127.6 0.68 OC-Ti 39.16x+114.9 0.76
OC-Fe 2.27x+139.7 0.59 OC-Fe 2.39x+48.18 0.74
OC-Cu -18.43x+1094 | -0.27 OC-Cu 11.86x+912.9 0.17

While OC particles in fine and ultrafine modes mostly originate from primary sources such
as fossil fuel combustion (Arhami et al., 2010; Minguillon et al., 2008) and secondary sources by
photochemical reactions in the atmosphere (Verma et al., 2009b), the sources of OC in CPM are
not well understood. Previous studies have found good correlations between OC and EC in fine
and ultrafine modes PM in the Los Angeles Basin, suggesting their shared common source from
vehicle emissions (Geller et al., 2002; Sardar et al., 2005). However, the overall association
between OC and EC is low (R = 0.36) in this study, indicating that the sources of OC in CPM
might be different from- or in addition to those of EC. As previously mentioned, biological
materials constitute a potential source of coarse mode OC. To investigate the sourcesosf organi

linear regression analysis was performed against OC and other CPM categories and specific
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tracers of some of these CPM groups. Table 2.4 (a-b) shows the regression equation and the
corresponding correlation coefficient in different seasons. As mentioned above, low agsociatio
are found between EC and OC. Cu, a tracer of brake wear (Lin et al., 2005), also displayed low
correlations with OC. On the contrary, OC is well-correlated with CM and TE, and soil dust
tracers of Ti and Fe in all seasons (R = 0£8676), consistent with results reported in other

studies (Koulouri et al., 2008).

Table 2-5 Correlation coefficient (R) between organic carbon (OC) and soil dust teidezsand
Ti atthe 10 sampling sites.
HUD GRD LDS CCL USC FRE HMS GRA VBR LAN

Fe| 080 069 062 072 087 007 061 083 0.77 0.60
Ti | 079 074 052 068 078 012 077 081 0.81 0.65

Site-specific correlations are shown in Table 2.5 to examine the spatial variabiligsef th
high associations between OC and soil dust tracers. With the exception of one site (FRE), which
is located <50 m from freeway I-10, soil dust tracers are well-correlated with organic carbon (R =
0.52 - 0.87). These correlations indicate that OC and crustal materials either share common
sources or that OC may be adsorbed or absorbed onto soil dust PM and collected simultaneously
during sampling. Humic substancea major organic component of soil, might be re-suspended
with soil-derived dust particles, which could result in the observed high correlations. Overall, the
low correlations between OC and traffic-related emissions, coupled with generally good
correlations between OC and mineral dust tracers suggest that humic substances might be the
major component in coarse particulate OC. Since the composition of OC in the coarse fraction
might have important public health impacts, further investigation of coarse PM-bound OC
composition is essential to evaluate its role in CPM-induced adverse health effects.

Sea saltChloride and sodium ions, and to a lesser extent magnesium and sulfate ions, comprise
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the majority of sea salt components. Overall, sea salt particles contributed to ar a¥&ragt

9% across all sites and months, indicating its significance in coarse mode particlebasitti

The percentage contributions during spring and summer (12.7 £ 9.7%) were higher than those in
fall and winter (5.9 + 7.7%). The higher standard deviations were driven mostly by spatial
variations, but the overall trend of higher sea salt content in spring and suragpevalentat

every site with the exception of Lancaster. Concentrations of sea salt particles were generally
higher in spring and summer due to the increased strength of southwesterly winds in the
afternoon that transport air masses from the source areas along the coast to the inland receptor
areas. Lower concentrations were observed in fall and winter because of the lower wind speed
and the change of wind directiancertain sites (Table 2.1.)

Sea salt particles originate from the Pacific Ocean located in the west of the Basin. As a
result, the mass fractions of sea salt decreased from west to east in all seasons, widlgan aver
fraction of 15.1, 10.2, 6.9, 3.4% in West LA, Central LA, East LA and Riverside respectively as
shown in Table 2.3. GRD and HUD had highest concentrations due to their proximity to the
ocean. The two inland sites in Riverside (about 80 km inland of downtown Los Angeles and
about 100 km inland of the Pacific coast) on the contrary, had lower concentrations, of less than
half of the concentrations of the coastal sites. Since the atmospheric lifetime of CEAllytypi
varies from hours to days (Ruzer and Harley, 2004), depending on its aerodynamic diameter and
wind speed, the loss of these species along the prevailing air parcel advection trajecttrg from
west to the east of the basin is consistent with expectations. Sea salt concentrationdeseire hig
winter in the Lancaster site. The high concentrations might be attributed to specific local sources

of chloride, the identification of which requires further investigation.
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Secondary ion®verall, secondary ions contributed on average 22.6 + 8.7% of the total
reconstructed mass, with nitrate being the major component. Sulfate particles of segirssit ori
contributed to approximately 12.3% of total measured sulfate in this study, which is not included
in this category. Mass fractions of secondary ions were higher in spring and summer§ 254} +

than in fall and winter (19.7 + 7.9%). Spatially, sites that were further inland had l@aser m

fractions (19.2 + 7.7% and 12.4 + 7.1% for Riverside and Lancaster respectively) than sites in the

West LA (24.9% + 6.6%), Central LA (25.6 + 9.1%) and East LA (27.2 + 8.1%) regions as shown

in Table 2.3.
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Figure 2-6 Ammonium, non-sea salt sulfate and nitrate concentrations by location in: (a) spring;
(b) summer; (c) fall; and (d) winter.
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Figure 2.6 (a-d) shows the seasonal concentrations of ammonium, nss-sulfate and nitrate
ions. Nitrate was the most abundant inorganic ion of CPM, accounting for about 74% of the
category of secondary ions. High levels of coarse particulate nitrate, formed by the sezfction
nitric acid and its precursors with soil dust and sea salt aerosols, were observed in some other
studies in urban areas (Noble and Prather, 1996; Zhuang et al., 1999). In fall and winter, mass
fractions of nitrate were relatively lower (15.0 £ 6.2%) than those of spring and summer (19.7 +
7.1%). Sulfate concentrations, on the other hand, were considerably lower than those of nitrate,
probably because most of the measured sulfate3OCUHIOHFWY D 3WDLO"™ RI WKH XS
(NH,)>SQ,, which mostly exists in the fine PM mode (Lun et al., 2003; Seinfeld and Pandis,
2006). The presence of gypsum, which is slighdiynoderately soluble in water, might also be a
possible source of coarse particulate sulfate. The overall low concentration of sulfateifad
with the relatively comparable sulfate concentration at the inland sites, suggests that the
contribution of soluble gypsum to overall PM mass is not dominant in this basin. Little spatial
variation was observed on sulfate across this basin (excluding Lancaster), with the exception of
winter, when sulfate concentrations were generally lower, and significant spatial variaion wa
observed. Ammonium concentrations were very low, contributing to an average of less than 1% to
total reconstructed mass, consistent with many studies that showed ammonium particles mostly
exist in the fine mode (Karageorgos and Rapsomanikis, 2007; Sillanpaa et al., 2008DsNH
and (NH),SQ, are formed by the reactions of ammonia with acidic gases and are the two major
forms of PM ammonium in the urban atmosphere; both ammonium salts exist predominately in
the fine mode, with a minor fraction extended to the size range of coarse particles (Lun et al.,

2003; Yoshizumi and Hoshi, 1985). Thus, the low ammonium concentrations observed here might
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reflect the tail of the upper size range of RNMound ammonium salts. Ammonium
concentrations were particularly low in winter, probably because acidic Jé&s®sing primarily
from photochemically initiated reactiohsvere less abundant in that time period. Higher
ammonium concentrations were generally observed in the Riverside sites (VBR and GRA)
possibly due to the higher ammonia concentrations in that area, generated by the nearby dairy
farm (Geller et al., 2004; Hughes et al., 1999).
2.4.5. Coefficients of divergence (COD) calculations for chemical species concentrations

To study the intra-urban variability of different chemical species, seasonal CO®s wer
calculated across all sites (with the exception of LAN) for the monthly concentrations. COD
value is a measure of the heterogeneity between sites with a range from 0 to 1. A low COD value
(< 0.2) indicates a high level of homogeneity in concentrations between sites, while CODs larger
than 0.2 are considered heterogeneous (Wilson et al. 2005). It is important to note that the
analytical uncertainty might also increase the COD values, particularly for the spitbitsver

concentrations
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Figure 2-7: Coefficients of divergence (COD) for all sites (excluding Lancaste(s) spring and
summer and (b) fall and winter.
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Figure 2.7 (a-b) shows the COD for the 5 main categories and the ionic species in spring
and summer, and fall and winter. Box plots were used to show the minimum, lower quartile (Q1),
median, upper quartile (Q3) and maximum values observed. Overall, the median CODs range
from 0.21 to 0.52 in spring and summer, and 0.18 to 0.41 in fall and winter. In spring andrsum
nss-sulfate and nitrate ions, as well as the categories of CM + TE and OM experienced modest
heterogeneity, as shown by the relatively lower median COD values. On the other hand, the
highest median COD value was found for EC, probably because its concentrations varied
depending on proximity to freeways or heavy-duty vehicles. Given the low EC concentrations,
analytical measurement uncertainty might have also contributed to its high COD value.nd fall a
winter, median COD value was lowest for secondary ions. In particular, nitrate ion has both a low
median COD value and a small inter-quartile range, consistent with the results in spring and
summer, highlighting its low spatial and temporal variation in this basin. On the other hand, sea
salt particles experienced higher heterogeneity and had a large inter-quartile COD range,
consistent with their high spatial variation as discussed previously. The concentrations of
nss-sulfate also varied significantly across sites in winter, as shown in Figure 2.6d. Tiengaria
are illustrated in the higher range of COD of nss-sulfate. Overall, the categories of EC and SS had
relatively higher COD values than the rest of the measured species or groups of CPM because
their concentrations depend heavily on the proximity to their sources. In contrast, CM + TE, OM
and nitrate had relatively lower COD values, consistent with our discussion in previbossse
indicating that these species are dominant comporéatery site and have relatively stable

source strengths year-long.
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2.5. Summary and Conclusions

Crustal materials and other trace elements comprise overall the major fraction of&&8M m
The annual mass fractions vary from 41.2% - 60.5% across the 10 sampling sites, with higher
fractions inland. Secondary ions (nitrate, nss-sulfate and ammonium) also contributed
significantly to the CPM mass, with an average ratio of 22.6 %. In particular, particulate nitrate
accounted for about 17.2% of the total reconstructed mass. Carbonaceous compounds comprised
a substantial portion of coarse particles. Organic matter contributed to an average of 194%, whil
elemental carbon was a much less significant component at 1.1%. Sea salt particles accounted for
an average mass fraction of 9.14%, with generally higher fractions in spring and summer, due to
the strong prevailing onshore winds in that period. The origin of organic carbon was investigated
using linear regression analysis. Organic carbon was found to be well correlated with crustal
materials and other trace elements. Higher correlation coefficients were found with soil dust
tracers (R = 0.74 and 0.72 for Ti and Fe, respectively), suggesting that OC and mineral dust either
share common origins or that OC may be adsorbed or absorbed onto soil dust particles and
collected simultaneously during PM sampling.
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Chapter 3 Seasonal and Spatial Variations of Individual Organic Compounds of Coarse
Particulate Matter in the Los Angeles Basin

3.1. Abstract

To study the organic composition of ambient coarse particulate matter (CPM; 2.5-10 um),
CPM were collected one day a week from April 2008 to March 2009 at 10 sampling sites in the
Los Angeles Basin. Samples were compiled into summer (June to September 2008) and winter
(November 2008 to February 2009) composites, and were analyzed for individual organic
constituents using gas chromatography-mass spectrometiganoic acids and medium
molecular weight (MWh-alkanes (C25 to C3%the major constituents in the coarse size
fractiontshowed good associations with crustal materials. Polycyclic aromatic hydrocarbons
(PAHSs) and hopanes (both in low concentrations), as well as higmidMéanes (C37 and C38),
were associated with traffic-related emissions. In the summer, when prevailing onshore winds
were strong, the downwind/rural sites had higher concentrations of RAtHsanes and
n-alkanoic acids. An opposite trend was observed at the urban sites, where the levels of PAHS,
n-alkanes ana-alkanoic acids were higher in the winter, when the wind speeds were low. In
general, the contribution of organic compounds to CPM was higher in the winter,alue to
reduction in the fraction of other CPM components and/or the increase in source strengths of
organic compounds. The latter is consistent with the traffic-induced re-suspension of mineral and
road dust, as previously observed in this basin. Overall, our results suggest that eméssions fr
natural sources (soil and associated biota) constitute the majority of the organic content in coarse
particles, with a more pronounced influence in the semi-rural/rural areas in RiveaBichster

compared with urban Los Angeles in the summer.
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3.2.  Introduction

Evidence has linked exposure to coarse particulate matter (CPM) to adverse health
outcomes, including hospital admissions and mortality (Brunekreef and Forsberg, 2005alQiu et
2012). Investigators suggest that these associations may be driven by specific chemical
components (Castillejos et al., 2000). Mineral dust, sea salt, secondary ions and organic matter
are the dominant components of CPM. Organic matter (OM) contributed to ~10-20% of the CPM
gravimetric mass in most studied areas (Cheung et al., 2011b; Ho et al., 2005). Despite its
significant contribution, the organic composition of coarse particles has remained largely
uncharacterized. Organic content in the fine PM mode mostly originates from primary emissions,
such as fossil fuel combustion (Fine et al., 2004a), and secondary formation by photochemical
reactions (Docherty et al., 2008). Good correlations between organic carbon (OC) and elemental
carbon (EC) were observed in studies conducted in the Los Angeles Basin measuring fine and
ultrafine PM (Geller et al., 2002; Sardar et al., 2005), suggesting vehicular emission as a maj
source of OC. Yet, particles originating from combustion and secondary formation mostly reside
in the fine mode, with only a minor fraction intercalating into the coarse size fractiote(@ért
al., 2000), thereby making their contribution to the OC measured in CPM rather unlikely. On the
other hand, biological material, such as bacteria, viruses, spores, pollens, and plant debris, was
shown to be a significant component of Bivi urban atmospheres (Bauer et al., 2008; Samy et
al., 2011). Using scanning electron microscopy, Falkovich et al. (2004) also demonstrated the
adsorption of organics species onto mineral dust partlétasetheless, our understanding on the

sources and formation mechanisms of CPM-bound organic species is still quite limited.
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To study the physico-chemical properties of CPM, a comprehensive study was conducted at
10 sampling sites in the Los Angeles Basin from April 2008 to March 2009. The chemical mass
closure was reported in a previous publication of this study (Cheung et al., 2011b), and an overall
low association between OC and EC was reported (R=0.36), suggesting that the sources of OC in
the coarse mode might be different from-or in addition to those of EC. This paper focuses on
characterizing individual organic compounds in CPM. The examination of the spatial and
seasonal variations of these constituents further elucidates their sources and formation mechanism
This information is vital in understanding the role of organic compounds in CPM-induced toxicity,
and may help the regulatory community to design more effective strategies to control the
emissions and ambient levels of these particles.
3.3. Methodology

Details of the sampling location, equipment and methods are described in the previous
chapter (Chapter 2).
3.3.1. Chemical analysis

The quartz substrates were analyzed for organic carbon (OC), elemental carbon (EC), and
water-soluble inorganic ions, while the Zefluor substrates were used for the analyss of tot
elementsThe quantification of these species allowed the chemical mass reconstruction of the
sampled coarse particles, the results of which were reported and discussed in detail in a previous
publication of this study (Cheung et al., 2011b). The quantification of particulate organic
compoundstincludingn-alkanes, organic acids, hopanes, steranes and Redrstitutes the
core of this article. These organic molecular markers were selected because they have been

traditionally used for source characterization. To measure the level of individaalmspecies,
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guartz substrates were composited for two seasons: (1) summer, from June to September 2008
and (2) winter, from November 2008 to February 2009. The overall average CPM mass
concentrations were 13 (+4.6) and 7.6 (+5.0) [iidmthe summer and winter, respectively.
Samples were extracted in a 50/50 dichloromethane/acetone solution using Soxhlets, followed by
rotary evaporation and volume reduction under high-purity nitrogen, until the final volume of 100
pl was reached for each sample. The samples, along with field blanks, laboratory blanks, filte
spikes, and check standards, were subsequently analyzed for organic composition using gas
chromatography-mass spectrometry (GCMS) (Sheesley et al., 2004). Total uncertainties were
propagated using the square root of the sum of squares method based on the analytical
uncertainties and uncertainties from field blanks, which account for the uncertairsiieg iam
field handling, storage, shipping and analytical instruments. Detection limit is defined as t
times the total uncertainty in this study. Concentrations were reported after fieldsbldrdction
to account for the background levels of the measured species.
3.4. Results and Discussion
3.4.1. Overview

The meteorological conditions during the sampling campaign are presented in Chapter 2. In
brief, the subtropical Mediterranean climate of the Los Angeles Basin was highlighted by a
warmer summer (avg. temperature=23%3)Iand a cooler winter (avg. temperature=14%2)3
The diurnal variation of temperature could also be substantial in this basin, and the difference
between the highest and lowest temperature in a day exce€@eih 16e summer and winter.
Westerly onshore winds were prevalent in the summer (ca. 0.75-3.8 m/s), resulting in the

long-range transport of atmospheric pollutants from coast to inland. Wind speeds were lower in
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the winter (ca. 0.17-1.4 m/s), with a more diverse wind direction. Seasonal fluctuations of
meteorological parameters at the inland sites (Riverside and Lancaster) were more pronounced, as
highlighted by the more extreme oscillations of temperature.

Table 3.1 shows the concentrations (my/af organic compound class at the 10 sampling
sites in the summer and winter. PAHs are segregated into 4 categories acodtu#gnolecular
weights: MW=202 g/mole [fluoranthene, acephenanthrylene, pyrene], MW=228 g/mole
[benz(a)anthracene, chrysene], MW=252 g/mole [Benzo(b)fluoranthene, benzo(k)-fluoranthene,
EHQJR M IOXRUDQWKHQH EHQJR H S\UHQH DQG EHQ]R D S\UHQ
[Indeno(1,2,3-cd)pyrene, benzo(ghi)perylene, dibenz(ah)anthracene, picene, coronene, and
dibenzo(ae)pyrene]. The overall concentrations of PAHs were low, with mostly uatiétdetels.
Hopanes and steranes, both tracers of vehicular emissions, were also present in low
concentrations (<1 ngfin The group oh-alkanes was calculated as the sum-afkanes
analyzed in this study, ranging from C11 to C38. The levels of C11 to C19 were below detection
limits for all sites/seasons, likely due to the semi-volatile nature of thédgealignes
(Schnelle-Kreis et al., 2003ptal n-alkanes levels were significant at all samplings sites (~3.5-15
ng/nt). The group oh-alkanoic acids (sum of C15 to C30) is the most prominent compound
class in this study, with concentrations ranging from 9.3-64.2°hgiewels under the detection
limit were treated as zero in these sums. The level of detection (LOD) of the sum of a group of
compounds was calculated as 2 times the square root of the sum of squares of the uncertainties for
each species in the limit as the concentration of the species approaches zero. The spatial and

seasonal variations of these compound classes are discussed in detail in the following sections.
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Table 3-1 Summary table of organic component concentration (Hgitrihe 10 sampling sites in:
(a) summer and (b) winter. BDL denotes below detection limit.

(a) HUD GRD LDS CCL uUsc HMS FRE VBR GRA LAN
'™ 3$+V 0: BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL
2™ 3$+V 0: 0.081 BDL BDL BDL BDL BDL 0.11 0.083 BDL BDL
™ 3$+V 0 0.095 BDL BDL BDL BDL BDL 0.20 0.10 0.084 BDL
4™ 3$+V 0:e BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL
°™ +RSDQH 0.10 BDL 0.041 0.11 0.18 0.12 0.067 0.065 0.12 0.22
™ 6WHUDQH BDL BDL BDL BDL BDL BDL BDL BDL BDL 0.054
™ -@kanes 35 4.8 5.3 4.0 8.1 4.9 7.9 10.8 10.9 8.7

™ -@kanoic acids 26.9 20.3 20.4 19.1 35.0 249 26.1 64.2 53.3 26.6
(b) HUD GRD LDS CCL usc HMS FRE VBR GRA LAN
t™ 3$+V 0: 0.092 BDL BDL BDL BDL BDL BDL BDL BDL BDL
2™ 3$+V 0: 0.12 BDL BDL BDL BDL BDL 0.086 0.041 BDL BDL
S 3$+V 0 0.16 BDL BDL 0.14 BDL BDL 0.11 BDL BDL BDL
4™ 3$+V 0:e 0.069 BDL BDL BDL BDL BDL BDL BDL BDL BDL
™ +RSDQH 0.81 0.17 0.18 0.28 0.28 0.24 0.087 0.18 0.18 0.088
™ 6WHUDQH 0.28 BDL BDL 0.045 BDL 0.043 BDL BDL BDL BDL
™ -@kanes 14.6 9.8 8.0 8.8 7.4 10.3 7.0 10.0 6.9 4.6

™ -@kanoic acids 31.1 21.2 26.4 53.4 32.8 26.3 24.3 40.4 23.3 9.3

7KH OHYHO RI GHWHFWLRQ IRU ™ 3$+V
7KH OHYHO RI GHWHFWLRQ IRU ™ 3g$+V
7KH OHYHO RI GHWHFWLRQ IRU ™ 3$+V
7KH OHYHO RI GHWHF W L2R6Js DREL ngm3 $ + V
7KH OHYHO Rl GHWHFWLRQ IRY
7KH OHYHO Rl GHWHFWLRQ IRU

3.4.2. PAHs

Mounting evidence has documented adverse health effects caused by PAHs (Schwarze et al.,
2007; Sram et al., 1999). Particulate phase PAHs are mostly sub-micron particles origioating f
combustion emissions and gasparticle partitioning (Miguel et al., 2004). In the coarse size
fraction, PAHSs are likely to originate either from the debris of tire abrasion (Rogie ¥393a),
and/or the condensation of semi-volatile species on CPM surfaces. Figure 3.1 shows the levels of
PAHSs, as well as the LOD, among the 10 sampling sites, segregated by MW. In the summer,
chrysene, which could be found in both industrial and vehicular emissions (Khalili et al., 1995),
contributed to the sum of PAH with MW=228 g/mole, with the highest concentrations at FRE
(0.11 ng/m), where it is ~50 m north of Freeway I-10. In Riverside (a receptor area particularly

during the summer when onshore winds were strong), PAHs with MW=228 g/mole and MW=252
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g/mole had generally higher levels in the summer than in the winter, a finding consistent with an
earlier study conducted in Claremont, CA, a downwind receptor location, where elevated levels
of PAHs were observed in the coarse mode in the spring and summer (Miguel et al., 2004). In the
winter, fluoranthene and pyrene (both of which are semi-volatile PAHs that partition betvgeen g
and particle phase) contributed to the sum of low MW PAHs (MW=202 g/mole) in the Long
Beach site (HUD). Among the 10 sampling sites, HUD and FRE, both in close proximity to

traffic (within 200 m from nearby highway/freeway), had the highest overall PAH levels.

Figure 3-1: Concentration (ng/f of PAHs with (a) MW = 228 g/mole and (b) MW = 252 g/mole
The level of detection (LOD) of the compound class is shown as a reference line.
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3.4.3. Hopanes and steranes

Hopanes and steranes are indicators of fossil fuel combustion (Simoneit, 1999). In particular
they are known to be emitted from gasoline and diesel vehicles primarily through the use of
engine lubricating oil, and are widely used as the organic markers of vehicular emissions in urban
environments (Fine et al., 2004a). Wang et al. (2009) showed that the majority of hopanes resided
in the fine PM mode, and lower hopane levels were observed in the coarse size range. Thus, the
low hopane level (avg.=0.18 +0.17 nd)rabserved in this study is consistent with the published
literature.

In the summer, the average hopane concentration was 0.10+0.052¢mgss the 10
sampling sites. The highest hopane level was found in Lancaster (Figure 3.2), which was
unexpected due to its remote location. It is possible that road dust is enriched by anthropogenic
particles over time in that area, particularly in the summer when atmospheric transpongis st
In the winter, hopane levels were higher, with an average of 0.25+0.21 figerhigh standard
deviation was driven by the peak at the Long Beach site (HUD), which coincides with the high
level of EC in the same period. This site is located ~2 km from the Port of Los Angeles and the
Port of Long Beach, and is influenced by port-related emissions. Therefore, the high EC and
hopane levels in the winter may be attributable to emissions from heavy-duty diesel veldicles a
to a lesser extent, marine vessels. These emissions could accumulate around the harbor area when
atmospheric dilution was low. Furthermore, with the exception of Lancaster, the levels of hopanes
were all elevated in the winter. The normalized ratios (to PM) were also much higher in the
winter (ca. 3 times), suggesting stronger source strengths of vehicular emissions during that

period. Considering the relative consistency of traffic volume and composition in the Los Angeles
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Basin throughout the year, the elevated hopane levels are likely due to the lower atmospheric

mixing and / or the increased re-suspension by traffic during cooler periods (Cheung et al., 2012)
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Figure 3-2 Concentration (ng/f of sum of hopanes. The level of detection (LOD) of the
compound class is shown as a reference line.

Table 3.2 shows the correlation coefficients among individual organic component,
compound class, OC, EC, selected elements and meteorological parameters. The method of
guantification of OC, EC and total elements, as well as their results were described in two
previous publications produced from this study (Cheung et al., 2011b; Pakbin et al., 2011), and
they are not discussed in detail here. Overall, the high correlation (R=0.91, p<0.001) between
hopanes and EC, a tracer of vehicular emission, confirms traffic as the dominant source of
hopanes in CPM. Although the levels of steranes were much lower, with most of the data points
below detectable levels (Table 3.1), their results were consistent with those observed for hopanes,

with more detectable concentrations and a significant peak at the HUD site in the winter.
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Table 3-2: Correlation coefficients (R) among individual organic component, compound class,
organic carbon (OC), elemental carbon (EC), selected elements and meteorological parameters.
Species with less than half data points with detected levels are excluded in this analysis.

™$ONLC Heptatriac Octadeca Triaconta

Acid, C15- Tricosane Nonacosa otane,  noic acid, noic acid, Pinonic  Levogluc Relative Temperat ~ Wind

™$OND Q B30 , C23 ne, C29 C37 C18 C30 acid osan OC EC Al Ti Cu Zn Ba humidity ure Speed

THopanes 0.66 0.16 0.42 0.38 0.58 -0.07 -0.14 -0.13 0.30 0.45 0.91 0.30 0.40 0.24 0.73 0.52 -0.29 -0.30 -0.25
™$ONDQHV 0.54 0.71 0.84 0.67 0.42 0.45 0.47 0.30 0.73 0.63 0.59 0.72 0.14 0.40 0.48 -0.35 -0.04 -0.07
™$ONDQRLF $FLG & &0.38 0.78 0.22 0.89 0.75 0.71 0.48 0.74 0.11 0.68 0.71 -0.11 0.19 0.32 -0.05 0.38 0.35
Tricosane, C23 0.64 0.45 0.39 0.31 0.47 0.25 0.64 0.41 0.43 0.56 0.23 0.45 0.47 -0.36 -0.01 0.03
Nonacosane, C29 0.30 0.75 0.78 0.80 0.23 0.78 0.33 0.83 0.89 0.01 0.25 0.27 -0.38 0.28 0.23
Heptatriacotane, C37 0.00 0.00 -0.03 0.57 0.56 0.65 -0.06 0.13 0.18 0.38 0.68 -0.13 -0.54 -0.36
Octadecanoic acid, C18 0.89 0.81 0.12 0.59 -0.15 0.73 0.66 -0.37 -0.11 -0.10 0.03 0.52 0.46
Triacontanoic acid, C30 0.87 -0.03 0.59 -0.12 0.69 0.62 -0.44 -0.13 -0.14 0.03 0.41 0.36
Pinonic acid -0.08 0.56 -0.18 0.73 0.77 -0.11 -0.14 0.04 -0.26 0.53 0.49
Levoglucosan 0.56 0.42 -0.18 0.01 0.38 0.31 0.67 -0.19 -0.49 -0.39
oc 0.55 0.47 0.62 -0.03 0.48 0.63 -0.07 -0.03 -0.04
EC 011 0.24 0.15 0.74 0.60 -0.16 -0.53 -0.51
Al 0.92 -0.09 0.17 -0.06 -0.26 0.59 0.45
Ti 0.16 0.27 0.26 -0.45 0.48 0.43
Cu 0.10 0.54 -0.66 -0.09 -0.09
Zn 0.50 -0.07 -0.18 -0.18
Ba -0.27 -0.32 -0.25
Relative humidity 0.06 -0.17
Temperature 0.82

3.4.4. n-Alkanes

The group of totah-alkanes is a predominant compound class in CPM, with an average of
6.9+2.8 ng/mand 8.7+2.7 ng/frin the summer and winter, respectively. At the three inland sites
(VBR, GRA and LAN), totah-alkanes concentrations were higher in the summer (Figure 3.3).
7KLV LV SUREDEO\ GXH WR WKH 3UHFHSWRU™ ORFDWLRQ RI WK
from the upwind locations. These inland sites are also more rural, with more vegetation and open
fields that could be biogenic sources of these species. In contrast, triglkane concentrations
were observed in the winter in the urban areas, namely Long Beach (HUD), West L.A. (GRD and
LDS), and to a lesser extent Central and East L.A. (CCL and HMS). These elevated levels could
be due to the lower atmospheric transport in the winter that limited the dilution of-adianes,
and/or the increase in the source strengths of these species in the winter. The carbon preference
index (CPI), calculated using the wide range dDr® ND Q H\& ™T™& &C34), was used to
estimate the sources of thesalkanes in coarse mode aerosols. Emissions from fossil fuel

exhibit a CPI near unity, whereas a CPI greater than 2 indicates a dominance of biogenic sources
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(Daher et al., 2011). The average CPI in this study was 2.1+0.75, suggesting an overall
prevalence of biogenic origins for thasalkares.

To further investigate the origins pfalkanes, the relative mass concentration (percent of
sum ofn-alkanes) is calculated for C19-C38 analyzed in this study, as presented in Figure 3.4. In
general, peaks were observed for C29 and C31, to a lesser extent C23, C37 and C38 in both
summer and winter. These distributions are compared to the source profiles of PM garden soil,
road dust, brake wear, leaf abrasion products and total suspended tire wear, developed by Rogge
et al. in the 1990s (Rogge et al., 1993a, b). The most dominant peaks of C29 and C31 in CPM are
similar to the profile of soil, leaf abrasion (both dead and green) and road dust, suggesting that
these peaks originate mainly from mineral and road dust. This is confirmed by the high
correlation between C29 and Al, a soil dust tracer (R=0.83, p<0.001). Furthermore, the two
Riverside sites (VBR and GRA) experienced higher levels of C31 than C29, which is a signature
of soil and leaf abrasion (as opposed to road dust, which has a higher peak at C29 than C31),
highlighting the suburban nature of the Riverside area. On the other hand, peaks in C37 and C38
are consistent with the profile of tire wear, which dominates the higher molecular weight
n-alkanes. Although vegetative detritus is also a source of heavy alkanes (Zygadlo et al., 1994),
the moderate correlations of C37 with EC (R=0.65, p=0.004) and Ba (R=0.68, p=0.002) and its
insignificant associations with Al (R=-0.06, p=0.81) and Ti (R=0.13, p=0.60) further cdirirm

wear and road dust as the dominant sources of C37 and C38.
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Figure 3-3 Concentration (ng/f of sum ofn-alkanes. The level of detection (LOD) of the
compound class is shown as a reference line.

The spatial and seasonal patterns of C37 and C38 were different from thesl&asfes
(Figure 3.3), C29 and C31. In contrast to the significant spatial and seasonal patterns among the
10 sampling sites far-alkanes, C29 and C31 (higher concentrations at the inland sites in the
summer and higher concentrations at the urban sites in the winter), most sampling sites displayed
less variation for C37 and C38, as highlighted by the low standard deviations (<15%) of both
species across the 10 sampling sites in both seasons. This suggests that source strengths of these
two species were relatively stable throughout the basin and during different seasons, consistent
with the relatively low variability of traffic volume and compositisihe source of tire wear
emissions in this basin. Both C37 and C38 experienced slightly elevated levels in the winter
(avg.=0.78+0.059 ngfhand 0.91+0.058 ngftmespectively) compared to summer
(avg.=0.65+0.082 ngffrand 0.77+0.098 ngftmespectively). As discussed earlier, traffic-induced
re-suspension of coarse particles is more dominant in the winter, which might explain the higher
levels of these tire wear particles in the cooler period. Note the significant levels of C23aand to

lesser extent C22 and C21, in our study that do not fit the source profiles of exhaust emission,
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cooking, tire and brake wear, road dust, garden soil or leaf abrasion (Rogge et al., 1993a, b, 1998;
Rogge et al., 1991), which are mostly developed using fine particles, with the exception of tire
wear from total suspended particles. C23, tricosane, could be a component of OC that is more
dominant in CPM than in fine particles. Its moderate correlations with Al, Ti, Zn and Ba (R

range from 0.43-0.56) suggest that it has both natural and anthropogenic origins.

Figure 3-4 Concentration distribution (per summalkanes, C19-C38) of coarse particulate

matter forn-alkanes in: (a) summer and (b) winter.

3.4.5. n-Alkanoic acids
Then-alkanoic acids group is the most abundant organic compound class identified in CPM
at all sampling sites, with average levels of 32+16 Agiml 29+12 ng/fin the summer and

winter, respectively. In the more downwind/rural locations (Riverside and Lancaster), levels of
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n-alkanoic acids were higher in the summer (Figure 3.5). Their normalized ratios (to PM) are also
generally higher than other sites, suggesting the source strengtatkahoic acids were

stronger in the downwind areas in summertime. In the winter, when long-range transport is

limited due to lower wind speedsalkanoic acid levels were either similar to or higher than their
summer levels at the urban sites. When normalized to OC (shown as open symbols in Figure 3.5),
the ratios in the winter are either similar to or lower than those in the summercétéasdihat the
relative contribution of-alkanoic acids to OC concentration was generally lower in the winter.

The CPlom-DONDQRLF DFLGV FD@FXU RU2ZYH GadDhigher K the™Sugnmer
(avg.=2.3£1.1) than winter (avg.=2.0£0.58), particularly at the two Riverside sites in thersumm

where the CPI was 4.7 and 3.8 at VBR and GRA, respectively.
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Figure 3-5. Concentration (ng/f of n-alkanoic acids, as a sum of C15-C30. The level of
detection (LOD) of the compound class is shown as a reference line.

Figure 3.6 shows the distribution of relative mass concentrations (percent of sum of
n-alkanoic acids, C15 to C30). The dominant peaks in hexadecanoic acid and octadecanoic acid

(C16 and C18) are consistent with the source profiles of tire wear, PM road dust and green leaf
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debris (Rogge et al., 1993a, b). Note that C16 and C18 are the most common fatty acids present in
biological matter (Simoneit, 1986), and they may also arise from many other sources such as
fireplace use (Dutton et al., 2010), food cooking (Schauer et al., 2002) and fossil fuel combustion
(Cheung et al., 2010). The high association between C18 and Al (R=0.73, p<0.001) coupled with
the insignificant associations with Ba (R=-0.10, p=0.69), EC (R=-0.15, p=0.53) and levoglucosan
(to be discussed later, R=0.12, p=0.64) suggest its dominant origin as soil dust as opposed to
traffic-related emissions and biomass burning. The source profiles of soil and dead |éaifi abras
showed dominance within the higher MWD OND Q RLF D F L Rdgde @thH, 1933b).

Using our data, C30, a heavier alkanoic acid that is predominant in the wax filaments of plants
(Yue and Fraser, 2004), also demonstrated good associations with Al and Ti (R=0.69, p<0.001

and R=0.62, p=0.004 respectively). This finding is consistent with some studies that demonstrate
the presence of biological materials in the urban/suburban aerosols iR\t al., 2010). In

particular, Cabhill et al. (2010) showed that sugars (including glucose, sucrose and fructose)
dominated the coarse size fractionof R SDUWLFOHY FROOHFWHG LQ &DOLIRL
attributed its sources to biological materials of plant detritus, spores, etc.

On the other hand, wind speed may affect the levels of some CPM constituents, such as
mineral dust tracers of Al and Ti (R=0.45 and 0.43 respectively; p=0.045 and 0.057 respectively),
and to a lesser extertalkanoic acids (R=0.35, p=0.13). Similar degrees of associations are
observed when the analysis is done using the data from the summer only. The moderately low
as®ciations are likely due to the suppressed effects of meteorology in 24-hour samples, as well as
their differential contributions to urban and rural areas (Cheung et al., 2011). In panvaudia

speed could be an important parameter of CPM levels in rural areas, where local emissions and
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re-suspension of dust by anthropogenic activities are minor, as evident by the stronger
associations between wind speed and Al (R=0.86; p=0.026) when the correlation analysis is
restricted to the three inland sites (GRA, VBR and LAN). The higher wind speed in the summer
increased both local re-suspension and possibly long-range transport of upwind air pollutants to
these sites, contributing to the elevated concentrations of these constituents in the summer.
Overall, the good associations betwaeskanoic acids and soil dust tracers (R=0.68, p=0.001

for Al; R=0.71, p<0.001 for Ti) suggest that re-suspended dust contains a mixture of crustal
materials and vegetative debris, and that mineral dust is enriched with biological mattesen coar

particles sampled in Southern California.

Figure 3-6 Concentration distribution (per summflkanoic acids, C15-C30) of coarse
particulate matter fon-alkanoic acid in: (a) summer and (b) winter.
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3.4.6. Other carboxylic acids

Figure 3.7 (a-c) shows the levels of pinonic acid, palmitoleic acid and oleic acid respectively.
Pinonic acid, formed primarily from the oxidation of pinenes, is considered a biogenic secondary
organic aerosol (Cheng et al., 2011). Pinonic acid had slightly higher concentrations in the
summer (avg.= 0.68+0.35 nginthan in the winter (avg.=0.56+0.12 nd)nconsistent with a
recent study conducted in Europe, which showed higher levels of pinonic acid in coarse mode
aerosols during spring and summer than autumn and winter (Zhang et al., 2010). In particular,
high concentrations of pinonic acid were found in the receptor and rural sites in the summer,
when temperatures are higher and the formation of secondary aerosol is more dominant in inland
areas (Sardar et al., 2005). The high associations between pinonic acid and crustal magesial trac
of Al and Ti (R=0.73 and 0.77, respectively; p<0.001 for both) suggest that although pindnic aci
arises from a different formation mechanism with crustal materials, it might be adsorbed onto
absorbed into soil dust and collected simultaneously during sampling.

Palmitoleic acid, on the other hand, could be found in marine aerosols (Simoneit et al., 2004)
and food cooking (Rogge et al., 1991), and it displayed a distinct seasonal variation. The higher
summer concentrations (avg.=0.60+0.14 rfy/mhich parallel the strong onshore winds that
transport sea salt particles from the coast to inland, suggest that marine aerokelpramaty
source of palmitoleic acid in CPM in this basin. Oleic acid experienced higher levels in the winter
than in the summer and a peak level at CCL in the winter. This observation is consistent with an
earlier study conducted in the basin, which revealed winter maxima and extended summer
minima of oleic acid, and the investigators attributed the discrepancy to the enhanced

photo-oxidation of this species during summer months (Rogge et al., 1993c). High level of oleic
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acid (~1100 ug per g of sample) was previously reported in the total suspended debris of tire wear
(Rogge et al. 1993a). The same group of investigators also found significant levels of ole&ic acid i
road dust, vegetative detritus, and emissions from wood burning (Rogge et al., 1993a, b, 1998).

Therefore, these could be the potential sources of oleic acid in coarse mode aerosols.

Figure 3-7: Concentration (ng/f of: (a) pinonic acid, (b) palmitoleic acid and (c) oleic acid. The
level of detection (LOD) of each organic compound is shown as a reference line.

3.4.7. Levoglucosan

Levoglucosan, a pyrolysis product of cellulose, is widely used as a major marker of biomass
burning (Simoneit, 1999). It could be emitted from various wood combustion (Hays et al., 2011),
cigarette smoke (Kleeman et al., 2008), as well as wildfires (Yue and Fraser, 2004) or

management burns (Zhang et al., 200Baje et al. (2004a) showed higher levels of
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levoglucosan in the accumulation mode particles at the USC sampling site in the winter (~47
ng/nT) than in the summer (~4.2 nghmand attributed the difference to the increased residential
wood combustion activity during wintertime. In this study, the overall concentration of
levoglucosan was low (avg.=3.3 ndjntonsistent with its combustion origins, which yield only
a minor fraction of particles in the coarse mode (Herckes et al., 2006).

Figure 3.8 shows the concentrations of levoglucosan across the 10 sampling sites in the two
seasons. Levoglucosan concentration was significantly higher in the winter (4.9+3*pthgfm
the summer (1.8+0.41 ngfmparalleled with the seasonal variation of water-soluble potassium
another tracer of wood smoke (Chow et al., 208iR)this study, and is consistent with the higher
wood burning activity in the cooler period. The higher normalized ratios in the winter at most
sites indicate that the higher contribution of levoglucosan to both OC/PM in cooler months. The
moderate correlations between levoglucosan and CPM of anthropogenic origins including tracers
of tire and brake wear (R=0.67 and 0.38 for Ba and Cu respectively), as well as vehicular
emissions (R=0.42 for EC) are unexpected due to their distinct origins and formation mechanisms.
Note that high correlations between species do not imply common origins due to possible
confounding and CPM re-suspension of a common primary mechanism. The high association
between levoglucosan and EC could be also driven by their seasonal pattern (higher levels in the
winter than the summer). The higher levels of coarse particulate levoglucosan in the winter,
driven by increased wood burning activities, might accumulate in the mineral and road dust, and

be re-suspended together with Ba, Cu or EC by vehicular-induced turbulence in the cooler period.
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Figure 3-8 Concentration (ng/f of levoglucosan. The level of detection (LOD) of levoglucosan
is shown as a reference line.

3.5. Summary and Conclusions

In summaryn-alkanoic acids, to a lesser exterdalkanes, are the predominant classes of
organic compounds in CPM. Constituents of vehicular emissions, including PAHs, hopanes and
steranes experienced low concentrations in the coarse mode. The profilkarfoic acids are
similar to those from leaf abrasion, garden soil, tire wear and road dust. Coupled witththe hig
correlations with Al and Ti, our results suggest tiratkanoic acids in CPM are mostly derived
from mineral and road dust. On the other hamalkanes in the coarse size fraction originate
from both biogenic and anthropogenic sources. Medium hdlkanes (C29, C31) highly
correlated with Al and Ti, while high MW-alkanes (C37, C38) moderately correlated with Cu
and Ba. Previous studies conducted in the Los Angeles Basin showed that vehicular eamdsions
secondary photo-oxidation are the major sources of organic compounds in the fine and ultrafine
modes (Fine et al., 2004a). Based on the analysis conducted using only samples of ambient coarse
particles, soil and the associated biota represent the predominant source of organic coistituents

CPM. In general, the mass fraction of organic compounds to CPM was higher during wintertime,
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due to lower concentrations of other components (sea salt, secondary ions, etc.) and/or the
increase in source strengths of organic compounds, the latter of which is supported by
traffic-induced re-suspension of mineral and road dust in cooler months. The distinct organic
composition of fine and coarse PM might have important implications on the chemical mass
reconstruction of PM. Higher fractions of unidentified mass fraction are usually observed for
coarse particles compared with fine and ultrafine PM in ambient environments (Ho et al., 2005)
Organic matter from soil and the associated biota, which could contain sugars and amino acids
that have a higher molecular weight per carbon weight ratio, might be underestimated by the
typical conversion factor (ranging from 1.4 to 2.1) used to estimate the average molecular weight
per carbon weight for the organic aerosol (Turpin and Lim, 2001). The dominance of biological
materials in CPM suggests that a biogenic-specific conversion factor needs to be developed for
coarse particles to improve closure between gravimetric and chemical measurements of coarse
particles.
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Chapter 4 Historical Trends in the Mass and Chemical Species Concentrations of Coarse
Particulate Matter (PM) in the Los Angeles Basin and Relation to Sources and Air Quality
Regulations

4.1. Abstract

To assess the impact of past, current and proposed air quality regulations on coarse
particulate matter (CPM), the concentrations of CPM mass and its chemical corsstiteient
examined in the Los Angeles Basin from 1986 to 2009 using PM data acquired from
peer-reviewed journals and regulatory agency databasg.n®ags levels decreased by
approximately half from 1988 to 2009 at the three sampling sites examined- located in downtown
Los Angeles, Long Beach and Riverside. Annual CPM mass concentrations were calculated from
the difference between daily Ryand PM sfrom 1999 to 2009. High CPM episodes driven by
high wind speed / stagnant condition caused {@gear fluctuations in the 89 98" percentile
CPM levels. The reductions of average CPM levels were lower than those gfrPtkle same
period, despite their comparable concentrations; therefore the decreasg EveMvas mainly
driven by reductions in the emission levels of Rkdr fine) particles. This is further confirmed
by the significant decrease of Ni, Cr, V, and EC in the coarse fraction afterQ9%93e other
hand, the levels of several inorganic ions (sulfate, chloride and to a lesser extent nitedteddem
comparable. From 1995 to 2008, levels of Cu, a tracer of brake wear, either remained similar or
decreased at a smaller rate compared with elements of combustion origins. This differential
reduction of CPM components suggests that past and current regulations may have been more
effective in reducing fugitive dust (Al, Fe and Si) and combustion emissions (Ni, Cr, V, and EC)
rather than CPM from vehicular abrasion (Cu) and inorganic ions (8Q? and CI) in urban

areas.
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4.2.  Introduction

In the last decade, a significant body of new research has documented substantive
differences of fine and coarse particles, and there is a growing evidence of healtlneffeetd
by CPM (Chen et al., 2005; Yeatts et al., 2007). As a result, the need for a new.&ihdard
was proposed in a recent review (2006) of NAAQS (U.S.EPA, 2006). The proposgssPM
standard was suggested to be 65-85 figitithe form of a 98 percentile, and it was intended to
be generally equivalent to the 1987 24-hourpP8tandard (150 pg/fwith a 99 percentile
form). Due to the different sources and size distribution of PM in urban and rural areas, the
proposed CPM standard would impact these areas differently. Nonetheless, the effects of the
proposed standard on industrial and agricultural communities, as well as locatasgagencies,
are largely unknown.

The study described here examines the trend of CPM mass concentration and chemical
composition in the Los Angeles Basin over the past two decades, as well as the implications of
the proposed PM. sstandard given the nature and sources of PM components in the basin. The
Los Angeles Basin is located in Southern California, and is the second most gopulou
PHWURSROLWDQ DUHD LQ WKH 8QLWHG 6WDWHV 7KH EDVLQ L\
large freight and passenger rail infrastructure, numerous airports and an extensive network of
freeways and highways. Due to its local topography and meteorological conditions, heavy
reliance on vehicles and traffic activity from the ports, Los Angeles is ranked among the worst
cities for ozone and particulate pollution (Association, Available at: http://weatecftheair.org.
Accessed November 30, 2011.), and has been an area of active air quality research. Studies

examining characteristics of ambient aerosols across the basin have been conducted since the
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1940s (Neiburger and Wurtele, 1949), and a large body of historical PM data is available from
regulatory agencies and academic institutes. Additionally, the contribution of coarse particl
PMyq is relatively high (on average 33-58%) in Los Angeles (Gauderman et al., 2000; Pakbin et
al., 2010) compared to several other large US metropolitan areas (U.S.EPA, 2004), thereby
making it feasible to study coarse particle trends / composition with lower unceridiify
these provide a unique opportunity to examine the historical trends of coarse particle irrthis bas
which will allow us to assess how the CPM fraction has been impacted by past and current air
quality regulations, as well as implications of the propd¥eh » s standards.
4.3. Methodology

To study the CPM trend in the Los Angeles Basin, three representative areas (downtown Los
Angeles, Long Beach and Riverside) were selected based on the availability of historical datasets.
Figure 4.1 shows a map of the sampling sites in the three regions. Downtown Los Angeles (sites
DLA and USC) is a typical urban area with high commercial and traffic activity. The downtown
area is characterized by dense freeway networks and a high volume of both heavy and light-duty
vehicles. DLA isamonitoring site maintained by the South Coast Air Quality Management
District (SCAQMD) and is located within 900 m of freeways I-5 and 1-110. The other site in Los
Angeles (USC) is located about 150 m east of I-110. Long Beach (sites HUD, NLB, LBCC and
S3) is a mixed residential and commercial neighborhood. The sampling sites in Long Beach are in
close vicinity to the Port of Los Angeles and Port of Long Beach, and are highly influenced by
heavy-duty diesel vehicle traffic related to harbor activity. NLB and HUD are maintained by the
SCAQMD. NLB is located approximately 600 m north of I-405 and 1.2 km east of I-710. HUD is

about 100 m east of Terminal Island Freeway and 1.2 km west of I1-710. LBCC is located at the
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campus of Long Beach City College approximately 2.5 km north of 1-405. The S3 site was one of
the sampling sites in a study that examined size-segregated PM in communities of the Los
Angeles Harbor (Arhami et al., 2009), and it is about 900 m south of the HUD site. Riverside
(sites VBR, RUB, UCR, and RIV) is a sub-urban area located 80 km inland and downwind of Los
Angeles, and is generally considered to be a receptor site for pollutants generated in urban Los
Angeles and advected to the area within a few hours after their emissions. VBR and RUB are
SCAQMD monitoring sites located about 2.5 km and 800 m south of CA-60 respectively. The
UCR site is situated at the Citrus Research Center and Agricultural Experiment Station of the
University of California, Riverside, and it is upwind of surrounding freeways. RIV is located at

retirement home which is 15 km southeast of downtown Riverside.

Figure 4-1: Map of the samplings sites in downtown Los Angeles (DLA and USC), Long Beach
(NLB, HUD, LBCC and S3) and Riverside (RUB, VBR, UCR and RIV). Sites operated and
maintained by the SCAQMD are represented in triangles.
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The CPM mass concentration data presented in Figures 4.2-4.4 were calculated as the
difference between PMand PM slevels (the subtraction method). Daily pMnd PM 5
measurements were obtained from the online database of California Air Resources Board
(CARB). The three sampling sites (DLA, NLB and RUB) used in this analysis were maintained
by the SCAQMD, and the details of the sampling methods are described under Title 40 Part 58 of
Code of Federal Regulations. In brief, daily Pvheasurements were quantified gravimetrically
using sequential samplers operating at 16.7 L/min (Andersen Model Reference Ambient Air
Sampler 2.5-300), loaded with a 2-um Teflon substrate,PMasurements were determined
gravimetrically using high-volume samplers (General Metal Works Model 1200) loaded wit
qguartz micro-fiber filter. Daily PN} concentrations from 1988 to 2009 were analyzed, £M
measurements were only available after 1999, and daily CPM mass concentrations were
FDOFXODWHG IURP WR XVLQJ WKH 3 VXEWUDFWLRQ PHW|
available for the same day. Note that the reported mass concentrations were collected using
samplers with no denuders. The distinct flow rates used in thgd?d PM ssamplers might
contribute to the differential loss of semi-volatile compounds, in additional to otherisgampl
artifacts that could be different in the two samplers. Since the majority of semi-volatile
compounds resides in the fine PM fraction (Miguel et al., 2004; Yoshizumi and Hoshi, 1985), the
estimation of CPM using the subtraction method (calculated based on reported concentrations
from the low-volumePM, ssampler and the high-volume-R)Mampler) might have
underestimated the mass concentrations of coarse particles. Nonetheless, the sampling artifacts of
semi-volatile organics are likely to be reduced by the long sampling time (24 hours) and higher

mass loadings (Mader et al., 2003; Sardar et al., 2005). On the other hand, due to the stronger
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removal process of CPM compared to fine PM, coarse patrticles could be more spatially
heterogeneous (Pakbin et al., 2010), and the extrapolation of this analysis to other air basins needs
to be proceeded with cautions. Daily RNévels were generally measured once every six days,

with an average yearly count of 59 + 3.5, 85 + 27 and 57.8 + 3.4 from 1988 to 2009 in downtown
Los Angeles, Riverside and Long Beach respectively. The higher number count in Riverside was
driven by the more frequent measurements (once every three days) from 2000 to 200%a$PM
measured more frequently, with an average annual measurement count of 305 + 58, 308 + 56 and
303 + 60 from 1999 to 2009 in DLA, RUB and NLB respectively. The higher standard deviation

was driven by the lower count in year 1999 when the measurements first started.

Table 4-1 Sampling location, sampling time and frequency, sampling instrument and method,
analytical method and other background information of the seven studies analyzed.
[ | _swsscwe | Covewsse] e o] saaes | Poioieta.2009]  namieia 20 Ctaungosi |

AQMD Los Angeles (DLA) AQMD Los Angeles (DLA) AQMD Los Ang:les (DLA) in Los AngSes USC in Los Angeles
Location AQMD Rubidoux (RUB) AQMD Rubidoux (RUB) AAQMD Rubidou:t (RUB) Riverdk®R in  Riverside retirement home ( S3 in Long Beach AQMD Van Buren (VBR)
AQMD Long Beach (NLB)  Long Beach City College (LBCC) AQMD Long Beach (HUC
v ) 11 days in Jun-Sep, 6 day USC: Oct 2002-Sep 200%
Sampling Period Jan-Dec 1986 ) Jan 1995-Feb 1996 Aug-Oct 2006, Jan-Feb 2007 Mar-May 2007 Apr 2008-Mar
ping Nov-Dec in 1987 UCR: Mar-Jun 2001 g J 2
Sequential samples for ea
) Once every "glay, daily q P Once every®r & day, daily Once every week, daily sar
Sampling Time episode (5 in summer, 3 Once every week, daily sariples 7 weekly sampl:s 6 weekly sariples
samples B samples on Wednesday
winter)
Filter Type PTFE and quartz Teflon and quartz Teflon and quaitz Teflon and alt minum Zefiior and quaiefluor Zefluor and quartz
PM;g 16.7 Ipm through a,P! PMg 110 Ipm through a,Ph PMg 97 Ipm through agMlet Micro-Orifice Uniform Depos USC Virtual Impactor (VI
inlet, 5.6 Ipm through each inlet, 30 Ipm through each { 10 Ipm through each filte Impactor (MOUDI) operated ~ Personal Cascade Impact operated at a total flow of 5
PCIS operated at 9 lpm wit
Sampling Method , } ‘ } ‘ ‘ Ipm; Partisol sampler with,F Sampler (PCIS) operated at — and a minor flow of 2 Ipm w
PM 24.8Ipm o acyclon  PMg 110lpm o acyclom  PMg 112 lpm o a cyclom , oy iniens operated at 1 with a Phinlet 0 PMyinlet;, PCIS operated at ¢
separator with a cut point of separator with a cut point of separator with a cut point of m with a Phinlet
um; 3-4.6 Ipm through each pum; 35 Ipm through each f pm; 20 Ipm through each f
Analytical Method X-ray fluorescence X-ray fluorescence X-ray fluoresce ce X-ray fluoresicence -MS IcP ICP-MS ICP-MS
lon chromatography . Autom
(For elements, o lon chromatography . L ey lon chromatography lon chromatography’ NA lon lon
colorimetry, atomic absorp
and carboneous
Th | d tion/ optic. The ! tion/ optic.  The | d tion/ optic, The I d tion/ optic.
contents) erme esé’p_ BLE Thermal manganese oxidaion  Optical thermal carbon analyg’e’}‘a es‘_]rp, S erma es‘_]rp, e NA erma es.orp S
transmission transmission transmission transmission
Indirect, difference betweep Indirect, difference betweep Indirect, difference betw e
CPM Calculation & * &2 D Direct Direct Direct Direct
and PMs and PMs and PMs
Statistics Average Average Average Average Average NA, composites Averagt

Concentrations of CPM mass and chemical constituents presented in Figures 4.5-4.7 were

obtained from studies fully or in part published in the peer-reviewed literature before 2010.
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Although a number of studies have examined the chemical composition of ambient PM in Los
Angeles, very few of them report data for coarse particles (or allow the calculation of such).
Seven studies, providing chemical speciation of elemental species, were included in our analyses.
The earliest study that performed chemical speciation on bothdhd PM sin the Los Angeles

Basin was conducted in 1986. The year-long dataset was available at CARB (Solomon et al.,
1988) and part of the PM data were published in peer-review literature (Eldering et al., 1991;
Solomon et al., 1989; Solomon et al., 1992). Shortly after, Chow et al. conducted an intensive
study in 1987 to capture photochemical episodes in warmer periods (June to September) and
stagnation episodes in cooler periods (November to December) (Chow et al., 1994). A more
comprehensive project was carried out by the SCAQMD from January 1995 to February 1996 to
investigate the chemical composition of ambient,Phd PM sin an effort to better characterize
emission inventories and improve performance of modeling tools (Kim et al., 2000a, b). From
2000 to 2009, a few additional studies were conducted in Los Angeles, Long Beach and Riverside
to examine the chemical composition of size-fractionated airborne PM to advance the
understanding of the sources, atmospheric processing of ambient particles and their human health
impacts (Arhami et al., 2009; Polidori et al., 2009; Sardar et al., 2005). In 2008, a comprehensive
investigation on ambient CPM was conducted to study the chemical mass closure, as well as the
spatial and temporal variation of CPM in the Los Angeles Basin (Cheung et al., 2011b; Cheung et
al., 2011c; Moore et al., 2010; Pakbin et al., 2010; Pakbin et al., 2011). Table 4.1 summarizes the
sampling location, sampling time and frequency, sampling instrument and method, analytical
method, and other background information of each study. CPM concentrations were obtained

using the difference between reported,pihd PMslevels in the three earlier studies (Chow et
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al., 1994; Kim et al., 2000a; Solomon et al., 1988). The more recent studies employed samplers
segregating particles by size, and CPM concentrations and chemical composition were obtained
directly as measured in the coarse fraction (Arhami et al., 2009; Cheung et al., 2011b; Polidori et
al., 2009; Sardar et al., 2005).
4.4. Results and Discussion
4.4.1. Trends in CPM mass concentrations

Selected meteorological parameters at the downtown Los Angeles (DLA), Long Beach
(NLB) and Riverside (RUB) sampling sites, respectively were acquired from the onlinaesgatab
of CARB; only data after 1994 were available at the three sampling sites. The annual averages of
temperature and relative humidity were calculated based on hourly data. Overall, annual mean
temperatures were consistent (Avg. = I’'C9standard deviation = 0.8T) from 1994 to 2009,
while higher yeate-year fluctuations (Avg. = 59.3%, standard deviation = 11%) were observed
for the relative humidity (RH). In general, the annual mean temperature and relatidégyhwuas
VLPLODU LQ /RV $QJHOHYV DQG /RQJ %HDFK 5LYHUVLGHYV LQO
mean temperature and standard deviation, coupled with the lower relative humidity. Wind
originating from the west dominated most of the yeatr, in accordance with the typical onshore
flow patterns in the LA basin. The prevailing westerly onshore wind from the Pacific Ocean
started in late morning and remained strong until evening. At night, wind direction reversed and
the northerly / northeasterly wind prevailed. The wind speed was generally lower overnight.
Overall, large-scale meteorological conditions were relatively consistent in this basind aod di

appear to influence the observed PM trends, as discussed and presented below.
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Table 4-2 Linear regression analysis of PM data (Rvom 1988 to 2009, PM..sand PM sfrom
1999 to 2009) in: (a) downtown Los Angeles, (b) Long Beach and (c) Riverside. Values in

parentheses represent standard errors of the slope and intercept.

a) Downtown Los Angeles

RZ

Linear rearession 0]
PM,, 99th percentile y=-3.71(x0.39) x + 136(+5.2) 0.82 <0.001
98th percentile  y =-3.21(x0.36) x + 124(+4.8) 0.80 <0.001
50th percentile  y=-1.19(+0.12) x + 54.0(+1.6) 0.83 <0.001
Average y = -1.33(+0.12) x + 57.4(%1.6) 0.86 <0.001
PMio2s 99th percentile y =-0.02(x1.1) x + 37.5(x7.1) 0.00 0.98
98th percentile  y =-0.42(+0.82) x + 36.4(+5.6) 0.03 0.62
50th percentile  y =-0.54(+0.23) x + 19.5(+1.6) 0.37 0.05
Average y = -0.39(+0.23) x + 18.9(+1.5) 0.25 0.11
PM, - Average y =-0.92(+0.09) x + 24.6(x0.64) 0.91 <0.001
b) Long Beach
Linear rearession R? o]
PMqo 99th percentile  y =-2.60(£0.64) x + 110(x8.1) 0.46 <0.001
98th percentile  y=-2.46(x£0.60) x + 103(x7.5) 0.47 <0.001
50th percentile y=-0.62(+0.11) x + 40.5(x1.3) 0.64 <0.001
Average y=-0.76(x0.11) x + 44.8(x1.4) 0.72 <0.001
PMioo5 99th percentile vy =-0.50(x0.69) x + 41.0(x4.7) 0.06 0.48
98th percentile  y =-0.59(x0.30) x + 34.9(x2.0) 0.31 0.08
50th percentile y=-0.37(+x0.14) x + 17.1(x0.96 0.43 0.03
Average y=-0.22(+x0.11) x + 17.0(x0.74 0.31 0.07
PM,s Average y =-0.87(+0.09) x + 22.4(£0.61 0.91 <0.001
c) Riverside
Linear rearession R? D
PMyo 99th percentile  y =-5.38(+0.85) x + 207(+11), 0.67 <0.001
98th percentile  y=-4.72(£0.77) x + 189(+10), 0.65 <0.001
50th percentile vy =-1.59(x0.21) x + 82.2(x2.8), 0.74 <0.001
Average y =-1.76(x0.23) x + 84.6(x3.0), 0.75 <0.001
PMigos  99th percentile vy =-2.36(+1.1) x + 93.8(x7.7), 0.32 0.07
98th percentile y=-1.77(x0.98) x + 84.2(£6.7), 0.27 0.11
50th percentile y =-0.56(+£0.37) x + 35.2(x2.5), 0.21 0.16
Average y =-0.57(x0.29) x + 35.7(x2.0), 0.30 0.08
PM, Average y =-1.69(+0.12) x + 33.5(x0.84) 0.96 <0.001
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In downtown Los Angeles, the 99ercentile for PN (Figure 4.2a) and CPM (Figure 4.2b)
ranges from 56.788.6 pg/ni and 22.7+60.4 pg/ni respectively from 1999 to 2009. The spike
in the 99" and 98 percentile in 2007 was driven by two days of high CPM concentrations (69
and 51 ug/min April and October, respectively). The RNEevel was in attainment of the federal
24-hour standard (150 pgfjnwhile in violation of the California standard (50 pdjrthroughout
the entire study period. Since the current,P8tandard is expressed in thé"¢@rcentile form
and the proposed CPM standard is set in tifep@8centile form, their comparability is examined.
The difference between the'®and 98' percentile is more apparent in the early 90s, with
insignificant difference after 1998. The average and mediafy 8&Mcentrations agree fairly well.
The slope of the 39percentile concentration is -3.71 with 4d® 0.82 (Table 4.2a), indicating an
average annual decrease of 3.71 [iggfrthe 99' percentile PNy mass concentration from 1988
to 2009. The corresponding reduction is 1.33 fggonthe average PMconcentration. CPM
levels did not exhibit the typically consistent decreasing trend observed in theld@d The
slope of the average CPM concentration is -0.39 figpre 0.11) from 1999 to 2009
(corresponding slope is -1.33 pg/and -0.92 pg/mfor PM,, and PM srespectively, both with a
p-value < 0.001), indicating that the reduction of,pi& mostly driven by the decrease of PM
given the comparable levels of fine and coarse PM (average annua-tioarse ratio = 1.18 +
0.21 from 1999 to 2009). To investigate the degree of equivalency between the curgsmdPM
the propose®M,., s standard, the number of exceedances was examined usintj‘t;her@@ntile
of PMy, level and the ggpercentile of the CPM level from 1999 to 2009. In both cases, zero
violations were observed. For further comparisons of the two standards, the ratio of the annual

PM level to the corresponding standards (i.e., calculated as the anfipairééntile PN, to 150
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pg/m? for the PM, standard and the annual™8ercentile CPM to 70 pg/ffor the CPM
standard) was examined. Using the data from 1999 to 2009, the ratios forfenéroposed
PMyq.sstandard were 0.48 = 0.12 and 0.48 + 0.07 respectively, suggesting that the two standards

are comparable in downtown Los Angeles.
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Figure 4-2 Annual concentrations of: (a) Ryfrom 1988 to 2009, and (b) CPM / PM2.5 from
1999-2009 in downtown Los Angeles.
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In Long Beach, the 99percentile PM, level experienced a fluctuating decreasing trend
with a R of 0.46 (Figure 4.3a). The spike in 1995 was driven by an episode of higheR®
from mid-November to early December. The wind speed during that period was low with more
WKDQ Rl WKH WLPH ZLWK 3F D05 mBR DiSHovgibiR Baythehigh G VSHH G
PMyo levels were due to the low dispersion of the emissions generated from the nearby harbor
activity. The 99 percentile PNy level ranges from 52.5 to 143.1 pgffrom 1988 to 2009,
attaining the EPA standard but violating the California standard. The decreasing trend of the
average PN levels exhibits a high %of 0.72 from 1988 to 2009 (Figure 4.3a and Table 4.2b).
However, the average Byreduction rate is lower in the last 5 years, as evident by the lower

slope of -0.14 ug/i(standard error = 0.25 pgfirfrom 2005 to 2009. Similarly, the average
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CPM concentration was not significantly reduced from 1999 to 2009, as demonstrated by the
close to zero slope (m = -0.22 pd/m = 0.07) in Table 4.2b, in contrast to the significant

reduction in PMslevels (m = -0.87 pg/fh p < 0.001). The Long Beach site is heavily impacted

E\ WKH 3RUWTTV WUDIILF DF W-uspansion,ty winG, GRMVid re-enth&iredS D UW L F C
into the atmosphere by traffic-induced turbulence (Pakbin et al., 2010). Heavy-duty vehicles
generally induce higher roadway re-suspension than light-duty vehicles (Charron and Harrison,
2005). Therefore, it is likely that the effort of PM reduction has been counterbalanced by the
increase in the number of heavy-duty vehicles resulted by the expansion and increasing activity of
the LA Ports, as the container volume grew from 1 million in 1985 to 7.8 million in 2010 at the

Port of LA. In Long Beach, none of the recorded,pPdhd calculated CPM levels violated the

current federal PhMand proposed CPM standards. The ratio of tiep@@centile PN, and 98'

percentile CPM to the current Rjand proposed PM. sstandard was 0.46 + 0.08 and 0.45 +

0.05 respectively, again demonstrating that the two standards are comparable in Long Beach.
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Figure 4-3 Annual concentrations of: (a) Ryfrom 1988 to 2009, and (b) CPM / RMrom
1999-2009 in Long Beach.
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Due to its downwind receptor location and sub-urban naturgs FGPM mass
concentrations in Riverside were higher than those observed in Los Angeles Hez@tile
PM,, concentration (Figure 4.4a) was higher than the federal 24-hour standard of 13ghpg/m
1988-91, 1993-95, and 2003, and experienced a moderately fluctuating downward trend from
1988 to 2009 (R= 0.67). This is probably due to the sub-urban nature of the area, where high
level of PMy is mostly driven by particle re-suspension in episodes of high wind speed (Cheung
et al., 2011b; Pakbin et al., 2010). As shown in Table 4.2c, the averagéePdlexperienced a
more consistent reduction with & & 0.75. From 1999 to 2009, the reduction of average,PM
was largely driven by the decrease in fine PM concentrations (m = -1.68, pg&®.001), with a
minor contribution from CPM (m = -0.57 pgnp = 0.08). The slope of the ©percentile and
average PN} concentration is -5.38 and -1.76 pdhespectively from 1988 to 2009. The
reduction of CPM mass concentration is significantly lower than that observed in theaR
the trend is more variable, although, overall, a decreasing trend is seen as evident by the negative
slopes of -2.36 and -0.57 for the"98ercentile and average CPM levels respectively. The
relatively low coefficient of determination in the"®gercentile (R= 0.32) is driven by the spike
in 2003, due to a week of high CPM levels in October (91.0, 96.3 and 11iqm@ct 21, 24
and 27 respectively). In Riverside, where the contribution of coarse particlesdsRjdnerally
higher than in Los Angeles and Long Beach due to the high levels of crustal materials in the
sub-urban area (Cheung et al., 20111g, proposed PM., sstandard was not equivalent with the
current PM, standard. Using the data from 1999 to 2009, the anntigi&@@entile P\, level
was higher than the current R\tandard of 150 pg/henly in 2003. However, the annual™®8

percentile CPM level was higher than the proposed CPM standard of 7¥fiug/times
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(1999-2001, 2003 and 2006) from 1999 to 2009, suggesting that the proposed standard is more
stringent than the existing standard in areas dominated by coarse particles, and that Riverside

could be in frequent violations with the proposed;PMstandard.
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Figure 4-4. Annual concentrations of: (a) Ryfrom 1988 to 2009, and (b) CPM / BMrom
1999-2009 in Riverside.

4.4.2. Trends in chemical CPM components

While CPM mass concentrations provide a metric of the overall mass reduction of coarse
particles, the examination of CPM chemical composition provides insights on changes in the
contribution of different sources to coarse particles, and may thus assist regulatory ageneies
design and implementation of more effective air quality strategies to protect public health.
Figures 4.5-4.7 present concentrations of CPM chemical constituents, including organic and
elemental carbon, elements and inorganic ions in downtown Los Angeles, Long Beach and
Riverside, respectively. Note that the analyses described below focused on the study conducted in
1986 (Solomon et al., 1988), 1995-1996 (Kim et al., 2000b) and 2008-2009 (Cheung et al.,
2011b), all of which compiled comprehensive CPM datasets of one year or more, and their results
are presented as bar charts in Figures 4.5-4.7. Although sampling of the three year-long studies
was conducted not daily, but rather once evéy63 or 7" day, the long sampling period was

likely to diminish the impact of temporal variation, and could therefore provide a more
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representative characterization of CPM. Other studies that were conducted in shorter time frames
/ smaller spatial scales were shown as line plots, and their results were likely to be influenced by
seasonal variations of ambient CPM. Studies conducted before and after 1995 are represented by

black and open symbols, respectively.
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Figure 4-5. CPM concentrations of: (a) mass, organic and elemental carbon and inorganib)ion
elements of crustal origins, and (c) elements of anthropogenic origins in downtown Los Angeles.
Error bars show standard errors of the average when available.
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Mineral dust.Many studies have shown that mineral and road dust are major components of CPM,
contributing to 22-65% of CPM mass concentrations in studies conducted in Los Angess, At
Helsinki, Amsterdam, and Eastern Mediterranean (Cheung et al., 2011b; Koulouri et al., 2008;
Sillanpaa et al., 2006). Mineral dust comprises largely of eroded soil particles that have been
mobilized and re-suspended into the atmosphere by wind and anthropogenic activities. Industrial
activities, such as construction and cement plant operations, may contribute to the emission and
re-suspension of dust. Si, Al and Fe are the three most abundant major elements in the upper
continental crust (Usher et al., 2003) and thereby may serve as tracers of minetalufyisef

al., 2005; Pakbin et al., 2011). Note that although Fe in the coarse fraction arises predominantly
from crustal materials, it could be enriched from anthropogenic sources such as brake wear in
urban areas (Garg et al., 2000}her crustal-dominated elements include Na, Ca, Ti, K, Mn and

Mg, and their abundances vary depending on location and rock type. The decreasing trends of
crustal materials were very consistent in the last two decades. From 1986 to 1995, levels of coarse

particulate Al, Fe and Ti decreased by 34, 15 and 20% respectively in downtown Los Angeles.
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Further reductions were observed from 1995 to 2008, when Al, Fe and Ti concentrations were
reduced by 46, 49 and 70% respectively. Such reduction trends were reinforced by the data from
Sardar et al., where sampling was conducted from 2002 to 2003 (Sardar et al., 2005) and the
average concentrations of Al, Fe and Ti stayed between those from Kim et al. (2000a) and
Cheung et al. (2011b). The contribution of crustal materials and trace elements to CPM mass
were higher in Riverside (54.7%) compared with Los Angeles (42.6%) (Cheung et al., 2011b). In
Riverside, CPM Al and Ti concentrations were reduced by 19 and 25%, respectively, from 1986
to 1995, where the corresponding reductions were 70 and 76% from 1995 to 2008. In 1986, the
SCAQMD implemented Rule 1112.1 to limit PM emissions from cement kilns. Rule 1186 was
adopted in 1997 to reduce the re-entrainment of fugitive dust ef &lssions from paved and
unpaved roads as well as livestock operations. This rule requires owners and operators of paved
public roads to remove visible roadway accumulations within 72 hours of notifications. It also
requires the paving or stabilization of heavily used unpaved public roads or the reduction of
vehicular speed on such roads. In 2005, Rule 1157 was introduced to coniyeniisions

from aggregate and related operations by reducing various dust sources from loading, unloading
and transferring activities, process equipment, paved and unpaved roads inside the facilities, etc.
The use of dust suppressants or other control methods is required during transfer and loading
activities.The observed high reductions of mineral dust could be due to the effectiveness of these
regulations in reducing the sources and levels of re-suspension of dust particles.

Combustion emissions from vehicles, industries and shimugh particles from combustion

VRXUFHV PRVWO\ UHVLGH LQ VofKhat sauirel fundiahidan @ktertl toXiteSHU WD

lower range of the CPM fraction. For example, Huang and Yu (2008) demonstrated that elemental
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carbon (EC), a tracer of vehicular emissions, experienced a bimodal pattern in both ambient and
tunnel environments, with a major fine mode and a minor coarse mode. Studies conducted in the
Los Angeles Basin in the 2@entury also demonstrated that, while dominant in the fine PM
fraction, metals emitted by combustion sources could also contribute to a minor fraction of CPM
(Krudysz et al., 2008; Singh et al., 2002)

The tailpipe emissions of CPM is often associated with high emitting and poorly controlled
vehicles (Kleeman et al., 1999). In downtown Los Angeles, CPM elemental carbon was reduced
from an annual average level of 0.55 pdim0.42 pg/mfrom 1986 to 1995 (23% reduction),
and furtheto 0.08 pg/m (80% reduction) from 1995 to 2008 (Figure 4.5a). The sampling sites in
Riverside were located in residential areas adjacent to major roadways, and again, a similar
reduction trend was observed (29% reduction from 1986 to 1995 and 71% reduction from 1995 to
2008) (Figure 4.7a). The U.S. EPA requires automobiles of 1975 model year and after to be
equipped with catalytic converters to control tailpipe emissions. In 1984, the Smog Check
Program was implemented in California. In addition to various emission standards adopted for
light-duty vehicles, heavy-duty diesel trucks and bus engines in the 1990s, a number of programs
were developed to remove the older and more polluting cars from the road. For example,
&DOLIRUQLDYV &DUO OR\HU 3URJUDP KDV SURYLGHG IXQGLQJ \
of diesel engines in an effort to reduce emissions from diesel-powered vehicles and equipment. In
the last decade, the SCAQMD also adopted / amended a few rules to promote cleaner on-road
vehicles used by the public sector. The high reductions of EC, particularly after the 1990s,
highlight the effectiveness of various controls implemented by the regulatory agermmes ob

tailpipe emissions.
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In addition to tailpipe emissions, industrial activities also serve as potential sou@esof
in this basin. Metal processing facilities could emit high levels of heavy methaldimgFe, Cu,
Zn, As, Cd and Pb (Newhook et al., 2008)particular, smelters could release metals in the
coarse size range either as stack or fugitive emissions (Chan et al., 1983; Harrisoriamd, Wil
1983), and could contribute to the high levels of Cu, Zn and Pb in 1986 as shown in Figures
4.5-4.7. In 1992, the SCAQMD adopted Rule 1420 to reduce emissions ableadf the six
criteria pollutants identified by the U.S. EPA. This regulation requires all emissiais pbim
lead-processing facility (including facilities that produce lead-oxide, brass and broize)
vented to an emission collection system. Furthermore, facilities are required to conduct air quality
monitoring at their property lines, in addition to the source-oriented monitors placed by the
6&%$40' DW RU EH\RQG WKH IDFLOLWLHVY IHQan#PDftogZhHV 7KH KL.
1986 to 1995 (96, 84 and 69% respectively in downtown Los Angeles) could largely result from
the effective control of emissions from metal processing facilities.

Oil refinery is also a major source of industrial emissions. Various coarse elements
including Pb, Ce, La, Zn, V, Cu, Co, and to a lesser extent Cr, Ni and Mo could be emitted from
refinery fluid catalytic cracking stacks (Campa et al., 2011). Using principal componerstegnal
Pakbin et al. (2011) showed that CPM-bound Ni and Cr are markers of industrial emissions, with
V originating from ship emissions in the $Angeles / Long Beach Harbor based on coarse
particles sampled from 2008 to 2009. In general, the lower concentrations of these elements in the
coarse mode support that they originate from combustion sources in this basin. In downtown Los
Angeles, the reductions of V, Cr and Ni were higher from 1995 to 2008 (> 90% reduction

calculated using 1995 and 2008 data), compared with those from 1986 to 1995 (Figure 4.5c). In
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Riverside, the corresponding reductions of Ni, Cr and V were 93, 88 and 89%, respectively, from
1995 to 2008, consistent with the observations in downtown LA. The significant reductions after
1995 could be resulting from series of regulations targeted to control emissions fromasyati
sources, as evident by the reductions indhissions from industrial processes, manufacturing
and industrial sources from 1995 to 2010 according to the emission inventory of the South Coast
Air Basin acquired from CARB. For example, Rule 1105.1, aiming to redugga®flammonia
emissions from fluid catalytic cracking units used in petroleum refineries, was adop@iB.
Additionally, the Los Angeles / Long Beach ports approved an incentive program that promotes
the use of cleaner-burning fuel in cargo ships transiting within 40 miles of the Bay and &t berth
2008. Note that the efforts to control ship emissions began in the efrte&tury, consistent

with the historical trend of vanadium, which experienced similar annual averages in 1986 and
1995, with higher reduction rates from 1995 to 2008. Therefore, the high reductions of Ni, V and
Cr after 1995 could be due to various programs and incentives that aim to reduce
combustion-related emissions from vehicles and industries, as well as the efforts to reduce ship
emissions from harbor activity.

CPM-bound lead (Pb) also decreased considerably in the LA basin. Pb could originate from
brake wear and wheel weights, gasoline exhaust and oil combustion as the extended upper tail of
the fine PM mode, as well as metal processing industries (Harrison and Williams, 1983; Isakson
et al., 2001; Pakbin et al., 2011). In downtown Los Angeles, Pb levels have decreased from an
annual mean of 0.097 pg#to 0.030 pg/mfrom 1986 to 1995, and further to 0.0023 pgitm
2008. As discussed previously, the early reduction of Pb could be resulted from Rule 1420, which

was adopted in 1992 aiming to control lead emissions. The latter reduction (after 1995) could
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partly be attributed to the complete elimination of the sales of leaded fuel for useoiadon

vehicles in 1996. In Long Beach, ships (Isakson et al., 2001) and refineries emissions (Newhook
et al., 2003) could also be potential sources of lead. The reduction in CPM lead concentrations in
Long Beach was comparable to those observed in downtown LA (0.063ipgl/@86 to 0.0015
pg/m’in 2007). Recent studies, including a study of CPM in Los Angeles and Long Beach
conducted in 2008 (Pakbin et al., 2011; Root, 2000), indicated that Pb is now predominantly
sourced from vehicular abrasion. Therefore, it is likely that the Pb reductions in theolast t
decades were largely driven by the phase-out of Pb in gasoline vehicles, as well as controlled
emissions from various industries as discussed previously.

Vehicle abrasionParticles originating from vehicular abrasion contribute to road dust PM,

though the masBaction is typically small. Cu, which is present in brake linings as lubricants, is
often used as tracers of brake wear in areas where industrial emission of Cu is not gidnifican

et al., 2005; Pakbin et al., 2011). Note that the high concentrations of Cu in 1986 likely resulted
from emissions of metal processing industries, as discussed in the previous section, and therefore
Cu might not be a reliable tracer of brake wear back in the 1980s. Nonetheless, a recent study in
the LA basin suggested that majority of coarse particulate Cu was generated from the wear of
brake linings based on CPM sampled from 2008 to 2009. Despite the considerable decrease of
elementof combustion origins from 1995 to 2008 (Pakbin et al., 2011), the reduction of Cu was
less significant in the same period. In Los Angeles, the higher annual average concentrations of
Cu in 2008 compared to the 1995 levels could be due to the increased emissions from tire and
brake wear from the greater number of both light-duty and heavy-duty vehicles on the road. The

contribution of anthropogenic sources to elements, including Cu, is generally higher in Los
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Angeles and Long Beach than Riverside (Cheung et al., 2011b). From 1995 to 2008, the lower
reduction of Cu (46%) relative to other CPM species with anthropogenic origins (89, 88 and 93%
for V, Cr and Ni respectively) in Riverside further confirms the lower reduction ofailmipe
PRELOH VRXUFH HPLVVLRQV 7KH UHGEH®HIR®/ RD ¥ X0 ALH X XWODO!
high reduction of mineral dust in Riverside.

Inorganic ions.n general, reductions of CPM inorganic ions were relatively lower than
combustion related CPM due to their natural origins and, to a lesser extent, secondargrformati
Nitrate is the most abundant inorganic species in the coarse fraction, accounting for an average of
17% of CPM mass in this basin (Cheung et al., 2011b). In the Los Angeles Basin, nitrate is
primarily formed by sea salt depletion, a process involving the reaction of nitric acisogithm
chloride (Zhuang et al., 1999), and to a lesser extent the reactions with mineral dust and the
condensation of alkaline salts on CPM surfaces when sea salt levels are low (Cheung et al.,
2011c). In downtown Los Angeles and Riverside, the level of nitrate was reduced by 13% and
34% respectively from 1986 to 1995, while corresponding reductions were 38% and 42% from
1995 to 2008. Substantial efforts have been made to reduce emissions of nitrogen oxides, as
demonstrated by the reduction of Némissions from 1561 tons per day (TPD) in 1985 to 1332
TPD in 1995 and 742.2 TPD in 2010 in the South Coast Air Basin (Emission Inventory of CARB).
In addition to the regulations to control mobile emissions as described previously, the SCAQMD
has adopted a few rules to control Ngnissions from stationary sources, including boilers and
process heaters from refineries, cement kilns, gas melting furnaces and stationary gas turbine
Since 2001, the LA ports incorporated a voluntary vessel speed reduction program with the

objective of reducing bothNODQG 30 HPLVVLRQV E\ GHFUHDVLQJ WKH YHV'
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near the ports. The control of N®missions may have an indirect effect on the reduction of
coarse particulate nitrate by limiting the levels of its precursors, which could also dabreeas
CPM-bound nitrate associated with the hygroscopic growth of nitrate originally in the fine PM
mode (Geller et al., 2004; Seinfeld and Pandis, 2006). In addition, the reduction of mineral dust,
which could serve as a reaction site for nitrate (Usher et al., 2003), might have aéstlindir
reduced the levels of nitrate in CPM. Sulfate, on the other hand, has several potential sources,
namely water-soluble gypsum and sea salt sulfate, as well as the upper tail of ammonium sulfate,
and the reduction was insignificant. Chloride, primarily originating from sea salt in tftecoa
mode, is used as a tracer of fresh sea salt aerosdisvel$ increased from 0.37ugfim 1995 to
0.55 pg/niin 2008in downtown Los Angeles. This could be due to yearly variations in sea salt
level, as well as the reduction in nitrogen oxides emissions, which decreased the rate of sea salt
depletion and increased the levels of unreacted chloride.
4.5. Summary and Conclusions

Overall, PMy mass concentration has decreased by approximately half from 1988 to 2009
since the PN\, standard was put in place in 1987. Rlhily concentrations from downtown Los
Angeles and Long Beach show compliance with the federal ERA$¥hdard, while violating
the more stringent California standard. These two sites also demonstrated equivalency for the
current PM, and proposed PM., s standard. On the other hand, both,P&hd CPM levels were
higher in Riverside as highlighted by some violations of the federal standards in late 80s and early
90s. This site also demonstrates that the prop@b&sgl, s standard is more stringent than the
current PM, standard. The reduction trends of combustion-related CPM namely EC, V, Cr and Ni

were higher after 1995, consistent with the implementation gfsBtdndard in 1997. The
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concentrations of Cu, a tracer of brake wear, has decreased at a lesser rate or remained
comparable relative to other anthropogenic constituent after 1995, suggesting that the
contribution of brake wear to CPM has become more significant despite the overall reduction in
CPM mass since 1995. In general, the reduction of CPM mass was mostly driven by the reduction
of mineral dust, while reduction of contributions from inorganic ions and non-tailpipe vehicular
emission were less significant from 1995 to 2008.
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Chapter 5 Diurnal Trends in Coarse Particulate Matter Composition in the Los Angeles
Basin

5.1. Abstract

To investigate the diurnal profile of the concentration and composition of ambient coarse
particles, three sampling sites were set up in the Los Angeles Basin to collect coargkatearti
matter (CPM) in four different time periods of the day (morning, midday, afternooovandight)
in summer and winter. The samples were analyzed for total and water-soluble elements, inorganic
ions and water-soluble organic carbon (WSOC). In summer, highest concentrations of CPM
gravimetric mass, mineral and road dust, and WSOC were observed in midday and afternoon,
when the prevailing onshore wind was stronger. In general, atmospheric dilution was lower in
winter, contributing to the accumulation of air pollutants during stagnation conditions.
Turbulences induced by traffic become a significant particle re-suspension mechanism,
particularly during winter nighttime, when mixing height was lowest. This is evident by te hig
levels of CPM mass, mineral and road dust in winter overnight at the near-freeway atexs$ loc
in urban Los Angeles, and to a lesser extent in Riverside. WSOC levels were higher in summer,
with a similar diurnal profile with mineral and road dust, indicating that they either shar
common sources, or that WSOC may be adsorbed or absorbed onto the surfaces of these dust
particles. In general, the contribution of inorganic ions to CPM mass was greater in the overnight
sampling period at all sampling sites, suggesting that the prevailing meteorologicabosnditi
(lower temperature and higher relative humidity) favor the formation of these ions in the coarse
mode. Nitrate, the most abundant CPM-bound inorganic species in this basin, is found to be

predominantly formed by reactions with sea salt particles in summer. When the sea salt
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concentrations were low, the reaction with mineral dust particles and the condensation of
ammonium nitrate on CPM surfaces also contribute to the formation of nitrate in the coarse mode.
5.2.  Introduction

Short term exposure of high concentrations of coarse particles was related to various
adverse health endpoints (Lipsett et al., 2006). A study conducted in Chapel Hill, NaihaCar
also showed that small temporal increases in coarse particle concentrations could affect
cardiopulmonary and lipid parameters in the adult asthmatics, and the investigators concluded
that CPM-induced health effects may have been underappreciated in susceptible populations
(Yeatts et al., 2007). To improve our understanding of the physical and chemical characteristics as
well as the spatial and seasonal variation of CPM, a study was conducted earlier by our group
using 24-hour time integrated samples collected in 10 samplingasitesLos Angeles Basin,
and the results were presented in our previous publications (Cheung et al., 2011a; Pakbin et al.,
2010). It was found that both CPM mass concentrations and chemical composition varied
considerably by season and displayed spatial heterogeneity. However, the long sampling periods
(24-hour) suppressed the observation of the evolving CPM chemical characteristics due to the
indisputable influence of many important atmospheric parameters, such as temperature, relative
humidity, wind direction and speed, and mixing height, all of which vary in scales shorter than 24
hrs. The study presented here addresses this issue by focusing on the diurnal trends of coarse
particles in the Los Angeles Basin, and provides information that will be vital in improumng
understanding on how these atmospheric parameters influence the ambient coarse PM

concentrations and composition.
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5.3. Methodology
5.3.1. Sites description

Three sampling sites were selected to represent distinct geographical regions of the Los
Angeles Basin. Figure 5.1 shows the locations of the three sampling sites: downtown Los Angeles
(USC), Lancaster (LAN), and Riverside (RIV). The USC site is located in an urban area in
downtown Los Angeles, and is approximately 150 m east of Freeway 1-110 and 20 km east of the
Pacific Ocean. The RIV site is located in Riverside, about 80 km inland of the USC site.
Although Riverside is a semi-rural agricultural region, it is along the typical firgyaiind
trajectory crossing the Los Angeles Basin from the coast to inland (Eiguren-Fernandez et al.,
2008), and is thereby a receptor area of pollutants from urban Los Angeles. The site in Lancaster
(LAN), located about 75 km north of the USC site and over 2 km west of highway CA-14, is

characterized by a desert-like rural nature.

Figure 5-1: Map of the 3 sampling sites.

5.3.2. Sampling time and setup
The sampling campaign was conducted in both summer @Algust 2009) and winter

(JanuaryzFebruary 2010). Four distinct time perio&ismorning (7:00 a.m. to 11:00 a.m.),

84



midday (11:00 a.m. to 3:00 p.m.), afternoon (3:00 p.m. to 7:00 p.m.) and overnight (7:00 p.m. to
7:00 a.m.)2 were selected to reflect the effect of different atmospheric parameters on CPM
sources and formation mechanisms. Sampling continued for 4 to 6 weeks in each season
depending on ambient concentrations.

Samples were collected using the USC Coarse Particle Concentrator (Misra et al., 2001)
downstream of a PMinlet. The USC Coarse Particle Concentrator was composed of a virtual
impactor placed upstream of a filter holder. Coarse particles were concentrated apphpximat
25-fold using the virtual impactor with an intake flow rate of 50 LPM and a nfiiowrof 2 LPM,
and then collected on Teflon filters with a diameter 47 mm and a pore size of 2.0 um. Four
samplers were used at each site. Substrates from each time period were analyzed separately.
5.3.3. Chemical analyses

Teflon substrates were weighed before and after sampling to measure the colleated$?M
They were equilibrated for 24 hours under controlled relative humidity (30% * 5%) and
temperature (ZC + 2C) before weighing by a microbalance (Model MT 5, Mettler-Toledo Inc.,
Highstown, NJ). Water extracts of the Teflon filters were analyzed for water solghla®r
carbon (WSOC) using a Sievers Total Organic Carbon analyzer (General Electric,Haog €1
al., 2008b) and inorganic ions by lon Chromatography (Lough et al., 2005). The same aqueous
extraction was used to measure the concentration of water soluble metals and elements using
Inductively Coupled Plasma-Mass Spectroscopy (ICP-MS) (PQ Excell, Thermo Elemental). To
determine the levels of total elements, the PM collected on Teflon filters was digested using a
mixture of 1.0 mL of 16 N HN@ 0.1 mL of 28 N HF, and 0.25 mL of 12 N HCI in a microwave

digestion unit and subsequently analyzed by magnetic-sector ICP-MEPSFS) (Lough et al.,
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2005). The samples were analyzed with field and laboratory blanks, filter spikes and external
check standards. On average, replicates were analyzed once every ten samples and blank levels
ZHUH OHVV WKDQ RI WKH VDPSOHVY OHYHOV 7KH XQFHUWDL
were high due to their low concentrations, and they were not included in the analysis. Spike
recoveries were within the acceptance range a1 85%.
5.4. Results and Discussion
5.4.1. Meteorology

Selected meteorological parameters in the two sampling periods are shown in Table 5.1,
with vector-averaged wind direction and speed. This information was obtained from the online
database of the California Air Resources Board. The meteorological station was locatéd abou
km northeast of the USC sampling site, while the meteorological stations were located at the
same site as the sampling instruments at the RIV and LAN sites. In summer, highest temperature
was observed in midday. Average temperature was higher inland in Lancaster and Riverside. The
high temperature also extended from midday into the afternoon in the inland area. Relative
KXPLGLW\ ZzDV KLJKHVW RYHUQLJKW-ORNMHOFKX VDB 8§ ®HYL VWWHWX
Lancaster are evident in Table 5.1 by the lower relative humidity and the higher temperature
range. In summer, wind speed was highest in the midday and afternoon periods, with predominant
wind direction from the west, which is typical in this region. Somewhat unexpectedly, the wind
speed was high during the overnight period in Riverside. In winter, the Los Angeles Basin is
characterized by lower mixing heights and frequent periods of air stagnation, resulting in the
accumulation of air pollutants (Hildemann et al., 1994). In urban Los Angeles (USC), winds

originated from the west during midday and afternoon, in accordance with the typical onshore
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flow patterns of the basin. However, this pattern was not as persisteattwo inland sites,

where the predominant wind direction was from the north. The low wind sp#esltwo inland

sites during the sampling period indicates stagnant meteorological conditions, especially during
the overnight period, when the temperature was lowest. In Lancaster, the average temperature in

the morning and overnight periods dropped beloh&l0 KL JK O L J KW LQ LJ NLHV \Q DAANHMHHU W

Table 5-1 Selected meteorological parameters at the 3 sampling sites in: (a) summer and (b)
winter.

a) Summer
Los Angeles (USC Riverside (RIV) Lancaster (LAN)
Summer Morning | Midday | Afternoor] Overnight Mormin Midday Afteroo| Overnighy Moming| Midday| Afternoop Overnig
Temperature (°C) 26.6 29.6 25.1 19. 28.) 36 31.8 21.3 29.9 36.3 34.1 25.
Relative Humidity (%) 53.9 46 46.4 73.3 52.5 33 43.1 74.1 21.4 15.9 20.2 25.6)
Wind Speed (m/s) (%3] 3.6 3.8 1.2 0.6 3.3 3. 3.p 0.63 2|4 41 .98
Wind Direction S SwW W W W W w W W W SwW SW
b) Winter
Los Angeles (USC Riverside (RIV) Lancaster (LAN)
Winter Morning | Midday | Afternoor] Overnight Mornin Midday Afteron| Overnigh§ Morning] Midday| Aftermooh Overnig
Temperature (°C) 16.1 22.3 18.3 12. 14.L 2119 189 10.9 42 6 18. 14.2 8.2
Relative Humidity (%) 52.9 34.1 47.4 66.2) 54, 27.8 367 964, 61.3 43.6 42.1 62.5
Wind Speed (m/s) 2.0 0.98 2.0 1.5 0.2 0.27 1.8 0.2 009 0]310.18 0.49
Wind Direction NE SW W NE NE N NW N NW NW NW SW

5.4.2. Coarse PM component model and data overview

Chemical components were classified into 5 groups according to their common sources: 1)
crustal materials and trace elements (CM + TE); 2) vehicle abrasion (VA); 3)sehtble
organic carbon (WSOC); 4) sea salt (SS) and 5) secondary ions (SI). Crustal material (CM) is
calculated using the following equation (Chow et al., 1994; Hueglin et al., 2005):

CM=1.89Al+121K+1.43Fe+1.4Ca+1.66Mg+17Ti+2.14Si (1)
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where Si is estimated from Al using a factor of 3.41 (Hueglin et al., 2005). The group of trace
elements (TE) includes Rb, Sr and rare earth elements such as La and Ce, etc, and is grouped with
CM because of their common crustal origins. Vehicle abrasion includes traffic relassibem
such as Cu, Zn, and Ba (Harrison et al., 2001). Water-soluble organic carbon is obtained directly
by the measured WSOC. The sea salt component is estimated using soludoie Nee sea salt
fraction of CI Mg®*, K*, C&* and SQ” from the typical sea water composition (Seinfeld and
Pandis, 2006), represented by the equation below:

SS = N4 + ssCl + ssMd" + ssK + ssC&" + ssSG (2)
The use of Na ion as a sea salt tracer represents both fresh and aged sea salt aerosoig. The gr
of secondary ions consists of ammonium, non-sea salt (nss) sulfate and nitrate.

Table 5.2 (a and b) shows the overview of the categorized chemical congponent
concentrations during each time period and their 24-hour averages. Overall, crustal materials and
trace elements is the most abundant category, with an average concentration of 254 pg/m
summer and 3.85 g winter across the three sampling sites. In particular, levels were higher
at RIV (9.76 pg/mand 5.71 pg/mfor summer and winter, respectively) due to its semi-rural
nature and receptor location. In general, the CM + TE level in Lancaster was lower thard®iversi
due to its remote location and lack of anthropogenic sources and / or re-suspension of mineral and
road dust. In particular, vehicles driving on dirt and / or unpaved roads in semi-rural Riverside
could contribute substantially to the generation and re-entrainment of mineral and road dust. In
summer afternoon, the level of crustal material at LAN was similar to RIV, due to the comparable
high wind speed as the main re-suspension mechanism at both sites. CPM originating from

vehicle abrasion, on the other hand, is less abundant (on average 0.0§Dpigfmg/niand
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0.36 pg/m for LAN, USC and RIV, respectively) compared with the crustal materials. The VA
levels at RIV were relatively high. As discussed previously, unpaved roads or paved roads with
unpaved shoulders in Riverside could contribute substantially to the fugitive dust components of
CPM. Chow et al. (1992) showed that vehicle movement associated with agricultural planting and
harvesting, as well as the transport of agricultural products along the unpaved roads, was the
primary contributor of fugitive dust in the semi-rural agricultural area of San Jodgliey

(Chow et al., 1992). Vehicle speed could be another factor in the re-suspension of VA (Nicholson
et al., 1989). In the morning and afternoon period in downtown LA, vehicles travel at lower
speeds due to high traffic volume. On the other hand, the levels of VA were higher in the midday
at RIV and USC when traffic volume was lower. SS and Sl contributed similarly at an average
concentration of 0.41 pg/fand 0.50 pg/rhrespectively. SS concentrations experienced a

seasonal variation with higher levels in summer (on average 0.53)jtbAn winter (on average

0.28 ug/nj). WSOC concentrations were low at LAN and USC (on average 0.076 ggfin

0.077 pg/rd, respectively), with higher levels at RIV at 0.37 pg/m

Table 5-2 Average diurnal concentration (ugfof chemical components at the three sampling
sites in: (&) summer and (b) winter (+ indicates uncertainties calculated based roaiyttieah

uncertainties and uncertainties from blank corrections).

a) Summer b) Winter
Summer CM+ TE VA SS Sl WSOC Winter CM+TE VA SS S| WSOC
Morning [ 1.18+0.07 0.042+0.002 0.31+0.03 0.24+0.02  0.1:+0.01 Morning | 1.76£0.08 0.085+0.003 0.049+0.005 0.055+0.02  0.06+0.01
— |Midday 2.88+0.15 0.084+0.004 0.19+0.02  0.33:0.03  0.081:002 Midday 1.94+0.09 0.055:0.002 0.081+0.007 na 0.03+0
< |Aftenoon | 7.99+0.41  0.18+0.008 0.82:0.08  0.76:0.06  0.31+Q02 Afternoon | 1.18+0.06 0.047:0.002 0.11+0.01  0.03+0.02  0.03#0.01
Overnight | 0.62+0.04 0.038£0.002 0.042+0.005 0.067+0.01 0018+0.01 Overnight | 1.56+0.08 0.039+0.001 0.072+0.007 0.11+0.01  0.06+0.01
24-hr Avg. 2.32 0.070 024 0.26 0.091 24-hr Avg. 1.59 0.051 0.076 0.083 0.050
Morning [ 0.88+0.05 0.087+0.005 0.05:0.01  0.12+0.01 0.046+Q01 Morning 2.3:0.12 0.122+0.005 0.06+0.006 0.087+0.02 0.042#0.01
o |Midday 3.49+0.19 0.19+0.009 0.66+0.06  0.73+0.06  0.1:0.02 Midday 2.85£0.15 0.097+0.003 0.26:0.024 0.23:t0.03  0.05640.01
& [Afternoon | 2.14+0.12 0.076:0.003 0.66:0.06 ~ 0.64:0.05 0.085:0.02 Afternoon | 1.87+0.11 0.068+0.003 0.055:0.005 0.079:0.02 0029+0.01
Overnight | 0.94+0.05 0.0510.002 0.88+0.08  0.67+0.05 0.073:0.01 Overnight | 6.14+0.32 0.31+0.014 0.94+0.089 0.88:0.07  0.1240.01
24-hr Avg. 156 0.084 0.67 0.58 0.075 24-hr Avg. 4.24 0.20 0.53 0.51 0.081
Morning | 7.54+0.38  0.47+0.03  0.35:0.03  0.49:0.04  0.29+0.04 Morning | 3.55£0.18  0.24+0.01  0.23+0.02  0.5:0.05  0.18+0.02
o, |Midday 491:0.25 0.15:0.03 0.29+0.03 0.59+0.05 0.17+0.02 Midday 3.03:0.16 0.1+0.005 0.18t0.02 0.26:t0.03  0.12+0.01
T |Afternoon | 11.9+0.62 059+0.11 1.16+0.11 1.34+0.11  1.14+006 Afternoon | 4.35:0.23  0.55:0.03  0.2£0.02  0.44+0.04 0.18:0.2
Overnight | 11.4+0.55  0.37#0.07  0.76x0.07  0.82+0.06  0.56+002 Overnight | 7.78+0.41  0.39:t0.02  0.28:0.03  1.09:0.09  0.24+002
24-hr Avg. 9.76 0.39 0.68 0.81 0.55 24-hr Avg. 5.71 0.34 0.24 0.75 0.20




5.4.3. Diurnal profiles

Figures 5.2, 5.4 and 5.5 show the diurnal profile of CPM mass and the five chemical
categories in summer and winter, with the group of secondary ions presented as ammonium,
nitrate and nss-sulfate. Normalization to the corresponding 24-hr average (i.e. CPM mass / 24-hr
average CPM mass concentrations, WSOC / 24-hr average WSOC concentrations, etc) are
presented to highlight the diurnal trends of these species. A detailed discussion of each group is

offered in the following sections.
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Figure 5-2 Diurnal profiles (normalization to the 24-hr average) of CPM mass.

CPM massln general, the diurnal profile of CPM gravimetric mass concentration closely
followed the profile of wind speed in summer. The highest CPM normalized ratios were often
observed in midday and / or afternoon, when the wind speed was stronger. This trend is not as
persistent in winter when the wind speed was low. Despite the lower wind speed in winter, the
overall CPM mass concentrations remained comparable to those of summer in this study, likely

due to the stagnation atmospheric conditions as discussed earlier. In winter, the overnight CPM
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mass concentration was high at USC (normalized ratio = 1.12), likely due to patrticle
re-suspension by the northeasterly wind coupled with the lower mixing height at night. At
Riverside, despite the low wind speed (ca. 0.22 m/s), the overnight CPM mass concentration
remained high. Similar results have been observed in some previous studies showing higher
levels of traffic-emitted pollutants, including EC and CO, in late night and early morning
(compared with midday and afternoon) in Riverside (Polidori et al., 2007; Snyder and Schauer,
2007), as a result of lower atmospheric dilution in the nighttime period of wintereFudte,
elevated turbulence induced by increased traffic activity might become a signifidasie par
re-suspension mechanism in early morning when atmospheric dilution is low. Harrison et al.
(2001) demonstrated that turbulence induced by vehicles provides a source strength that was
approximately equal to that of exhaust emissions, and concluded that coarse particles
predominantly come from vehicle-related re-suspension at the studied sampling sites in the
United Kingdom. Additionally, heavy-duty vehicles are known to induce higher roadway CPM
re-suspension than light duty vehicles (Charron and Harrison, 2005)

Carbon monoxide, sourced primarily from vehicles in urban atmospheres, has been used as
a reliable tracer of primary emission (Ning et al., 2007). As traffic flow and pattern arstenohsi
in both sampling periods, CO levels can be used to indicate the degree of atmospheric dilution in
ambient conditions. Figure 5(&c) shows the diurnal CO levels at the three sampling sites
DFTXLUHG IURP WKH RQOLQH GDWDEDVH RI WKH 6RXWK &RDVW
monitoring stations located at or within 7 km of the sampling sites employed in this study. In
summer, CO concentrations were higher during daytime, in contrast to the significant overnight

peak experiencedt all sampling sites in winter. Although the emission source strength was lower
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during nighttime, the CO levels were approximately 2-4 times higher in winter overnight
compared with daytime. In general, CO levels were also higher in winter than summer,
particularly during the nighttime, highlighting the much lower atmospheric dilution experienced
in the overnight sampling period in winter. Therefore, turbulence induced by vehicular traff
could become a significant mechanism of particle re-suspension that increases pollutant
concentrations during the overnight period, especially considering the prevailing air stagnation

conditions and the low atmospheric dilution at that time.
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Figure 5-3 Carbon monoxide (CO) levels at: (a) Los Angeles-USC; (b) Lancaster-LAN; (c)
Riverside-RIV.
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Crustal materials and trace elemenfsgure 5.4a shows the diurnal profile of CM + TE. In

summer, the diurnal trend at Lancaster paralleled that of wind speed, peaking in the afternoon
(normalized ratio = 3.44) when the average wind speed was strongest at 4.1 m/s. Crustal material
and trace elements are the dominant sources of CPM at the Lancaster site which is located in a
remote area away from freeways and urban pollutants. As previously discussed, RIV experienced
higher CM + TE levels due to its downwind receptor location and semi-rural nature, with the
highest normalized ratio in the afternoon. The average concentration was much lower in urban
Los Angeles (USC), where the diurnal trend of CM + TE follows closely the CPM mass
concentratios. In winter, overall CM + TE concentrations were lower in comparison to summer
except for overnight. At USC, the relatively high wind speed, coupled with lower atmospheric
dilution and traffic-induced turbulence in the overnight period may explain the high levels of CM

+ TE (normalized ratio = 1.45), consistent with the peak in the overall CPM mass concentration.
On the other hand, CM + TE levels remained high (normalized ratio = 1.36) despite the relatively
low CPM mass and low wind speed overnight at RIV. As mentioned previously, re-suspension
induced by heavy-duty vehicles might be responsible for the re-entrainment of local mineral dust,
which is a dominant source of CPM in Riverside (Cheung et al., 2011a).

Vehicle abrasionTraditionally, both emission control strategies and regulations have specifically

targeted tail-pipe exhaust sources from vehicles. Although non-tailpipe PM is currently
unregulated, it has been shown to be a significant source of traffic-refatesions (Querol et al.,
2004). Vehicle abrasion, such as tire and brake wear, is an important source of CPM in urban
areas (Harrison et al., 2001; Lenschow et al., 2001). Unlike crustal materials, metals of

anthropogenic origins have higher solubility (Birmili et al., 2006), and might have important
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public health impacts. In general, the diurnal profile of VA follows a similar pattéh CM +

TE, suggesting that they are re-suspended together as soil and road dust. The high VA levels in
the winter overnight period at freeway-adjacent-USC (normalized ratio = 1.53), and to a lesser
degree at RIV (normalized ratio = 1.13), further suggest the contribution of partstispension

induced by heavy-duty vehicles as a source of these species.
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Figure 5-4 Diurnal profiles of: (a) crustal materials and trace elements; (b) vehicle abrasion; (
water soluble organic carbon and (d) sea salt. Normalization to the 24-hr average is presented.

Watr soluble organic carbonVSOC has been shown to be associated with the production of

reactive oxygen species in biological cells, which play a significant role in PM-indudéd hea

effects. Despite detailed investigation of WSOC in many studies, very limited literatst® exi
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that addressed the sources of WSOC in the CPM mode. Some studies indicated that organic
materials in this size range consist of biological materials, semi-volatile organiesseganic

acids, as well as organic ions (Bauer et al., 2008; Falkovich et al., 2005). The diurnal trend of
WSOC (Figure 5.4c) may give us some insights on the possible sources of the water-soluble
fraction of organic carbon in this basin. In summer, WSOC follows a similar diurnal trénd wit

CM + TE and VA, suggesting that WSOC either share common origins with mineral and road
dust, or that WSOC may be adsorbed or absorbed onto these dust particles and re-suspended
subsequently during PM sampling. RIV and LAN experienced the highest WSOC concentrations
in the afternoon in summer (normalized ratio = 2.08 and 3.38 for RIV and LAN, respectively),
which indicates that the sources of WSOC in these inland areas might be associated with upwind
pollutants. This is further confirmed by the low levels of WSOC in the afternoon of the winter
period, when the lower wind speed may limit the transport of upwind air pollutants, thereby
eliminating the peak concentrations observed at RIV and LAN in summer.

Sea saltThe diurnal profile of sea salt aerosols in CPM is shown in Figure 5.4d. In summer, the
strong prevailing onshore wind facilitated the transport of sea salt particles intendiufnal

trend of sea salt concentration varied among the three locations depending on their relative
distances from the ocean. The sea salt levels at USC, located around 20 km east of the Pacific
Ocean, started to increase in midday (normalized ratio = 0.99) and remained high overnight
(normalized ratio = 1.32), consistent with the high wind speed observed during daytime at that
site. The Riverside site (RIV), which is around 70-100 km inland of the coast and is along the air
mass trajectory of this basin, had the highest level of sea salt in the afternoon with azadrmali

ratio of 1.70. In the morning and midday, the regional transport of sea salt frortodoéestd was
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limited due to the low wind speed, resulting in lower sea salt concentrations. The high sea salt
concentration observed overnight (normalized ratio = 1.11) might be resulting from the strong
wind in the afternoon that transported particles from the coast to inland areas. We observed a
similar diurnal pattern at the other inland site (Lancaster), with the highestfieesl salt in the
afternoon (normalized ratio = 3.39). In winter, in addition to the lower mixing height in the
overnight period, the high sea salt level at USC (normalized ratio = 1.77) could be due to the
relatively strong wind in the afternoon. Furthermore, given the hygroscopic nature of marine
aerosols, the higher relative humidity at night might have facilitated the growth of theslepa
from the upper range of fine PM to the lower range of the coarse fraction (Tursic et al., 2006),
thereby contributing to the high levels of coarse particulate sea salt aerosol in the overnight
period.

Secondary iongrigure 5.5@&a-c) presents the diurnal profile of ammonium, nitrate and nss-sulfate
ions, which composed the category of secondary ions. In general, secondary ions follow a similar
pattern with sea salt, with higher concentrations in summer and less in winter except in the
overnight period. In an urban atmosphere, the concentrations of both nitrate and sulfate depend on
source strengths of their acid forms. HN&dd BSO,, the precursors of nitrate and sulfate
respectively, are formed secondarily from the emission of vehicular combustion in the Los
Angeles Basin. The high correlation (R = 0.80) between sulfate and nitrate further sah&étm
they share a common origin. In cooler months, less photochemical oxidation ah&qQ,
decreases the source strengths of sulfate and nitrate particles. Therefore, levete ainaitra
sulfate were generally lower in winter than summer, with the exception of the overnight period

Ammonium, present in much lower concentrations, follows a similar trend with nitrate and
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sulfate. The low ammonium level reported in this study is likely to be predominantly in tme for
Rl DPPRQLXP VXOIDWH ZKLFK LV D GRPLQDQW VSHFLHV LQ ILC

distribution extending to the lower range of the coarse mode.
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Figure 5-5 Diurnal profiles of: (a) ammonium; (b) nitrate and (c) non-sea salt sulfate.
Normalization to the 24-hr average is presented.

In the winter overnight period at USC, the concentration of nitrate reached 705 Tigign
high level likely results from the reaction of nitric acid with sea salt aerosold) Wwadta similar
peak in the same time period. The reaction of nitric acid with sea salt to form sodium nitrate, a

process known as chloride depletion, is observed previously in this basin (Hughes et al., 1999),
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and will be discussed in more detail in the next section. Further inland at the Riversid&jijte (R

the overnight peak of the inorganic ions was more significant than those for the sea salt aerosol
and PM mass, suggesting that in addition to the reaction with sea salt, other formation
mechanisms might be present at this site. With the abundant crustal materials detected overnight,
it is possible that these secondary ions react on the surface of mineral dust pakiobest al.,

2003). At LAN, the trends of secondary ions follow closely with sea salt and crustal materials in
summer. As mentioned in the previous section, wind speed is the major mechanism re-suspending
PM in Lancaster. In winter, the low wind speed prevents regional transport, coupled with the lack
of local precursors of acidic gases, contributes to the lower concentrations of inorgasitsaet
Lancaster.

Overall, the overnight peaks for inorganic species are more significant compared with the
corresponding PM mass, suggesting that in addition to the lower mixing height and/or stagnation
conditions, the meteorological parameters during nighttime might facilitate the formatiborand
re-entrainment of these inorganic ions. Furthermore, nitrate containing dust particles of > 1 um
were also found to be highly hydrophilic (Shi et al., 2008). The uptake of nitric acid on mineral
dust particles tends to increase with increasing relative hungidi#genko et al., 2006), which is
consistent with the high levels of nitrate and mineral dust at the Riverside site overnight in thi
study. On the other hand, the gas/particle partitioning of ammonium salts is highly dependent on
atmospheric conditions (Seinfeld and Pandis, 2006). The lower temperature at night favors the
formation of ammonium salts in the particle phase, consistent with the higher levels of these

inorganic ions observed in the overnight period.
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5.4.4. Seasonal and spatial correlations
Table 5-3 Correlation coefficient between selected species in: (a) summer and (b) winter.

(a) lons Soil Dust Road Dust Rare Earth Element Soilsea salt
CH NO3-  SO4--  Na+ NH4+ K+ Al Ti Fe Cu Zn Ba Rb Cs Dy Yb [WSMg WSCqd WISNp RH___ Temp Vec Wi
wsoc [ 051 068 063 052 038 095 08 070 O0p8 085 055 (62 071 077 073 (080 084079 027 o012 013
ck 065 065 082 039 06) 045 044 044 035 020 (52 038 035 034 (034 077 068 | 026 -031 023
NO3- 090 090 076 074 057 049 048 052 032 0[S0 046 048 047 tms 091 |077 |019 @43 045
S04-- 091 077 068 061 062 06p 041 036 OF5 058 055 056 P52 080 (086 (029 €7 050
Na+ 077 059 043 044 044 031 018 0%0 038 035 036 (.34 088 [074 (025 o@ma7 0.39
NHa+ 036| 025 024 02§ 024 016 047 021 020 017 Q17 066 D49 [0.37 0026 0.26
K+ 088 073 071 084 048 06f 075 079 8 86 D28 022 002
Al 093 092 086 072 08§ 094 097 86 61 004 028
Ti 100 070 075 097 098 096 87 d7®10 039 035
Fe 067 073 097 098 095 86 o709 038 036
cu 063 066 071 078 073 0.7p k4 022 012
zn 071 068 074 064 96  0.41-025 055 044
|Ba 093 089 087 078-001 031 042
Rb 098 098 075-004 032 023
cs 099 098| 069 081 073-002 033 022
Dy 098 069 081 069 004 025 03
Yb 070 077| 065| 007 022 04
ws Mg 091 036 041 -013 028
(WS Ca 047 016 012 037
WIS Na 004 026 0.12]
RH -0.82 -0.23]
[Temp 0.44
[® lons Soi Dust Road Dust Rare Earth Element Soilsea salt
CH NO3-  SO4--  Na+ NH4+ K+ Al Ti Fe Cu Zn Ba Rb Cs D) Yb |WSMg WSC4 nssNa RH _Temp mph
05D 082 090 Op4 084 069 (63 090 094 084 |055 059 | 075 000 -025 -0.26
086 | 0.95 -028 019

wsoc| 029 081 064 036 091
0.69 055 069 033 059 190 057 041 064 [0.38 0.96
089 |094 | 077 @4G -0.09|

CH 076 092 097 024 0.8 q
NO3- 092 072 081 08§ 098 08 098 068 071 0 EZ 093 086 097 [0.68
092 055 090 086 078 0.8 059 071 0p2 078 070 083 )52 099 098 |0.98 eB¥4 0.04
0.43 061 .28 096 |[0.86 (095 0@01 020

0.6! 040 059 084 053

S04
Na+ 023 082| 066 057
NHa+ 049| 085 088 08] 079 064 092 092 089 (74 048 D64 (008 0644 -0.22
K+ 087 069 084] 048 061 072 058 082 055 0901 91 D00 0&19 032
Al 091 097| 074 074 093 089 099 O0f2 08 09 ¢42 02801 0.03
Ti 094| 093 091 084 095 090 091 049 075 0fga ga1 02002 -0.05
Fe 076 078 093] 097 088 097 074 083 0 50 04919 -0.04
Cu 090 063| 082 080 074 058 056 065 O0p3 019 0.08.02
zn 078| 080 068 071 06] 070 07 041 025 001 d
|Ba 084 068 08 064 093 09p 049 056023 0.2
Rb 094 095 071 073 0.8t 0.4 0.44-0.23 -0.18
cs 092 055| 065 078 03§ 024-009 -0.33
Dy 070| 080 088 o00d 0.37-0.08 -0.07,
Yb 045 _056| 000 033 -0.10 0.28
WS Mg 096 099 037 -005 0.12
ws ca 095| 039 -0.11 0.04
wis Ng 003020 -0.05
RH 0.78 0.09
[Temp 030

Table 5.3 presents the correlation coefficient (R) of selected individual spesigsimer
and winter using the pooled data from the three sampling sites. In both seasons, tracers of vehicle
abrasion (Cu, Zn and Ba) are highly correlated with soil dust tracers of Al, Ti and Fe (R values
range from 0.67 to 0.97) and also the earth elements of Rb and Cs (R values range from 0.53 to
0.93), highlighting their common origins of re-suspended dust. Sodium ion, on the other hand, is
highly correlated with chloride ion, (R= 0.82 and 0.98 for summer and winter, respectively),
confirming that sodium ion is a reliable tracer of sea salt aerosols. Table 5.4 presents the

correlation analysis, structured by location, using pooled summer and winter data points.

Non-sseasalt sodium (nss-Na), calculated as the difference between WS Na and sea-salt fraction

of Na estimated using Cl ion, represents aged aerosols with sea salt origins. Nss-Na exhibited
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high correlations with inorganic ions and low correlations with soil dust tracers at USC, and to a
lesser extent RIV, suggesting that the seasalt fraction of sodium is mainly derived from the
reaction with these ions. In the site of Lancaster, CPM is primarily re-suspended by wind, as
evidenced by the high correlations between individual species and wind speed (R values range
from 0.64 to 0.89). The effect of relative humidity and temperature on these CPM species are also

more significant in Lancaster compared with the other two sites, highlighting that meteorology

plays a significant role in ambient coarse particle levels in that area.

Table 5-4 Correlation coefficient between selected species in: (a) Lancaster (LAN); (b) Los

Angeles (USC) and (c) Riverside (RIV).

(a) Cl- NO3- SO4-- Na+ nssMg nssCa nssNfaRH —Temp WS
WSO 0.72 0.79 0.89 0.81 . . 0.96 0.86 0.8: -0.39 0.52 0.9
Cl- 0.92 0.93 0.98 0.83 0.64 0.79 0.78 0.30 0.28 oj78 0.76 .59.44 0.95 097| -028 034 0.6!
NO3- 0.96 0.94 0.84] 0.77 0.86 0.8f 0.47 0.54 oy1 0.84 172 1 0.60.95 0.94 -0.47 0.58 0.8
S04-- 0.96 0.91 0.84 0.91 0.8 0.56 0.51 0.y4 0.89 Q76 07294 0. 096 | -054 063 0.87
Na+ 0.86 0.72 0.83 0.82] 0.41 0.32 0.7p 0.80 0.4 0.59 0.95 .00 42 -0. 0.48 0.72
NH4+ 0.93 0.97 0.97 0.72 0.56 0.9 0.96 0.90 0.89 0.93 088  -0.2636 0. 0.77
Al i 097 097| 089 079 ) 0 037 05189
Ti 1.00 0.79 0.72 0. -032 045
Fe 0.80 0.70 0. -027 041 q
Cu 0.86 . 04 -031 045 0.
Zn 0.60 0.74 0.83 0.73 0.52 0.3; -0.30 047 0.
Ba 0.91 0.90 0.83 0.87 0.79 0.05 0.10 [oX
Rb 0.96 0.93 0.91 081 -0.33 047 0.8
Cs 097 080 066] -021 037 08
nssMi 0.69 0.62 -0.36 0.52 0.89
nssCaq 095 | -027 038 0.77}
nssNg -0.41 0.48 0.72
RH -097  -0.65
Temp 0.78
(b) Cl- NO3- SO4--  Na+ NH4{ Al Ti Fe Cu Zn Ba Rb Cs [nssMg nssCa nss RH  Temp WS
WSOC| 0.18 0.64 0.76 0.47 0.7] 0.66 0.43 0.4i8 0.60 0.34 .40 1 0.50.46 0.94 0.75 0.5; 0.02 0.03 0.3
Ck 0.60 0.30 0.65 0.12] 0.48 0.48 0. 0.49 0.44 063 0.54 .58.74 0.65 0.45 036 -025 -0.1f
NO3- 0.86 0.94 0.77| 0.70 0.66 0.6] 0.62 0.55 0.9 0.73 70 5 0.90.79 0.95 013 0.04 0.4¢
S04-- 0.87 0.81 0.12 0.03 0.0] 0.18 0.00 0.p1 0.17 Q12 0.9253 0. 0.93 0.18 0.22 0.44
Na+ 0.74 0.16 0.14 0.20] 0.17 0.09 oL 0.26 0.p4 0.95 0.55 .97 7 03001 025
NH4+ -0.18  -0.22 .. -043  0.90 026 308042 -007 012
Al 0.96 0p3  -004 -01916
Ti 0.p1 -011  -015
Fe 0.46 004 028 Q
Cu ] 0.88 0.83 0.92 0.87] 0.91 0.84 0.0p -002 -004 O
Zn 0.89 0.95 0.94 0.76 074 -0 -004 -017 0.
Ba 0.92 0.95 0.69 0.82 0.04 020 044 0.
Rb 0.99 0.86 0.87 0.13] -006 -012 0.2
Cs 078 084 012| -002 -019 0.
nssMg 095 098| 021 -003 034
nssCa 0.45 012 -015 0.8
nssNa 0.32 0.06 0.34
RH -081 -0.48
Temp 0.54
[G] Cl- NO3- SO4-- Na+ NH4{ Al Ti Fe’ LT Cu Zn Ba Rb Cs [nssMg nssCa nss§aRH Temp WS
WSOC|  0.94 0.73 0.94 0.98 0.0] 0.88 0.67 0.p2 0.60 0.57 .17 1 0.60.61 0.93 0.87 097 -019 044 04
Ck 0.90 0.93 0.94 0.30} 0.93 0.73 0.7 0.54 0.50 op2 0.70 .79.93 0.94 0.89 0.03 0.29 0.4
NO3- 0.73 0.70 0.62 0.78 0.63 0.7] 0.48 0.47 0p2 0.56 66 2 0.70.81 0.63 0.12 0.14 0.4
SO4-- 0.98 -0.03] 0.95 0.73 0.6! 0.48 0.38 [0 &) 0.78 969 0.99.88 0 0.97 -0.13 051 0.59
Na+ -0.03 | 092 0.69 0.54] 0.53 0.46 0.14 0.70 0.65 0.97 0.88 .99 .17 -0 0.48 0.56
NH4+ 0.16 0.32 0.56 0.42 0.50 0.8 0.08 0.34 0.00 029 -013  048.47-0 -0.19
Al 0.86 0.80 0.58 0.46 0.43 8
Ti 0.91 0.81 0.67 0.66]
Fe 0.62 0.51 0.86
Cu 0.96 0.52 0.52
Zn 0.50 0.33 0.41 0.41 0.51
Ba 0.52 0.68 0.54 0.54
Rb 0.89 0.80 0.80
Cs 0.86 0.86 0.61 052 -008 -0.0
nssMg 091 096 -004 046 o049
nssCa 0.29 0.10 0.19
nssNa -0.22 053 058
RH -084 -0.78
Temp 0.84
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5.4.5. Chloride depletion

Chloride depletion plays an important role in atmospheric processes as it changes the
deliguescence points and optical properties of coarse particles (Finlayson-Pitts, 2003). Many
studies have reported the depletion of chloride along coastal areas. Yet, the factong afffecti
degree of depletion are not completely understood. Zhuang et al. (1999) attributed the depletion
of sea salt to both HNand HSC, in Hong Kong, and observed that the rate of depletion was
dependent on relative humidity, particle size and the relative abundanc& an@€&ld. Another
study in Newark, New Jersey concluded that nitrate, and to a lesser extent sulfate and organic
acids, were responsible for chloride depletion in that area, and less depletion was observed when
the air masses were directly originated from the Atlantic Ocean (Zhao and Gao, 2008a). In this
study, the degree of chloride depletion was examined at the three sampling sitesantdiffer

periods of the day, enabling us to understand the factors that influence this depletion process.

(a) (b)

Figure 5-6 Chloride depletion and nitrate replacement scatter-plots in a) summer and b) winter.
Dark legends refer to the sum of [CI-] + [NO3-], and gray legends refer fo [CI-

Figure 5.6 (a and b) shows scatter plots of| pgJainst [N&], in the unit of molar equivalent

concentrations. The average observed/[8h°] equivalent ratio is lower in summer (slope =
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0.24) compared with winter (slope = 0.44), indicating that more depletion is observed in summer
due to enhanced photochemistry and higher concentrations of acidic gas-phase species under
higher temperature. Less depletion, as shown by the highE[N&1] equivalent ratio, as

presented in Figure 5.6 and 5.7, was observed in the overnight sampling period in both seasons
due to lower levels of acidic gases at night (Wall et al., 1988), which further cortiatrthe
concentration of acidic gas is an important parameter influencing the degree of déeplti®n

basin.

As depletion primarily results from nitric acid reacting with sodium chloride to form sodium
nitrate and hydrochloric acid, the ratios of the sum of g2id [NQ;] / [Na'] is also plotted as the
dark legend in Figure 5.6. The regression slope in summer (slope = 0.99) falls close to the
theoretical seawater ratio of [{fINa'] (slope = 1.17), with a fof 0.85, confirming the role of
nitrate in chloride depletion, and that nitrate in CPM is predominantly formed by the depletion
reaction in summer. The slightly lower slope indicates that a minor fraction of the depligfitin m
be caused by other species such asS®&$-and organic acids, as shown in other studies (Zhuang
et al., 1999). In winter, both the sea salt concentration and the rate of depletion were lower. The
regression slope of sum of [Cand [NQ;]/ [Na'] is 1.40, indicating that excess nitrate,
generated by means other than sea salt depletion, is present.

In addition to chloride depletion, the two other major formation mechanisms of coarse mode
nitrate particles are: 1) reactions of nitric acid on soil dust PM, and 2) condensation of ammoni
nitrate on CPM surfaces, which would be expected in cooler winter months. Noble and Prather
(1996) demonstrated the association of both marine and soil particles to super-micron nitrate

particles in Riverside, CA. Many studies have also observed the presence of sulfate and nitrate on
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soil particles (Wu and Okada, 1994; Zhang et al., 2000; Zhuang et al., 1999). A study conducted
in Italy suggested that NGshifts to the super-micron range in episodes of high coarse dust
concentrations by adsorption of Hil@Gnto dust particles (Putaud et al., 2004). The abundance of
both soil and sea salt particles would therefore explain the high nitrate concentratiss in t
study.

Figure 5.7 shows the diurnal concentrations of excess ammonium, as well as equivalent
ratios of [CI] / [Na'] and sum of [C] and [NQ;] / [Na']. When sea salt concentration was high,
the [CI] + [NO3] / [Na'] ratio was within 20% of the theoretical value of 1.17. In some periods
when sea salt concentration was low in summer (LAN midday, PIU morning, RIV morning and
midday), a small fraction of excess nitrate was observed, probably due to the analytical
uncertainty associated with low concentrations. In summer, ammanoigentrations were not
high enough to fully neutralize sulfate in CPM with the exception of the USC overnight period. In
winter, NH,"/ nssS@ > 2 for most of the time periods, indicating the presence of excess
ammonium, as illustrated in Figure 5.7b. At RIV, high levels of excess nitrate were observed
(equivalent ratio of the sum of [Ck [NO3] / [Na'] > 2) when levels of excess ammonium were
also high, suggesting the presence of ammonium nitrate at that site. As previously mentioned,
many studies observed the uptake of nitric acid on mineral dust particles, particularlfprmthe
of Ca(NQ),and Mg(NQ), (Usher et al., 2003). In this study, levels of nss-Ca (on average 97.6
ng/nt and 78.9 ng/min summer and winter respectively) were much higher than nss-Mg (on
average 8.70 ngfand 4.22 ng/fhin summer and winter respectively). Correlation coefficient
(R) between nitrate and nss-Ca and nss-Na is 0.81 and 0.63 at RIV respectively, suggesting that

both chloride depletion and the reaction with soil particles are important formation mechanisms
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of coarse particulate nitrate at this site. These results imply that the excess ragaite in
winter at Riverside can be in the form of soil-associated calcium nitrate, as well as ammoni

nitrate, in addition to NaNggenerated by sea salt depletion.
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Figure 5-7. Diurnal profile of excess ammonium ion concentration (ng/m3) and molar equivalent
ratios of [CI-] / [Na+] and sum of [CI-] and [NO3-] / [Na+] in: (a) summer and (in}ev.

5.5. Summary and Conclusions

The diurnal profile of chemical groups and constituents of CPM differs signifidantly
summer and winter. Highest concentrations of CPM gravimetric mass, crustal materials and trace
elements, vehicle abrasion, and water soluble organic carbon were observed in summer midday
and / or afternoon when the wind speed was higher for all the three sampling sites. On the other
hand, high levels of sea salt particles and secondary ions were experienced in the summer
overnight period at USC. In winter, the Los Angeles Basin is characterized by frequent stagnation
conditions, and vehicle-induced turbulence becomes a significant mechanism of particle
re-suspension when mixing height was low, as highlighted by the high concentrations of CPM
mass, as well as soil and road dust in the winter overnight period at the near freeway sampling

sites. Nitrate, which has been shown to be the most abundant species in the CPM, is
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predominantly formed by chloride depletion in summer. A significant nitrate peak is observed in
the afternoon at the inland sites (LAN and RIV), consistent with the diurnal profile of sea sal
concentrations. In winter, high levels of nitrate were found during overnight. Due to the overall
lower sea salt levels in winter, the reactions with sea salt and mineral dust partislels asghe
condensation of ammonium nitrate on PM surfaces are the dominant formation mechanisms of
nitrate in the coarse patrticles.
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Chapter 6 Diurnal Trends in Oxidative Potential of Coarse Particulate Matter in the Los
Angeles Basin and Their Relation to Sources and Chemical Composition

6.1. Abstract

To investigate the relationship between sources, chemical composition and redox activity of
coarse particulate matter (CPM), three sampling sites were setup up in the Los Angeles Basin to
collect ambient coarse particles at four time periods (morning, midday, afternoon and overnight)
in summer 2009 and winter 2010. The generation of reactive oxygen species (ROS) was used to
assess the redox activity of these particles. Our results present distinct diofifesd pf
CPM-induced ROS formation in the two seasons, with much higher levels in summer than winter.
Higher ROS activity was observed in the midday / afternoon during summertime, while the peak
activity occurred in the overnight period in winter. Crustal materials, the majgaent of
CPM, demonstrated very low water-solubility, in contrast with the modestly water-soluble
anthropogenic metals, including Ba and Cu. The water-soluble fraction of four elements (V, Pd,
Cu and Rh) with primary anthropogenic origins displayed the highest associations with ROS
activity (R>>0.60). Our results show that coarse particles generated by anthropogenic activities,
despite their low contribution to CPM mass, are important to the biological activity of CPM, and
that a more targeted control strategy may be needed to protect the public health from these toxi
CPM sources.
6.2.  Introduction

A review article of over 30 epidemiological studies on the effect of fine and coarse particle
on mortality and morbidity revealed evidence that CPM had similar, or stronger short-exts eff

as fine PM on asthma and respiratory hospital admissions, as well as chronic obstructive
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pulmonary disease (Brunekreef and Forsberg, 2005). In particular, the investigators called for
consideration in studying and regulating CPM separately from fine particles. Whereas the
temporal, spatial and toxicological characteristics associated withdd PM, is more
thoroughly investigated, there is a dearth of equivalent information on coarse particles. To
develop cost-effective air quality regulations for protecting the public health fRivhe&Xposure,
it is essential to establish the linkage between their sources and chemical composiimityo t
Although a number of studies investigated the relationship between sources and toxicity in
ultrafine PM, PMsand PM,(Hu et al., 2008; Shafer et al., 2010; Verma et al., 2009a), very
limited literature has examined the effects of CPM independently. Unlike the dominance of
organic materials and secondary ions in fine particles (Arhami et al., 2009; Ning et al., 2007),
metals and elements are the core components of CPM in both rural and urban environments
(Cheung et al., 2011b; Hueglin et al., 2005; Sillanpaa et al., 2006). Furthermore, metals in the
coarse fraction primarily arise from mineral and road dust, in contrast to the combustion origins
of the ultrafine and accumulation particles. Since chemical characteristics directlytaffects
generation of PM-associated toxicity (Cho et al., 2005; Schwarze et al., 2007; Shafer et al., 2010),
the different chemical composition of CPM might induce toxicity differently than othetidns
of PM.

The generation dROSand the subsequent induction of oxidative stress plays a significant
role in adverse health outcomes related to particle exposure (Nel, 2005; Tao et al., 2003). A
number of studies have shown that PM components can induce pro-inflammatory responses in
human airways through their ability to form ROS (Barnes, 1990; Nel et al., 2001). The presenc

of transition metals could enhance the formation of hydroxyl radical- a strong oxidizing species,
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via Fenton or Fenton-like reactions. In particular, water-soluble species, especially megals, hav
been shown to be the key drivers of ROS generation (Goldsmith et al., 1998; Prophete et al.,
2006). On the other hand, key atmospheric parameters such as mixing height, wind speed and
direction, as well as emission sources and their strengths all vary in scales shorter thas, 24 hou
which could result in the diurnal variation of chemical composition and thus redox activity. The
temporal variability of CPM-induced toxicity has important implications in terms of exposdire an
risk assessment of CPM exposure, and will help determine the actual impact of CPM toxicity on
public health. In this study, CPM was collected at four daily time periods (morning, midday,
afternoon and overnight) at three distinct sampling sites to study the diurnal charactdristics
chemical composition and oxidative potential of ambient coarse particles. The CPM-induced
generation of ROS was measured by an in-vitro bioassay and used to evaluate the toxic activity of
these particles. The goals of this study are to determine the diurnal variability oindBdéd
oxidative potential and to identify specific CPM species / source classes (if any) teahdriv
ROS activity. This information will ultimately help the regulatory communities taqydesiore
targeted and effective control strategies to protect the public health from CPM exposure.
6.3. Methodology

Details of the sampling location, equipment and methods are described in the previous
chapter (Chapter)s
6.3.1. Chemical analyses

To determine the concentration of total metals and elements, the substrates were digested in
an acid mixture (1.0 mL of 16 N HNQO.1 mL of 28 N HF, and 0.25 mL of 12 N HCI) in a

Teflon digestion bomb using a microwave-assisted digestion unit. The digestates were
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subsequently analyzed by high resolution inductively coupled plasma-mass spectroscopy
techniques (HR-ICPMS) (Shafer et al., 2010). The levels of water-soluble metals and elements
were guantified using the same HR-ICPMS technique, with the extraction conducted using 10 mL
of Milli-Q water (Millipore, Bedford, MA, USA) followed by filtration using 0.45 pnitérs. The

water extracts were also analyzed by a Sievers total organic carbon analyzer (General Electric,
Inc.) (Zhang et al., 2008b) and ion chromatography (Lough et al., 2005) to determine the levels of
water-soluble organic carbon (WSOC) and water-soluble ions, respectively.

The generation of ROS was quantified usingnavitro assay described in greater detail
elsewhere (Landreman et al., 2008; Zhang et al., 2008b). Briefly, substrates were extracted with
1.0 mL of Milli-Q water for 16 hours, in the dark, on a shaker table. After removing the filters,
samples were centrifuged at 6600 RPM for 1 minute and the supernatant were filtered through
0.22 um polypropylene syringe filters. The agueous solutions were then buffered using 10x
concentrated Salts Glucose Medium. The buffered PM extract solutions were subsequently split
to prepare aliquots of diluted and non-diluted samples in triplicates. The aliquots were mixed with

1 -fichlorofluorescin diacetate and then added to rat alveolar macrophage celisgcell |
NR8383) that were previously plated into 96-well plates, and incubatedGf@72 hours. The
plates were read 5 times (at 0, 30, 60, 90, 120 minutes) using a Cytoflour 1l automated
fluorescence plate reader at a wavelength of 485/530nm. The samples were analyzed along with
positive (Zymosan, urban dust extracts) and negative (method blanks) controls. ROS activity was
reported as the increase in the fluorescence intensity of the PM samples relativebséerved
in the controls. The results were reported in units of Zymosan equivalents. Samples were

analyzed with laboratory and field blanks, and all reported values have been method and field
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with the exception of four water-soluble trace elements (Th, Lu, Cs and Sn), which experienced
high field blanks concentrations, and were excluded in the analysis. Total uncertainties were
determined based on the analytical uncertainties and uncertainties of field blanks.
6.4. Results and Discussion
6.4.1. Overview

Chemical species were categorized into: (1) crustal materials and trace elementsEEM + T
(2) abrasive vehicular emissions (AVE); (3) water-soluble organic carbon (WSOC)a @8lse
(SS) and (5) secondary ions (Sl). Their diurnal profiles have been presented in the & tzaputer
only a brief summary is described here. It should be noted that although coarse particulate Fe is a
major soil constituent, it could be enriched by anthropogenic sources in urban areas (Gietl et al.,
2010). The inclusion of Fe in the crustal material group might have overestimated the
contribution of soil from Fe.

Overall, the group of CM + TE, primarily composed of crustal elements of Al, Fe and Si,
was the most abundant category of CPM at all three sampling sites (avg.=4.20 epels of
these crustal materials were higher at RIV (avg.=7.7 f)giman LAN (avg.=2.0 ug/f) / USC
(avg.=3.4 pg/m), due to the semi-rural receptor nature of the area. Abrasive vehicular emissions
refer to the emissions from the abrasion processes of tire wear, brake linings, catalyst
deterioration, etc. Metals and elements that originated predominantly from eelgbrasion (Cu,
Ba and Zn) were much less abundant (avg.=0.19 Jig8ea salt levels were higher in summer
(avg.=0.53 pg/m) than winter (avg.=0.28 pgfn Secondary ions, primarily composed of nitrate,

and to a lesser extent sulfate and ammonium, had an overall average of 0.5vjty/fawer
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concentrations at LAN. WSOC concentrations were low at LAN (avg.=0.07 Pafm USC
(avg.=0.078 pg/rf), with higher levels at RIV (avg.=0.65 pg/mThe diurnal profiles of CPM

differ substantially in summer and winter (Figure 6.1), due to the combined effects of different
source strengths, meteorology and primary re-suspension mechanisms. Levels of CPM mass,
mineral and road dust, as well as WSOC were highest in summer midday / afternoon, concurrent
with the higher wind speed during those periods. In winter, atmospheric dilution was lower due to
stagnation conditions during the sampling period, resulting in the accumulation of air pollutants.
In particular, turbulence induced by vehicular movement (especially heavy-duty vehicles) became
a major re-suspension mechanism of CPM in the calm and stagnant atmosphere during winter
nighttime (Cheung et al., 2011c). As a result, levels of mineral and road dust were eletraed at
near-freeway USC site, and to a lesser extent the RIV site during winter overnight. Tihigind
consistent with many other studies that showed vehicular movement could contribute
substantially to the re-entrainment of coarse mode aerosols (Charron and Harrison, 2005;

Harrison et al., 2001; Pakbin et al., 2010).
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Figure 6-1 Diurnal profile of chemical composition in: (a) summer and (b) winter. Error bars

represent analytical uncertainties.
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6.4.2. Water solubility of elements

Particle solubility is an important physico-chemical property that affects its biabNiay
to human cells (Costa and Dreher, 1997). The water-soluble components of particles are more
easily bioavailable, and they have been shown to be the key drivers of PM-induced toxicity in
both in-vivo (Roberts et al., 2007) and in-vitro studies (Goldsmith et al., 1998). Big@usbhows
the overall water solubility of selected metals and elements of the CPM sampled in this study,
calculated as the ratio of the water-soluble to the total elemental concentratiachfepeeies. In
general, the trend of water solubility was similar seasonally and spatially, ancthsefiond
DQG WKLUG TXDUWLOHV RI VROXELOLW\ DUH SUHVHQWHG 6SH
24 data points) under detection limit (2 x total uncertainties) were not included in tyssana
Using such criteria, 12 out of 45 elements, mostly rare earth elements, were excluded due to the
trace levels of the water-soluble fraction of these species. As seen in Figure 6.2, elehesga wit
salt origins, such as sodium (Na), magnesium (Mg) and calcium (Ca), are quite soluble. Although
not shown, the fraction of water-soluble Na was highest in the afternoon and overnight periods in
summer, parallel to the high sea salt levels observed. The median water-soluble fraction of Na
was also highest at USC due to its proximity to the coast compared to RIV and LAN, leading to
higher fractions of sea salt particles at that site. While metals and elements are the dominant
components of ambient coarse patrticles (Cheung et al., 2011b; Sillanpaa et al., 2006), most of
these crustal materials are insoluble in water. This is evident from the very low sobftiiigse
crustal materials including Al (overall median=0.48%) and Ce (overall median=0.60%). One
particular exception would be Ca, since gypsum (Ca&30Q0) is moderately water-soluble.

Calcium nitrate, resulting from the reaction of mineral dust (or sea salt) andanittjgs highly
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water-soluble as well (Cheung et al., 2011c; Usher et al., 2003). On the other hand, elements of
anthropogenic origins experienced moderate solubility, consistent with previous published work
(Birmili et al., 2006). Metals primarily originated from brake wear, such as Ba and Cu, have a
median solubility of 15% and 12%, respectively. Zn, with several potential anthropogenic sources
including industrial emissions as well as tire and brake wear (Pakbin et al., 2011), alsedxhibit

moderate solubility with a median of 21%.

Figure 6-2 Water solubility of selected metals and elements, calculated across three sites, four
periods and two season$' duartile, median and“quartile is shown. Species with > 25% of data
points under detection limit (2 x total uncertainties) were excluded.

6.4.3. ROS activity

ROS is a collective term to describe species that contains oxygen and is highly reactive,
such as oxygen and hydroxyl radicals. ROS activity, assessed by an in-vitro method in this study,
represents the oxidative potential of ambient coarse particles. This cellular method provides a
comprehensive evaluation of PM-induced ROS activity as it takes account into both the direct (by
the PM aqueous extracts) and indirect (resulting from cellular stimulation) formafidS%y and

provides an assessment of total ROS activity resulting from hydroxyl radical, peroxide,
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superoxide radical, and peroxynitrite (Shafer et al., 2010). Note that ROS is naturally produced in
FHOOV DV D 3E\SURGXFW  RI @RidRdi@n ¢hetWhy &ydsim DFWLYLW\
antioxidants (e.g. glutathione).This baseline activity is accounted for in the assagries ot

negative controls / blanks. The ROS activity of the PM measured / reported is that in excess of
baseline and thereby allows for effective comparison of PM oxidative potential. We perform the
assay under conditions where the ROS produced is not overtly toxic to the macrophage cells to
ensure that cell viability issues do not impact our assessment of the relative and absolute

oxidative potential of the PM.
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Figure 6-3 Diurnal profile of ROS activity on a: (a) air volume basis and (b) PM mass basis.

Figure 6.3(ab) shows the diurnal profile of ROS activity (expressed per air volume and per
PM mass basis) of the three sampling sites in summer and winter. ROS activity expressed per
volume of air represents the toxicological activity imparted on the environment by these particles
which, in some respect, makes it more relevant in the context of population exposure, compared
to the more traditional representation of toxicity on a per PM mass basis. On a per air volume

basis, ROS activity was generally higher in summer than winter. In summer, ROS activity peaked
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in midday / afternoon. At USC, ROS activity was highest in midday at 26.2 pug Zgrmoga/nf,
while the peak occurred in the afternoon at RIV (23.9 ug Zymosan uf)itsiu LAN (16.3 ug
Zymosan units/f). In winter, higher ROS activity was observed overnight at USC (5.2 pg
Zymosan units/ff) and RIV (24.6 pg Zymosan unitsiimThis finding indicates significant
diurnal and seasonal variations in the toxicity of ambient coarse particles, which should be
considered in the air-quality related regulation and policy. In general, the diurnal trend of ROS
activity is similar on both per mass and per volume basis, with the exception of USC in summer.
The mass-based ROS activity of summer overnight (1440 pg Zymosan units/mg of CPM) was at
a similar level with the midday (1140 ug Zymosan units/mg of CPM) and afternoon (1190 pg
Zymosan units/mg of CPM) activity, in contrast to the lower overnight activity, compared to
midday / afternoon, on a per volume basis. This suggests that the mass fraction of CPM emitted
by sources that drive ROS generation was higher overnight, either due to an increase in their
emission strengths, or to a reduction in the fraction of non-ROS active components.
6.4.4. Association between ROS activity and water-soluble elements

To elucidate the relationship between ROS activity and individual elements (and possibly
classes of CPM sources), a linear regression analysis was performed. Table 6.1 shows the
coefficient of determination (R-squared) between ROS (Zymosan ufitsch the water-soluble
(WS) fraction of selected elements (ndynHigh correlations (R0.60) were observed for WS
vanadium (V), palladium (Pd), copper (Cu) and rhodium (Rh), which are indicative of
anthropogenic sources (Pakbin et al., 2011). These high associations were consistent in summer
and winter, as illustrated in Figure 6.4 using WS Cu as an example. On the other hand, lower

associations were found for WS Fe and Al, the tracers of crustal materials (Cheung et al., 2011b),
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probably because of the very low water solubility of these elements, and / or the low intrinsic
redox properties of crustal elements in the coarse fraction. The regression analysis was repeated
using concentrations of total elements as independent variables. Although not shown, the
coefficients of determination between ROS activity and total metals all fall below 0.56. The
overall lower associations are consistent with the fact that the bioassay was conducted using
filtered aqueous extracts, and only the water-soluble elements were exposed to the macrophage

cells.

Table 6-1 Coefficient of determination Rbetween ROS activity and selected water-soluble
(WS) elements.

WSV WS-Pd WS-Cu_ WS-Rh WS-Ba WS-Ni _WS-Pb _WS-Fe WSTi WS-l
ROS 0.74 0738 064 016 023 003 | 042 014 016
WS-V 067 064 036 026 004 039 015 027
Ws-Pd 027 026 006 | 035 011 034
ws-Cu 071 033 029 008 029 012 028
WS-Rh 014 . 034 011 = 025 007 | 053
WS-Ba 008 001 007 004 | 025
WS-Ni 005 004 000 019
WS-Pb 029 026 028
Ws-Fe oss o017
WS-Ti 0.06

Platinum group elements (PGEs) of Pd and Rh are commonly used in automobile catalytic
converters. They are believed to be emitted to the atmosphere from mechanical and thermal
stresses in operation (Zereini et al., 2001), and their presence have been observed in both the fine
and coarse fractions of ambient PM in many other areas (Kanitsar et al. R20@8; et al., 2001).

Rauch et al. (2005) observed the presence of super-micron-PGEs (as a major or minor component
on Al/Si oxide) in automobile exhaust and urban air in Sweden using scanning electron
microscopy. In this study, the overall average concentration of total Pd and Rh was 0.0438 *

0.041 ng/mand 0.0138 + 0.015 ng’nrespectively, with higher concentrations observed during

USC winter overnight and in the afternoon and overnight period at RIV in winter. Traffic-induced

turbulence might be a major re-suspension mechanism of CPM during winter nighttime when
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atmospheric dilution was lowest, leading to the high levels of the traffic-relatiediens in

these periods, as discussed in a greater detail in Chapter 5.
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Figure 6-4: Correlations between measured ROS activity and water-soluble Cu in: (a) summer and

(b) winter.

CPM-bound copper is typically produced by the wear of brake pads and linings (Garg et al.,
2000; Hjortenkrans et al., 2007; Lin et al., 2005). Cu is used as high-temperature lubricant in
brake linings, and is emitted primarily from mechanical wear (Sanders et al., 2003). The overall
average concentration of total Cu was 154 (+150) h@m it could be considered as the most
significant element with anthropogenic origins in CPM. Higher levels were observed at USC and
RIV, where the sites are more heavily influenced by vehicular emissions and re-suspension. In
particular, agricultural activities and vehicle movement on dirt, unpaved roads, or paved roads
with unpaved shoulders, could generate and re-entrain a significant amount of road dust in
semi-rural regions (Chow et al., 1992), and might contribute to the high levels of Cu at the RIV
site.

The sources of vanadium are more diverse. A recent study conducted in the Los Angeles
Basin suggested that even in CPM, V could be generated from ship emissions (Pakbin et al.,

2011). A study in the Los Angeles-Long Beach Harbor area also revealed significant levels (ca.
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1-2 ng/m) of V in the accumulation and coarse PM mode, and suggested that V could be
originated from emissions of bunker-fuel and oil combustion (Krudysz et al., 2008). Addjtional
Schauer et al. (2006) demonstrated the presence of vanadium in brake wear and road dust.
Overall, ®M-bound vanadium, with an overall average concentration of 0.93 negid be
generated from a variety of sources. The high correlations between the water-soluble frattion of
and Pd (R=0.86), to a lesser extent CU/’&R.67), suggest that water-soluble V could be largely
originated from vehicular abrasive emissions in the coarse fraction of PM inuidhys st

Certain organic compounds, such as quinones and nitro-PAHSs, are capable of generating
superoxide radicals (Cho et al., 2005), which are responsible for the recycling of the precursors of
Fenton (or Fenton-like) reactions, and play a critical role in subsequent formation ofilge hig
reactive hydroxyl radicals. In particular, previous studies have demonstrated high correlations
between WSOC / OC content of PM and the consumption of dithiothreitol (DTT), an assay that
measures the generation of superoxide radicals (Verma et al., 2009a; Verma et al., 2011).
Nonetheless, these studies were conducted based on fine or quasi-ultrafine particlespnd the r
of organics on the toxicity of CPM is not well studied. While fine-particulate WSOCatsmgi
polar organic compounds and could originate from vehicular emissions (Kawamura and Kaplan,
1987) and secondary formation (Verma et al., 2009a), its source could be different in the coars
mode. In addition to the condensation of semi-volatile species on coarse patrticles, WSOC could
be distinctly originated from biological materials, which is the major component of CPM-bound
OC in this basin (Cheung et al., 2011b). The WSOC level of this study was reported pyeviousl
and it was highest at RIV among the three sampling sites (Cheung et al., 2011c). Correlation

between ROS and WSOC is moderat&=(R31) in this study. The site-specific correlation at RIV,
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which experienced the highest WSOC concentrations, was moderately low as*w@R2R
suggesting that the high WSOC content at RIV was driven by non-ROS active soluble organics.
Note that the term WSOC refers to a mixture of the water-soluble fraction of organic compounds,
which is likely to be originated from different sources with different physical andichem
properties. Therefore, it is possible that some of the compounds within the WSOC, although in
low concentrations, could comprise redox-active materials that initiate the formation of ROS.
Overall, the role of organics in CPM-induced toxicity is rather unclear due to the dominance of
biological material in OC / WSOC fraction. The organic content in CPM and its relapsnshi
with oxidative potential is a subject that may require further investigation.

In summary, the higher associations between ROS and the water-soluble fractions of V, Pd,
Cu and Rh suggest that, although in smaller mass fractions compared with crustal materials, these
species could be primarily responsible for the oxidative potential of ambient CPM. In particul
vehicular abrasive emission-the common origin of V, Pd, Cu and Rh in the coarse mode- could be
a potential source driving CPM toxicity. The high internal correlations among these four species
do not allow further investigation of their independent contribution. The use of more
sophisticated statistical analysis methods, such as Principal Component Analysis (PCA) or
Positive Matrix Factorization (PMF), which could potentially provide more insightful results
linking ROS and CPM species / sources was precluded by the limited number of data points
generated in this study.
6.4.5. Comparisons with other studies

A number of studies have been conducted to evaluate the oxidative potential of aerosols of

different size fractions and distinctive origins. Table 6.2 shows a summary of the studies that
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guantify ROS generation using the same method (in-vitro bioassay) as described in section 6.3. In

an earlier study conducted in the downtown Los Angeles area, water-soluble V, Ni and Cd were

the significant predictors-which have intrinsic redox properties- of ROS activity ingjtradine

particles (Verma et al., 2009a). Hu et al. (2008) investigated the chemical and toxicological

characteristics of PM in the coarse, accumulation and quasi-ultrafine mode in the Los

Angeles-Long Beach Harbor area, and revealed that organic carbon, water-soluble V and Ni were

linked to the generation of ROS. In 2007, fine particles were collected before and after a wildfire

event to characterize the impact of wildfire on PM in Los Angeles, and high associations between

ROS activity and a group of water-soluble metals including Cr, Ba, Pb, Fe, Ni, and V were

reported (Verma et al., 2009b). Based on the three studies conducted in the Los Angeles Basin,

ROS generation was linked to emission of combustion origins, particularly heavy oil combustion

(V and Ni). The results from our work, focusing solely on CPM, revealed that species of abrasive

origins could be responsible for generation of ROS activity in the coarse mode.

Table 6-2 Summary of studies that employed the same in-vitro bioassay as our study to examine

oxidative potential in ambient particulate matter.

Author and
Published Year

Location

Time/Period

Size Fractions

Association: High R 2 (>0.6) and
p<0.05

Current study

% Zhang et al.,
2008

° Hu et al., 2008

*t Verma et al.,
2009

8Vermaetal.,
2009

" Shafer et al.,
2010

Los Angeles
Basin, CA

Denver, CO

Long Beach and
Los Angeles, CA

Los Angeles, CA

Los Angeles, CA

Lahore, Pakistan

Diurnal samples in summer 2009 and
winter 2010

Daily samples for one year in 2003

Weekly composites on daily samples from
Mar-May 2007

Integrated samples in Oct-Nov of 2007,
during and after wildfire

Morning and afternoon samples in June
and August 2008

Samples collected every sixth day for a
full year from January 2007 to January
2008

Coarse particles

PM;5

Coarse, accumulation
and quasi-ultrafine
particles

PMzs

Quasi-ultrafine (< 180
nm) particles

PM;o and PM;5

Water-soluble V, Pd, Rh and Cu

Iron source and soil dust source
apportioned using water-soluble
elements, and water soluble
carbon factor

OC, Water-soluble V, Ni

Water-soluble Cr, Ba, Pb, Fe, Ni, V

Water-soluble Ca, S, V, Cd, Ni

For PMy,: water-soluble Mn, Co;
For PM, s: water-soluble Mn, Cd,
Ce
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A few studies evaluating PM-toxicity using other methods yielded results similar to our
study. To investigate the toxicity &M originating from contrasting traffic profiles in Europe,
Gerlofs-Nijland et al. (2007) sampled coarse and fine PM, and reported associations between
toxicological responses and brake wear (Cu, Ba) in coarse particles. In 2007-2008, Godri et al.
(2011) collected size-fractionated particles at roadside and urban background school sites in
London, and evaluated the oxidative potential using the depletion of ascorbate and glutathione.
The highest activity (per volume) was found for PM ranging from 1.9 to 10.2 um. Oxidative
potential, assessed using glutathione depletion, also increased with increasing pagticle si
consistent with the increased levels of Fe, Ba and Cu, which were likely emitted by brake wear
(Godri et al., 2011). Wang et al. (2010) conducted a study on coarse mode aerosols collected in
Los Angeles and Riverside, California, and suggested that the majority of hydrogen peroxide is
mediated by soluble Fe, Cu and Zn. A recent study also found that water-soluble Cu collected in
San Joaquin Valley, California is a potent source of generating hydrogen peroxide and hydroxyl
radical in fine and coarse patrticles (Shen and Anastasio, 2011). Furthermore, Fe but particular
Cu were linked to hydroxyl radical generating properties, measured by electron paramagnetic
resonance, in fine particles collected in B@Baulig et al., 2004). Water-soluble Cu was also
shown to be a major contributor to the generation of hydroxyl radical, characterized by the
consumption of ascorbic acid and the formation of dihydroxybenzoate, based on results from
diesel exhaust particles and ambient particles (PM < 180 nm) (DiStefano et al., 2009). The
abovementioned studies suggested that Cu was an important indicator of toxicity. In particular,
mechanical wear of automobiles, a major source of soluble Cu in CPM, might represent a source

that induces the generation of ROS in this size fraction.
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6.5. Summary and Conclusions

Overall, the ROS activity of coarse particle experienced distinct diurnal variation. In
summer, ROS activity peaked in midday / afternoon when wind speed was higher. Higher ROS
activity was observed overnight in winter as CPM was re-suspended primarily by traffic-induced
turbulence. It should be noted that the CPM-related oxidative potential described here represents
the toxicity of coarse particles in an outdoor environment. Particle intrusion from outdoor to
indoor is lower in coarse than fine PM (Abt et al., 2000). Polidori et al. (2009) showdidethat
indoorto-outdoor ratio was lowest for elemental coarse particles in comparison to those of
guasi-ultrafine and accumulation particles. The diurnal trend of oxidative potential preseated he
needs to be combined with personal exposure models in various microenvironments to estimate
the actual toxicity imparted by coarse particles on public health. Based on our resultSngegula
coarse particles using RM sor PMyymass standards might not be effective in controlling the
toxic sources of CPM. The elements that drive ROS activity in the coarse fraction are mainly
anthropogenic, and contribute to a relatively low mass fraction in that size range. More targeted
regulation may therefore be needed to protect public health from toxic sources of coarse particles.
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Chapter 7 Conclusions

7.1.  Characteristics of Coarse Particles
7.1.1. Mass concentration

The annual average of CPM mass concentrations ranged from 9.37 to 13.2atgHenl0
sampling sites based on data from the USC comprehensive CPM study (details described in
Chapters 2 and 3). Concentrations were 2 to 4 times higher in summer than winter. In particular,
higher CPM levels were observed at the two Riverside sites in warmer months, when high wind
speed facilitated regional transport and enhanced local re-suspension of coarse mode aerosols. In
winter, the CPM mass concentrations were generally lower due to the lower wind speed, with the
exception of the Long Beach site, where port-related activities contributed to both theresmissio
and re-suspension of coarse particles throughout the year. The overall correlation coefficients (R)
between PMy.sand PMgvary between 0.71-0.91 among the 10 sampling sites, indicating that
PMyq is a good surrogate of coarse particles. In general, higher correlations are observed in spring
and fall (R ranging from 0.80-0.98). In summer, the association betwegy Pand PM, was
lower (R ranging from 0.40-0.74) due to the high contribution of secondary aerosol formation to
fine PM as facilitated by photo-chemical reactions in warmer months in this basin (Pakhin et al
2010). Additionally, the strong onshore wind facilitated the transport of marine aerosolsnnland
summer, resulting in significant contribution of sea salt aerosols to the CPM mass. In winter, the
lower correlation (R ranging from 0.40-0.85) was driven by lower levels of CPM due to lower
wind speed which decreased its contribution to M general, the overall associations between
PM;o..sand PMg were good, with seasonal variations due to the diverse sources of fine and

coarse particles.
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7.1.2. Chemical composition

As presented in Chapter 2, Chapter 4 and Chapter 5, the chemical composition of coarse
particles £which mostly comprise of mineral and road dust, and to a lesser extent inorganic ions
and organic mattettis different from those of fine PM. The major origins of fine particles are
fossil fuel combustion and photochemical reactions in urban atmospheres, leading to the high
levels of carbonaceous compounds and secondary ions in the fine PM mode as previously
reported in the Los Angeles Basin. In contrast to anthropogenic origins of fine particles, CPM
arises primarily from natural sources such as mineral dust, as well as fresh and aged sea salt
aerosols. Although the concentrations of crustal materials and organic matter varied among
seasons, their relative contributions to CPM were consistent throughout the year, sudgesting t
source strength of soil dust and the associated biota is not significantly affected bgaonalsea
variation of meteorological conditions. On the other hand, both the concentrations and the
fractions of sea salt (both fresh and aged) experienced seasonal variations. Their levels were
higher in spring and summer, when the prevailing onshore wind was strong and regional transport
facilitated the transport of marine aerosols from coast to inland. In addition to the seasonal
variation, the diurnal variation of the chemical composition is significant. In summer, the
concentrations of CPM mass, mineral and road dust, and WSOC were highest in the midday /
afternoon, in parallel with the high wind speeds during those periods. In winter, the levels of
mineral and road dust, sea salt and inorganic ions peaked overnight, when atmospheric dilution
was low and traffic-induced turbulences became a dominant re-suspension mechanism. This is
particularly evident at the near-freeway sites in Los Angeles and Riverside. Overdiffehent

sources and formation mechanism, as well as the strength of the primary re-suspension
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mechanism of coarse and fine PM are the key drivers of their differential mass concentrations
observed.
7.1.3. Health effects

The generation of reactive oxygen species is used to characterize the oxidative pdtential
coarse particles. The CPM-induced ROS activity displayed distinct diurnal profiles iresumm
and winter, with higher levels in the warmer months. Higher ROS activity was observed in the
midday / afternoon sampling periods (11 a.m. to 3 p.m. and 3 p.m. to 7 p.m. respectively) during
summertime, while the peak activity occurred in the overnight period (7 p.m. to 7 a.m.) in winter.
Crustal materials, the most dominant component of CPM, displayed very low water solubility. On
the other hand, metals generated from anthropogenic activities such as tire and brake wear
experienced modest water solubility, which could increase their bioavailability to hursan cell
Correlation analysis suggests that water-soluble fraction of V, Pd, Cu and Rh are the key drivers
of ROS activity. These constituents primarily originate from anthropogenic agiviticoarse
particles. Despite their low contributions to the mass concentrations, they are imjpoattiant t
biological activity of CPM.
7.2.  Discussions and Recommendations
7.2.1. Limitations of current investigation

This investigation aimed to identify the linkage between source, chemical composition and
toxicity of coarse particles, and to help the regulatory community to establish cost-effective PM
regulations. Through the current investigation, the chemical mass composition, as wall as the
spatial and temporal characteristics is well characterized in the Los AngelestiBasiby

providing valuable scientific information for environmental policy decision making. Nonetheless,
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due to the higher settling velocity and heterogeneity of coarse particles, the resefeted from
this study might only be applicable in the Los Angeles Basin. Since the sources and formation
mechanism of coarse particles could vary considerably spatially, extrapolation of the findings
developed based on this investigation to other areas needs to be proceeded with cautions.

On the other hand, the toxicity of coarse particles is evaluated using the in-vitro ROS assay
method, as described in a greater detail in Chapter 6. This bioassay is selected due to its
sensitivity to elements, which are abundant in CPM. More importantly, this assay has been shown
to be associated with airway and systematic biomarkers (using exhaled NO and plasma IL-6
respectively) in 60 human subjects (Delfino et al., 2010), whereas other commonly used
molecular assays, such as the dithiothreitol (DTT) assay and the ascorbate assay, did net correlat
with the observed health outcomes of that study. Therefore, the use of the cellular ®0S ass
very relevant in terms of health effects of airborne PM pollutants and thus is particularly
appropriate for the scope of this study. Nonetheless, although this bioassay is designed to be
responsive to ROS generated by a wide range of mechanisms and active species (peroxide,
hydroxyl radical, super-oxide radial, organic-peroxides), and thereby providing a comprehensive
evaluation of the oxidative potential induced by PM, the high levels of biological constituents
present in coarse particles, which might be partly responsible for CPM-induced adverse health
effects, might not be characterized in this bioassay. Therefore, it is importars thaidhe
toxicity data generated from this investigation represent only one of the many ways of evaluating
PM-induced toxicity.

7.2.2. Implications on epidemiological studies

In epidemiological studies, the mass concentrations of coarse particles are estilmated eit
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using direct (based on cascade sampling or impacaipisdirect (based on the difference
between the measured RMnd PM slevels) measurements. The latter of which is affected by
two measurement errors. The higher spatial heterogeneity of CPM, compareg) tnBAM s,
might also introduce uncertainty in the exposure characterization of coarse paviabes ét al.,
2010; Pakbin et al., 2010). In addition, the infiltration of ambient coarse panticdesndoor
environment is moderate to low, resulting in lower levels of CPM in¢fealidori et al., 2009).
Therefore, the actual exposure dose of coarse particles might be much lower than the ones
estimated based on the measured ambient levels in subjects that spent a consideration amount of
time indoor. All of the abovementioned conditions need to be carefully considered in the design
phase, as well as the exposure assessment ofiC&didemiological studies.
7.2.3. Recommendations for future research

Exposure to bioaerosols, which are predominantly comprised of plant pollen, spores and
microorganisms, can result in allergic, toxic and infectious responses in a large fradtien of t
population (Levetin and Perry, 1995; Ross et al., 2002; Targonski et al., 1995). The results of
current investigation suggest that the biological material is a major component of the organic
fraction of CPM. Therefore, further characterization of bioaerosols including the quéaintifich
fungi, bacteria, plant pollen, and spore materials might provide important knowledge on the
toxicity induced by the biological fraction of CPM.

As discussed in Chapter 6, the results from this study, focusing solely on CPM, as well as a
few other studies evaluating PM toxicity using other methods (Gerlofs-Nijland et al., 200v; Godr
et al., 2011), revealed that species of abrasive origins could be responsible for generdisn of R

adivity in the coarse mode. Therefore, road d#isomprising of crustal materials enriched by
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both tailpipe and non-tailpipe vehicular emissiat®uld be an important source of coarse
particle that generates redox-active constituents. In addition io-thieo evaluations of toxicity,
in-vivo studies will be useful to evaluate the toxicity of road dust and / abrasive materials
generated from dynamometer studies. Further characterization on the physico-chemical and
toxicological properties of road dust is also recommended.
7.2.4. Recommendations on coarse particle regulation

In contrast to the anthropogenic origins of fine particles, CPM predominantly arises from
natural sources including crustal and biological materials. Due to the distinct sources and
formation mechanism of fine and coarse PM, regulating coarse particles under the mass-based
PMyq standard might not be appropriate. The past and current PM standards are effective in
controlling particles of combustion origins, resulting in significant reductions of fineRié
last decade in this basin. In contrast, the levels of CPM remained similar in the last few years. In
the PM NAAQS review in 2006, the U.S. EPA has proposed to use a neyy £thndard in
replacement of the Pldistandard to regulate coarse patrticles. The proposeg.Rbtandard,
which is designed to be comparable to the currenyBMndard, displayed equivalency in the
urban areas of the Los Angeles Basin. On the other hand, in sub-urban or rural areas, where both
the wind speed and source strength of crustal materials are higher, the proposed standards are
more stringent. Therefore, the proposed;PMstandard is likely to impose a greater impact in
rural areas, where CPM concentrations are mostly driven by windblown dust. Although it is more
appropriate to control coarse particles using a@2hstandard, Ply} is generally a good
surrogate of coarse particles based on data collected in the Los Angeles Basin, where the levels of

coarse and fine PM are comparable. Using oxidative potential as a metric to evaluate toxicity,
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constituents that drive ROS activity of CPM are mainly anthropogenic in origin, and their
contributions to CPM mass are low. Therefore, using a mass-based standard, regardless of its
form, may not be effective in reducing the CPM sources that drive ROS activity. Based on the
results of this investigation, it is recommended to regulate coarse particles gehgaoatrols.
Prioritizing the critical PM sources that are responsible for inducing adverse hezdth affly be

the most effective approach to protect the public health from CPM exposure.
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