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ABSTRACT OF THE DISSERTATION

Using a Near-Explicit Model, GECKO-A, to Improve the Mechanistic Understanding of
Monoterpene Chemistry as Relevant to Secondary Organic Aerosol (SOA) Formation

by
Isaac Kwadjo Afreh

Doctor of Philosophy, Graduate Program in Chemical and Environmental Engineering
University of California, Riverside, December 2020
Dr. Kelley C. Barsanti, Chairperson

Monoterpenes, which are emitted from biogenic and pyrogenic sources, represent
a significant mass fraction of volatile organic compounds (VOCs) emitted to the earth’s
atmosphere. Monoterpenes exhibit wide diversity in molecular structure and ranges of
atmospheric lifetimes, and can impact climate and air quality through the formation of
secondary organic aerosol (SOA). To accurately predict the effects of SOA on climate and
air quality, better representation of monoterpene chemistry in chemical mechanisms and
improved SOA parameterizations are needed. For air quality modeling, the gas-phase
chemistry of and SOA formation from monoterpenes are often represented by one or two
model surrogates, despite the complexity in monoterpene chemistry and SOA formation
potential. While the simplified approach for representing monoterpenes in models
enhances computational efficiency, it results in uncertainties in model predictions.

As presented in this thesis, detailed studies of gas-phase chemistry and SOA

formation from monoterpenes were performed using a near-explicit chemical mechanism

Vi



and box model, GECKO-A. This includes the first mechanistic study of SOA formation
from camphene, a ubiquitous but understudied monoterpene. The mechanistic study of
SOA formation prompted a chamber study of this interesting compound, and comparison
between the model predictions and measurement data were performed. Finally, using
GECKO-A and published chamber data, gas-phase chemistry and SOA formation from 13
monoterpenes was studied in an effort to suggest a simplified modeling strategy that better
represented the complexity of monoterpene chemistry in air quality models.

The mechanistic study demonstrated that: (1) in the early stages of oxidation,
camphene formed very low volatility products, lower than commonly studied
monoterpenes a-pinene and limonene; and (2) the final simulated SOA yield for camphene
(46 %) was relatively high, approximately twice that of a-pinene (25 %). The model-
measurement comparison for camphene supported that camphene forms significant SOA.
The SOA yield trends were similar between the model simulations and the chamber studies
when nitrogenic oxides were present. The systematic study of the 13 monoterpenes
indicated that monocyclic monoterpenes with internal double bonds generally formed more
SOA than bicyclic monoterpenes with the exception of camphene. Cluster analysis (k-

means) was explored to optimize the number of monoterpene surrogates.
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Chapter 1: Introduction

1.1 Introduction

Global emissions of biogenic volatile organic compounds (BVOCs) are on the order
of 500 Tg carbon yr! (Guenther et al., 1995). Monoterpenes (CioHis) account for
approximately one-fifth of the total estimated BVOC emissions (Guenther et al., 1995).
Monoterpenes also represent a significant mass fraction of VOCs emitted from pyrogenic
sources, particularly from coniferous fuels (e.g., Akagi et al., 2013; Gilman et al., 2015;
Hatch et al., 2015). These atmospherically relevant monoterpenes exhibit large diversity in
molecular structure and reaction rate constants (Atkinson & Arey, 2003a, 2003b). Once
emitted to the atmosphere, monoterpenes can impact climate and air quality through the
production of secondary organic aerosol (SOA), which forms a large fraction of

atmospheric particulate matter (PM) (e.g., Jimenez et al., 2009; Kanakidou et al., 2004).

PM in the atmosphere is known to have effects on visibility, radiative climate
forcing, cloud droplet formation, and public health (Crutzen & Andreae, 1990; Heilman et
al., 2014; Jacobson et al., 2000; Kanakidou et al., 2004). PM affects visibility when
particles with sizes similar to wavelengths of visible light, absorb and scatter light
transmitted through the atmosphere (Jacobson et al., 2000). Furthermore, PM can directly
affect climate either by reflecting incoming solar radiation back into space leading to
atmospheric cooling or by absorbing solar radiation thereby causing atmospheric warming
(Crutzen & Andreae, 1990; Kanakidou et al., 2004; Poschl, 2005). In addition, PM can

indirectly affect climate by influencing cloud formation (Crutzen & Andreae, 1990;



Kanakidou et al., 2004; Poschl, 2005). Besides climatic effects, PM can also severely
impact human health (Bernstein et al., 2004). Based on epidemiology studies, human
exposures to PM can increase airway inflammation, initiate asthma, and exacerbate
allergies (Bernstein et al., 2004; Pdschl, 2005). Additionally, health studies suggest that
long-term exposures to PM can lead to death from lung and heart diseases (Bernstein et al.,

2004; Valavanidis et al., 2008).

Formation of secondary PM, or SOA, involves the oxidation of VOCs by
atmospheric oxidants - hydroxyl radicals (OH), ozone (Oz) and/or nitrate radicals (NO3) -
to form oxygenated products (Jacobson et al., 2000; Ziemann, 2011). Oxygenated products,
which result from addition of functional groups to the VOCs, generally have higher polarity
and lower volatility than the parent hydrocarbon, and therefore have a greater propensity
to condense into the particle phase (Ziemann, 2011). Hence, the extent of SOA formation
is dependent on the reactivity of the hydrocarbon and the volatility of oxidation products
formed (Atkinson & Arey, 2003b; Ziemann, 2011). The potential of a hydrocarbon to form
SOA can be quantified by its SOA Yyield, defined as the fraction of particle-phase mass
concentration relative to the amount of hydrocarbon reacted (Odum et al., 1996).

To represent SOA formation in chemical transport models, a chemical mechanism
is used to represent the reactivity of VOCs and subsequent oxidation product formation.
Examples of widely used chemical mechanisms in atmospheric models include SAPRC-
07, MOZART-4 (Model for Ozone and Related chemical Tracers, version 4), RACM
(Regional Atmospheric Chemistry Mechanism), and CB-05 (Carbon Bond 05) (Carter,

2010b; Edney et al., 2010; Emmons et al., 2010; Stockwell et al., 1997; Yarwood et al.,



2005). To enhance computational efficiency, most gas-phase mechanisms adopt
simplification strategies whereby individual VOCs are lumped into surrogate species,
largely based similarities in key properties including reactivity with OH and molecular
structure (Stockwell et al., 1990). Each lumped or surrogate species in the chemical
mechanism then follows a prescribed reaction scheme to form products (Carter, 2010a).
The lumping techniques used in the reduced chemical mechanisms are necessary because
of the: (1) numerous organic compounds and complex chemical reactions that need to be
represented for the atmosphere; and (2) enormous amounts of computer resources required
to run the detailed (explicit) reaction mechanisms (Goliff et al., 2012; Stockwell et al.,
1990; Zaveri & Peters, 1999).

Chemical mechanisms used in air quality models tend to have improved predictive
capability for ozone since ozone was of great importance in tropospheric chemistry at the
inception of these models (Horowitz et al., 2003). While such mechanisms are routinely
used for modeling SOA, their lumping approaches have not been optimized to best
represent the reactivity and properties of VOCs that serve as precursors to SOA. For
example, monoterpenes are often represented by one or two model surrogates in gas-phase
chemical mechanisms and SOA parameterizations used in chemical transport modeling
(Carlton et al., 2010; Carter, 2010b), even though monoterpenes are known to have diverse
chemical structures, different reaction rate constants with atmospheric oxidants (by orders
of magnitude), and varied propensity for SOA formation (Atkinson & Arey, 2003a; Griffin

et al., 1999; Horowitz et al., 2003; Valorso et al., 2011).



SOA parameters used in models are generally derived using a two-product model
or volatility-basis set (VBS) approach. The two-product model is based on gas/particle
partitioning theory, where two semi-volatile products are assumed to represent the
oxidation products of each VOC and can partition to an absorbing organic material phase
(Odum et al., 1996; Pankow, 1994). Each product is assigned two parameters: a mass-based
stoichiometric yield (o) and an equilibrium absorption coefficient (Kom). For the VBS
approach, the semi-volatile products are grouped based on the effective saturation
concentration (C*) of the products (Donahue et al., 2006). The C* values are usually
decadally spaced into “bins”, and the stoichiometric coefficients () (equal to the number
of bins) are then derived for each VOC (e.g., Pathak et al., 2007).

This thesis presents research on mechanistic studies of SOA formation from monoterpenes
and efforts to optimize the number of monoterpene surrogates for air quality modeling. The
Generator of Explicit Chemistry and Kinetics of Organics in the Atmosphere (GECKO-A),
an explicit chemical mechanism generator and SOA model, was used to generate nearly-
explicit gas-phase mechanisms of monoterpene oxidation and to simulate SOA formation
from individual monoterpenes under a varying NOx conditions and precursor
concentrations (Aumont et al., 2005; Camredon et al., 2007). Detailed GECKO-A results
discussed in this thesis included product formation, carbon budgets, distribution of gas-
and particle-phase species in carbon oxidation state — volatility space, and mass-based
contributions of compounds to SOA as a function of number of carbons and functional
groups. Also presented are comparisons of the model results with chamber data to assess

model performance.



The first mechanistic study of SOA formation from camphene is presented in
Chapter Two. Camphene was compared with two well-studied monoterpenes, a-pinene and
limonene. GECKO-A simulations were run under chamber-relevant conditions to capture
trends in simulated SOA yield and to allow comparison with published chamber data.
Model simulations were also run under idealized atmospheric conditions to allow a more
direct comparison of camphene with a-pinene and limonene. Parameters considered in the
comparison included gas-phase oxidation pathways, gas-phase reactivity profiles, time-
evolution of SOA mass and yields, and physicochemical property distributions of gas- and
particle-phase products.

A model-measurement comparison of camphene SOA formation is presented in
Chapter Three. Since the model simulations described in Chapter two suggested very high
SOA vyields were possible, simulations and chamber experiments were run with similar
initial conditions to allow comparison, and that they were guided by the prior results. The
simulation results were used to explain SOA trends observed in the chamber data. Further,
the effects of initial hydrocarbon concentration and NOx condition on the gas-phase
reactivity and the product distribution of camphene SOA were studied.

The mechanistic study of SOA formation from 13 monoterpenes commonly
measured in the ambient atmosphere, and approaches for developing accurate but
manageable parameterizations for air quality models, are presented in Chapter Four. The
ability of GECKO-A to reproduce chamber observations for six of the 13 monoterpenes
was evaluated by comparing modeled SOA mass concentrations and yields with measured

SOA mass concentrations and yields from two studies that evaluated multiple



monoterpenes (minimizing effects of chamber-chamber variability on the results): Lee et
al. (2006) and Griffin et al. (1999). Effects of molecular structure on gas-phase reactivity
and SOA formation from monoterpenes were studied. Simplified modeling strategies that
better represent the complexity of monoterpene chemistry in air quality models are

proposed.
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Chapter 2: Using GECKO-A to derive mechanistic understanding of SOA
formation from the ubiquitous but understudied camphene

2.1 Introduction

Sources of atmospheric monoterpene (C1oH1s) emissions are diverse, and include
biogenic sources (Geron et al., 2000; Guenther et al., 1995; Hayward et al., 2001;
Kesselmeier and Staudt, 1999; Kim et al., 2010; Ludley et al., 2009; Maleknia et al., 2007;
Rinne et al., 2000; Steinbrecher et al., 1999; Tani et al., 2003; White et al., 2008), as well
as pyrogenic sources (Akagi et al., 2011, 2013; Gilman et al., 2015; Hatch et al., 2015;
Simpson et al., 2011). Monoterpenes account for an estimated one-fifth of total global
biogenic volatile organic compound (BVOC) emissions (Guenther et al., 1995; Hallquist
et al., 1999). Quantities and identities of monoterpenes emitted from biogenic sources
primarily depend on plant species and temperature/light (Geron et al., 2000; Hayward et
al., 2001; Yafez-Serrano et al., 2018). Studies across biogenic source types (e.g., terrestrial
vegetation, soil, and marine) typically include up to 14 individual monoterpenes, with a-
pinene, B-pinene, camphene, 3-carene, limonene, myrcene, p-ocimene, and sabinene being
the most widely reported and having the highest emissions (Ambrose et al., 2010; Béck et
al., 2012; Fehsenfeld et al., 1992; Geron et al., 2000; Hayward et al., 2001; Rinne et al.,
2000; White et al., 2008; Yassaa et al., 2008). As with biogenic sources, the identities and
quantities of monoterpenes from pyrogenic sources (e.g., biomass burning) vary as a
function of plant species and fuel component (Hatch et al., 2019). Approximately 30

monoterpene isomers have been observed from biomass burning sources, with a-pinene, p-
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pinene, camphene, 3-carene, limonene, and myrcene being commonly detected (Akagi et
al., 2013; Gilman et al., 2015; Hatch et al., 2015).

Monoterpenes have a wide range of molecular structures, atmospheric lifetimes,
and secondary organic aerosol (SOA) formation potentials. The molecular structures of
monoterpenes can be acyclic or cyclic (with variability in the size and number of rings)
and can include one to three C=C double bonds (Atkinson and Arey, 2003b; Calogirou et
al., 1999; Jacobson et al., 2000; Lee et al.,, 2006a). The reaction rate constants of
monoterpenes with atmospheric oxidants vary by orders of magnitude (Atkinson and Arey,
2003a; Geron et al., 2000); also, their atmospheric lifetimes vary from minutes to days
(Atkinson and Arey, 2003b). Monoterpenes can react with atmospheric oxidants to form
less-volatile oxidation products leading to the formation of SOA. SOA composes a
significant fraction of atmospheric fine particulate matter (PM2:s), which adversely affects
air quality and impacts climate (Almatarneh et al., 2018; Hallquist et al., 1999; Jacobson
et al., 2000; Kanakidou et al., 2004). The extent of SOA formation from monoterpenes can
vary significantly, due to differences in their structures, reaction rates, and volatility of
their oxidation and accretion products (Griffin et al., 1999; Ng et al., 2007; Zhang et al.,
2015).

Over the past two decades, chamber studies have been performed using
monoterpene precursors to elucidate their potential to form SOA under conditions
approximating atmospheric relevance. For example, Griffin et al. (1999) used a series of
outdoor chamber experiments to establish the SOA formation potential of fourteen

biogenic compounds, including nine monoterpenes. Since then, several chamber studies
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under varying experimental conditions have been conducted for individual monoterpenes
including a-pinene, B-pinene, 3-carene, limonene, and myrcene (e.g., Amin et al., 2013;
Boyd et al., 2017; Fry et al., 2014; Hatfield and Huff Hartz, 2011, Lee et al., 2006a; Ng et
al., 2007; Presto et al., 2005; Presto and Donahue, 2006; Zhao et al., 2018). Additionally,
chamber studies have been conducted to investigate gas-phase reaction pathways and major
products from the reactions of monoterpenes with hydroxyl radical (OH), ozone (O3), and
nitrate radical (NO3) (e.g., Draper et al., 2015; Kundu et al., 2012; Zhang et al., 2015).
While some monoterpenes have been well studied in chambers or other laboratory reactors,
other monoterpenes are relatively under studied, including some that are commonly
measured in non-negligible quantities in the atmosphere.

Parameterizations used in air quality models are largely based on laboratory studies,
thus widely studied monoterpenes (e.g., a-pinene and limonene) are often used as
surrogates to represent the gas-phase chemistry and SOA formation of all terpenes (e.g.,
Carter, 2010; Saha and Grieshop, 2016; Stockwell et al., 1997). The lack of monoterpene-
specific laboratory data can result in inadequate representation of monoterpene chemistry,
including SOA formation, particularly where a diversity of unrepresented monoterpenes
has a large contribution to total emissions. Camphene is one monoterpene that has been
observed in the atmosphere but has little to no published data regarding SOA formation.
Previous experimental and theoretical studies of camphene focused on the gas-phase
reactions of camphene and product identification (Atkinson et al., 1990; Gaona-Colman et
al., 2017; Hakola et al., 1994). Recently, a density functional theory (DFT) approach was

also used to investigate the oxidation of camphene and the fate of product radicals under
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atmospherically relevant conditions (Baruah et al., 2018). While this approach identified
plausible reaction pathways of camphene photooxidation and associated gas-phase
products, formation of SOA was not considered.

In this work, a mechanistic study of SOA formation from camphene was conducted
using the Generator for Explicit Chemistry and Kinetics of Organics in the Atmosphere
(GECKO-A). GECKO-A has been previously used to study SOA formation from a number
of precursors (e.g., Camredon et al., 2007; La et al., 2016; McVay et al., 2016; Valorso et
al., 2011). GECKO-A was used here to generate nearly explicit mechanisms for camphene
and the well-studied monoterpenes a-pinene and limonene. Model simulations were run
under chamber-relevant conditions (“chamber reactivity simulations™) to capture trends in
simulated SOA mass and composition and compared with published observations using
commonly reported metrics including SOA yields and oxygen/carbon (O/C) ratios. Model
simulations were also run under idealized atmospheric conditions (“controlled reactivity
simulations”) to perform a direct comparison of camphene with a-pinene and limonene
under tropospheric conditions; including comparisons of gas-phase oxidation pathways,
gas-phase reactivity profiles, time-evolution of SOA mass and yields, and physicochemical
property distributions of gas- and particle-phase products. The feasibility of using a-pinene
or limonene as a surrogate for camphene was assessed. Based on these analyses,
implications for air quality model predictions and opportunities for future studies were

identified.
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2.1 Method

2.1.1 GECKO-A Model description

SOA formation from three monoterpene precursors (o-pinene, limonene, and
camphene) was modeled using GECKO-A. A description of GECKO-A is given by
Aumont et al. (2005). GECKO-A is a modeling tool that generates nearly explicit gas-
phase oxidation mechanisms for individual or multiple organic compounds under general
atmospheric conditions (Aumont et al., 2005, 2012; Camredon et al., 2007), as well as the
properties to represent the gas/particle mass transfer of the stable organic compounds
present in the mechanisms (Camredon et al., 2007; VValorso et al., 2011). The nearly explicit
chemical mechanism is generated using experimental data and a predefined protocol
(Aumont et al., 2005, 2012; Camredon et al., 2007). The protocol is described in Aumont
et al. (2005) and includes updates described in Aumont et al. (2013), La et al. (2016),
McVay et al. (2016), and Valorso et al. (2011). In the absence of experimental data,
reaction rate constants and products, as well as their physicochemical properties, are
estimated based on structure-activity relationships (SARs) (Aumont et al., 2005). The
saturation vapor pressures of stable organic compounds were estimated in this work using
the Nannoolal method (Nannoolal et al., 2008). Autoxidation, however, is not considered
in the current version of GECKO-A.

Some simplifications were applied in this work during the mechanism generation
to reduce the size of the gas-phase chemical mechanisms: (1) the maximum generations of
oxidation for each mechanism was set at six based on prior GECKO-A modeling results,

where increasing the number of generations beyond six for hexadecane oxidation did not
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result in significant changes in the evolution of the gas and particle phases (Aumont et al.,
2012); (2) species with vapor pressure below 103 atm (equivalent to saturation
concentration, C* of 1.023 x 10 pg m™ for a species with molecular weight of 250 g mol-
1y were considered non-volatile and remained in the particle phase. (Valorso et al., 2011);
(3) position isomers were lumped if the production yield of a species was lower than 102
(Valorso et al., 2011). The chemical mechanisms generated for this study included: 1.4 x
108 reactions and 2 x 10° oxidation products for a-pinene; 6.5 x 10° reactions and 9.3 x
10* oxidation products for limonene; and 1.3 x 10° reactions and 1.8 x 10° oxidation
products for camphene. These mechanisms were then implemented in a box model to
simulate the evolution of gaseous organic compounds and SOA formation (Aumont et al.,
2005, 2012; Camredon et al., 2007). In the version of GECKO-A used for this work,
gas/particle partitioning was calculated according to the saturation vapor pressure of each
organic compound and assuming thermodynamic equilibrium between the gas and an ideal
(activity coefficients = 1), homogeneous, and inert condensed phase. No condensed-phase

reactions were included.
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2.2 GECKO-A generated oxidation mechanisms

2.2.1 OH reaction scheme

The reaction pathways of OH-initiated oxidation of a-pinene, limonene, and
camphene up to the formation of 1st-generation stable products are shown in Figs. 2.1, 2.2,
and 2.3, respectively. The initial reaction steps proceed mainly by the addition of OH to
the C=C double bond or by hydrogen abstraction. This leads to the formation of
hydroxyalkyl radicals which react rapidly with O, to form peroxy radicals. The peroxy
radicals can combine with NO, RO2 or HO: to form stable products. The peroxy radicals
can also lose an oxygen atom through reaction with NO to form alkoxy radicals, which is
consistent with observations reported by Atkinson and Arey (1998) and Calogirou et al.
(1999). For a-pinene oxidation, the hydroxyalkyl radicals primarily react with O to form
peroxy radicals, which then react with NO, RO, or HO> to form predominantly four-
membered ring stable products or lose an oxygen atom to form alkoxy radicals. As
observed by Lee et al. (2006b), the alkoxy radicals undergo subsequent reactions leading
to formation of formaldehyde, acetone, and multifunctional products including
pinonaldehyde. For limonene oxidation, reaction of the peroxy radicals with NO/NO3/RO;
followed by O addition and NO to NO: conversion leads to the formation of
limononaldehyde or limonaketone and formaldehyde, which are consistent with
observations reported by Lee et al. (2006b). Alternatively, the peroxy radicals react with
NO/NO3/RO. to form ring-opened peroxy radicals, which further react to form
multifunctional products. For camphene, the hydroxyalkyl radicals react rapidly with Oz to

form hydroxyalkylperoxy radicals. The hydroxyalkylperoxy radicals subsequently react
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with NO, RO, and HO; to form stable products, or react with NO/NO3/RO; to form
hydroxyalkoxy radicals. The hydroxyalkoxy radicals then either decompose to form
camphenilone (a bicyclic product) and formaldehyde, or react with O, to form five-
membered ring hydroxyperoxy radicals, which further react to form multifunctional
products. The reaction pathway of OH addition to the exocyclic double bond of camphene
as represented in GECKO-A is in agreement with the observations made by Gaona-Colman
etal. (2017) and Reissell et al. (1999), as well as by Baruah et al. (2018) in their DFT study
of OH-initiated oxidation of camphene. While camphene and a-pinene are structurally
bicyclic, their 1% generation products resulting from the decomposition of the bicyclic
hydroxyalkoxy radicals differ; camphene primarily forms five-membered ring 1%
generation products while a-pinene primarily forms four-membered ring 1% generation
products. Limonene, which is monocyclic, primarily forms ring-opened 1% generation

products when its monocyclic hydroxyalkoxy radicals decompose.
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Figure 2.1: Initial oxidation pathways of a-pinene oxidation with OH as represented
in GECKO-A.

Figure 2.2: Initial oxidation pathways of limonene oxidation with OH as represented
in GECKO-A.



prodicts

Figure 2.3: Initial oxidation pathways of camphene oxidation with OH as represented
in GECKO-A.

2.2.2 Oz reaction scheme

The initial oxidation pathways of Os-initiated oxidation of a-pinene, limonene, and
camphene are shown in Figs. Al, A2, and A3, respectively. The reaction starts with the
addition of Oz to the C=C double bond of the parent compound to form an ozonide, which
rapidly undergoes bond cleavage to form a biradical Criegee intermediate bearing a
carbonyl substituent for terpenes with an endocyclic double bond, or a biradical Criegee
intermediate and a carbonyl for terpenes with an exocyclic double bond. The Criegee
intermediate can stabilize by collisions and/or decompose (after possible rearrangement)
to form peroxy radicals. The stabilized Criegee intermediates (SCI) undergo bimolecular
reactions with H>O, CO, NO and/or NO>. The peroxy radicals then react with HO./NO/RO-
to form stable products or react with NO/NOs/RO- to form alkoxy radicals. For a-pinene,
the alkoxy radicals either react with O, or decompose to form formaldehyde and peroxy

radicals. The peroxy radicals further react to form peroxy acid, carboxylic acid, and CO..
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For limonene, the alkoxy radical reactions primarily lead to the formation of organic
nitrates, organic hydroperoxides, carboxylic acids, and peroxy acids. For camphene, the
ozonide decomposes to form (1) camphenilone, a stable bicyclic product that has been
observed experimentally by Calogirou et al. (1999) and Hakola et al. (1994); and (2) a
bicyclic peroxy radical and formaldehyde, consistent with the camphene + O3z mechanism
reported by Gaona-Colmén et al. (2017). The bicyclic peroxy radical reacts with
HO2/NO/RO:- to form stable products or reacts with NO/NOs/RO: to form alkoxy radical

which then further reacts to form five-membered ring products.

2.2.3 NOs reaction scheme

The initial oxidation pathways of NOsz-initiated oxidation of a-pinene, limonene,
and camphene are shown in Figs. A4, A5, and A6, respectively. The NO3 radical attacks
the C=C double bond to form a nitratoalkyl radical which undergoes rapid reaction with
O, to form a nitratoalkylperoxy radical. The nitratoalkylperoxy radicals of all three
compounds react similarly in three ways: (1) with NO to form dinitrates; (2) with HO2 or
RO to form nitratocarbonyls, nitratoalcohols, and nitratoperoxides (Calogirou et al.,
1999); and (3) with NO/NOs/RO; to form nitratoalkoxy radicals, which react further to

form multifunctional products.

2.3 Simulation conditions

The objective of the chamber reactivity simulations was to compare GECKO-A
model output with published SOA chamber data (Table 2.1). Here, no attempt is made to

strictly reproduce the conditions of a given chamber experiment. Since the first objective
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of this study focuses on the ability of the model to capture the major trends observed in
chamber data (e.g., SOA yields and major species), the simulation conditions were
therefore set to mimic (or be representative of) typical chamber conditions. Comparative
analyses were performed for the precursors a-pinene and limonene, since they are among
the well-studied monoterpenes in environmental chambers and sufficient data exist for
measurement-model comparison. These simulations, chamber reactivity simulations,
included photooxidation (P) and dark ozonolysis (DO) conditions, which were
differentiated by the initial concentrations of NO, HONO, and Oz as shown in Table 2.1.
For both the P and DO conditions, the initial hydrocarbon mixing ratios were set at a
relatively low (50 ppb) and a relatively high (150 ppb) level as compared with published
chamber studies. This resulted in a total of four chamber reactivity simulations for each
monoterpene precursor. In each simulation, 1 ug m of organic seed with molecular weight
of 250 g mol was added to initiate gas/particle partitioning.

The objective of the controlled reactivity simulations was to examine SOA
formation by camphene in the context of well-studied monoterpenes, specifically a-pinene
and limonene, under controlled tropospheric conditions (Table 2.2). In these simulations,
the gas-phase chemistry was not controlled by the individual precursors, but by other
organic compounds as occurs in the ambient atmosphere. A mixture of ethane (10 ppb) and
formaldehyde (50 ppb) was used to buffer (i.e. control) the gas-phase reactivity. Hence, the
levels of the oxidants do not change when relatively small amounts of precursor were added
in the simulation and therefore allows a straightforward comparison of oxidation

mechanisms of the various terpenes. The NOx and Oz mixing ratios were held constant at
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values of 1 ppb and 30 ppb respectively throughout the simulation. The controlled
reactivity simulations included 0.1 ppb of initial precursor and 10 pug m of organic seed.

All box-model simulations were performed under the following environmental
conditions: temperature was fixed at 298 K; humidity was held at 5 %; and the solar zenith
angle (required to compute the photolysis frequencies) was set at 50°, except for dark

ozonolysis conditions where no photolysis was considered.

Table 2.1: Initial conditions for a-pinene and limonene chamber reactivity
simulations.

HC NO HONO O3 Organic seed

Abbreviation Description (ppb)  (ppb)  (ppb)  (ppb) (ug m3)
Photooxidation
P LHC Lower Hydrocarbon 50 110 10 1

Photooxidation
P_HHC Higher Hydrocarbon 150 110 10 1

Dark Ozonolysis
DO _LHC Lower Hydrocarbon 50 16 500 1

Dark Ozonolysis
DO_HHC Higher Hydrocarbon 150 16 500 1

Table 2.2: Initial conditions for camphene, a-pinene, and limonene controlled
reactivity simulations. The levels of Oz and NOy were fixed during these simulations.

HC NO O3 C:Hs CH20 Organic seed

Abbreviation Description  (ppb) (ppb) (ppb) (ppm) (ppb) (ng M)
Controlled

CR Reactivity 0.1 1 30 10 50 10
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2.3 Results
2.3.1 Chamber reactivity simulations

2.3.1.1 Model-measurement comparison

In Fig. 2.4, SOA yields from the chamber reactivity simulations are shown with
measured SOA yields from chamber studies. SOA data (see Table A1) were compiled from
12 published chamber studies (e.g., Chenetal., 2017; Griffin et al., 1999; Kim and Paulson,
2013; Kourtchev et al., 2014; Ng et al., 2007; Yu et al., 1999) in which a-pinene or
limonene was used as a precursor and final SOA mass, SOA yield, and reacted hydrocarbon
concentration (AHC) were reported (at least two of the three quantities). For the a-pinene
photooxidation data, there is an apparent cluster around an SOA yield of 0.2 for SOA mass
< 150 pg m with which the model agrees (Fig. 2.4a). The scatter in the data is due to
varying experimental conditions (e.g., temperature and NOx mixing ratio). As previously
observed, SOA yields of a-pinene tend to be higher at lower temperatures and lower NOx
conditions (higher initial VOC/NOx ratios) (Kim and Paulson, 2013; Pathak et al., 2007b).
For example, the two relatively high SOA yields (0.38 at 29.3 ug m= and 0.46 at 121.3 ug
m) had relatively low initial NOx concentrations (Ng et al., 2007), while the two relatively
low SOA vyields (0.059 at 44 ug m= and 0.06 at 4.5 pug m3) had relatively high initial NOx
concentrations (Kim and Paulson, 2013; Ng et al., 2007). For mass loadings > 150 pug m,
a-pinene photooxidation SOA yield data plateaus at approximately 0.3, which also is
captured by the model. In contrast, for limonene photooxidation, experimental data show
a linear trend in the SOA yield as a function of SOA mass (for SOA mass > 25 ug m),

and the SOA vyield does not plateau at higher SOA mass loadings. The observed linear
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trend in SOA yield as a function of SOA mass is reflected in the model simulations (Fig.
2.4¢). For a-pinene ozonolysis (Fig. 2.4b), there is an apparent cluster around an SOA yield
of 0.2 for SOA mass < 200 pg m with which the model agrees. The SOA vyield plateaus
at approximately 0.4 for SOA mass > 200 pg m; the model simulations do not extend to
this high mass range. For limonene ozonolysis, Fig. 2.4d shows the chamber SOA vyield
plateauing at approximately 0.8 (for mass loadings > 200 pg m-3) which is captured by the
model simulations. Overall, the model agrees well with the observed trends in SOA yield
as a function of SOA mass.

Table 2.3 shows the simulated SOA mass-weighted average oxygen/carbon (O/C)
ratios for a-pinene photooxidation (O/C = 0.93), a-pinene ozonolysis (O/C = 0.64),
limonene photooxidation (O/C = 0.96), and limonene ozonolysis (O/C = 0.68). For a-
pinene, the simulated SOA from photooxidation had higher average O/C than from
ozonolysis. This is consistent with experiments by Kourtchev et al. (2015) in which the
reported O/C for OH-initiated a-pinene SOA was higher than for a-pinene SOA initiated
by ozonolysis. The same trend was predicted for limonene. Generally, the simulated O/C
values were high relative to values reported from chamber studies. Reported average O/C
values from chamber studies range from 0.3 to 0.65 for a-pinene photooxidation (e.g.,
Lambe et al., 2015; Pfaffenberger et al., 2013), 0.22 to 0.55 for a-pinene ozonolysis (e.g.,
Chenetal., 2011; Chhabraetal., 2010; Kourtchev et al., 2015), and 0.23 to 0.5 for limonene
ozonolysis (e.g., Draper et al., 2015; Heaton et al., 2007; Walser et al., 2008). Factors
known to affect the O/C ratios include mass loading, OH exposure (defined as the integral

of OH concentration and residence time (Lambe et al., 2015)), and oligomerization.
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Shilling et al. (2009) showed the dependency of O/C ratios on mass loadings for a-pinene,
in which O/C ratio decreased from 0.45 to 0.38 as mass loading increased from 0.5 to 15
ug m=3. Mass loading is not likely driving the differences in simulations and observations
here, since the simulated mass loadings were similar to the mass loadings of the chamber
experiments (e.g., Chhabra et al., 2011; Shilling et al., 2009) with which the O/C ratios
were compared. Regarding OH exposure, calculated OH exposures for the photooxidation
simulations (Table 2.3) were within the typically reported OH exposure ranges (5.4x10%°—
4.0x10™ molec cms) from the chamber photooxidation experiments (e.g., Lambe et al.,
2015; Pfaffenberger et al., 2013). Therefore, one explanation for the lower observed O/C
values is the loss of H,O during oligomerization (Chhabra et al., 2010; Reinhardt et al.,
2007), a process that was likely occurring in the experiments but was not represented in
the GECKO-A simulations. Additionally, for dark ozonolysis, the OH scavengers typically
present in chamber experiments (e.g., Kourtchev et al., 2015; Shilling et al., 2009) were

absent from the simulations.
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Figure 2.4: GECKO-A SOA vyields are represented by blue (a-pinene) and red
(limonene) markers; chamber SOA vyields are represented by grey markers. The
initial hydrocarbon mixing ratios are differentiated by shape; squares represent the
simulation using the lower hydrocarbon (LHC) mixing ratio and diamonds the
simulation using the higher hydrocarbon (HHC) mixing ratio.

Table 2.3: Calculated average mass-weighted O/C ratio and OH exposure at the end
of the a-pinene and limonene photooxidation and ozonolysis simulations.

Average O/C  OH exposure (molec cm3s)

a-Pinene photooxidation 0.93 6.7 x 10
a-Pinene ozonolysis 0.64 1.5 x 100
Limonene photooxidation 0.96 9.1 x 10%
Limonene ozonolysis 0.68 1.7 x 100
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2.3.1.2 Major products simulated for a-pinene and limonene

The results from the simulations using the lower hydrocarbon mixing ratio (LHC)
and higher hydrocarbon mixing ratio (HHC) were qualitatively similar. Thus, here and in
subsequent sections, only the results for the LHC simulations are shown and discussed; the
corresponding figures for the HHC simulations are provided in the supplement. Figures 2.5
and 2.6 show the chemical structures and molecular formulae of the top 10 products in the
gas and particle phases from the a-pinene photooxidation simulation. While the top 10
products may evolve with reaction time, only the final top 10 products are shown in Fig.
2.5. The top 10 gas-phase products (dominated by carbonyl, carboxyl, and nitrate
functional groups) account for 46 % of the reacted a-pinene carbon mass, with acetone
being the top contributor. Two of the top 10 gas-phase products, pinonic acid (i.e. (3-acetyl-
2,2-dimethylcyclobutyl)acetic  acid) and pinonaldehyde (i.e.  (3-acetyl-2,2-
dimethylcyclobutyl)acetaldehyde) are among the most commonly reported products in
experimental studies (e.g., Lee et al.,, 2006b). The top 10 particle-phase products
(dominated by carbonyl, carboxyl, hydroxyl, hydroperoxide, and nitrate functional groups)
account for 42 % of the SOA mass and 7 % of the reacted a-pinene carbon mass. For
limonene photooxidation (Figs. A10 and Al1), the top 10 gas-phase products account for
34 % of reacted limonene, while the top 10 particle-phase products account for 50 % of the
SOA mass and 20 % of the reacted limonene carbon mass. The top 10 particle-phase
products are dominated by dinitrate and carbonyl functional groups, indicating the possible

influence of multigeneration products from peroxy radicals + NO reactions.
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The top 10 gas- and particle-phase products from the a-pinene ozonolysis
simulation are shown in Fig. 2.6. The top 10 gas-phase products account for 62 % of the
reacted a-pinene carbon mass, while the top 10 particle-phase products account for 42 %
of the SOA mass and 6 % of the reacted a-pinene carbon mass. Three of the top 10 products
have been previously reported in experimental product studies of a-pinene ozonolysis (e.g.,
Jang and Kamens, 1999; Larsen et al., 2001; Yu et al., 1999). They include one particle-
phase product, pinic acid (3-(carboxymethyl)-2,2-dimethylcyclobutane-1-carboxylic acid);
and two gas-phase products, pinonic acid (i.e. (3-acetyl-2,2-dimethylcyclobutyl)acetic
acid) and pinonaldehyde (i.e. (3-acetyl-2,2-dimethylcyclobutyl)acetaldehyde). For
limonene ozonolysis (Figs. A12 and A13), the top 10 gas-phase products account for 24 %
of reacted limonene, while the top 10 particle-phase products account for 37 % of the SOA
mass and 27 % of the reacted limonene carbon mass. The top 10 particle-phase products
were dominated by carbonyl, carboxyl, hydroxyl, and hydroperoxide, indicating the

influence of multi-generational products via peroxy radicals + HO2/RO:..
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Top 10 gas-phase products from a-pinene photooxidation (P_LHC)
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Top 10 particle-phase products from a-pinene photooxidation (P_LHC)

0—0H Q
H,C Ve
! Q e, N=0 ot
CH, 0 o0—0
a o=N o
o OH
HC o OH HyC
o=, . CH,
o oo,
6-hydroperoxy-6-methyl-J-oxo-5- 54 2-hydsoperexypropan-2-y1)-2- G-brydroncy-G-methyl-5-[2-{nitroperoxy)- 2-methyl-6-ao- 3 2-oxoethy 3-(2-trydroxypropan-2-31}-5,
(2-cowoethyTjheptan-2-y] nitrate methyl-3-cxocyclobexyl natrate 2-oxoetiyT)-2-oxoheptan-3-y| natrate Ieptane-2,5-diy] dinitrate d-dioxoheptanoic acid
Molecular Formula: € ,H,, N0, Molecular Formula: € H,NO, Molecular Formula: CH,,Ny0y Molecular Formula: CyH,o¥,0 Malecular Formula: €,H,,0,

o o o
\ by —
M=o [+] Hy 0—N
CH
old o M b HC -
o o EH
HO He
OH Hy
HyC cH,
$-hiydrowy-3-{2-hydroxypropan-2-y1) 2-methyl-3-[2-(natropereny)-2-axoeth 2-4{2-hydroperoxypropan- 2-y11-5- 2-hydroxy-2,6,6-rimethry thacyclo{3. 3-hydroperony-4-hydroxy-2-{yds
“I-{nitroperoxy heptane-1,6-dicne wl-6-counheptane-2, 5-diyl dmitrate ‘methyl-4, 6-dionohexy| nitrate 1.1 ]heptane-1,3-diy] dutrate ascymethy)-3-methyTbataal
Maolecular Formula: C,H,.NO, Malecular Formoly: C H, N0, Moleculas Formula: C,H, . NO, Malerular Formula: C H, N.O. Molecular Formula: C,H,,0,

Figure 2.5: Simulated top 10 gas and top 10 particle-phases products from a-pinene
photooxidation (P_LHC).
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Top 10 gas-phase products from o-pinene dark gzonolysis (DO _LHC)
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Figure 2.6: Top 10 gas phase and top 10 particle-phase products from a-pinene dark
ozonolysis (DO_LHC) simulations.
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2.3.1.3 Modeled SOA yield and carbon budget

Given the skill of the model in representing published chamber data (at both
macroscopic and molecular levels), the model was used to explore the carbon budget in the
simulations during photooxidation and ozonolysis. The time evolution of SOA Yyields for
a-pinene and limonene during photooxidation and ozonolysis, as simulated by GECKO-A,
is shown in Figs. 2.7a and 2.7b respectively. Also shown are the corresponding final SOA
mass concentrations. As has been previously reported (Lee et al., 2006b), limonene had a
higher SOA yield than a-pinene under both photooxidation and ozonolysis conditions.

The time evolution of the carbon budget during the photooxidation and ozonolysis
simulations is shown in Figs. 2.7c to 2.7f. During photooxidation (Fig. 2.7c), the precursors
were oxidized largely by OH and Os (see Fig. A7 for the relative fractions of precursor
reacting with each oxidant), forming organic oxidation products in the gas phase. These
gaseous oxidation products partitioned into the particle phase if their volatility was low
enough. Oxidation products that remained in the gas phase reacted with OH, NO3, and/or
O3, or were photolyzed if a chromophore was present; these subsequent gas-phase reactions
formed additional oxidation products that partitioned to the particle phase or continued to
react in the gas phase. At the end of 12 hours of photooxidation, the a-pinene system was
dominated by organic oxidation products in the gas phase (70 %), with the remaining
fractions being organic oxidation products in the particle phase (8 %) and CO+CO- (22 %).
The high yield of gas-phase organics is largely influenced by the high concentrations of
acetone and volatile C8 to C10 species (see Fig. 2.5 for top gas-phase products and Fig.

A9a for the gas- and particle-phase product distribution). As shown in the a-pinene + OH
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reaction scheme (Fig. 2.1) acetone is formed when the monocyclic alkoxy radical
decomposes via O addition. For limonene photooxidation (Fig. 2.7e), the concentration of
acetone is lower than for a-pinene and more of the C8 to C10 gaseous species are further
oxidized and partitioned into the particle phase (Fig. A9c). This resulted in a final
distribution of 50 % gas-phase organic products, 20 % particle-phase organic products, and
30 % CO+CO». The simulated acetone yields are qualitatively consistent with experimental
data that have shown yields of acetone from a-pinene photooxidation (Lee et al., 2006b;
Wisthaler et al., 2001) can be up to four orders of magnitude higher than from limonene
photooxidation (Lee et al., 2006b; Reissell et al., 1999).

For the a-pinene ozonolysis system (Fig. 2.7d), at the end of the simulation 88 %
of the carbon is gas-phase organic products, 7 % particle-phase organic products, and 5 %
CO+COz. For limonene ozonolysis (Fig. 2.7f), 50 % of the carbon fraction is gas-phase
organics, 43 % particle-phase organics, and 7 % CO+COz. The higher particle-phase
fraction for limonene ozonolysis is a result of the C8 and C10 organic products of limonene
being more highly functionalized and thus partitioned to the particle phase (Figs. A9d and
A13); whereas the C8 and C10 organic products of o-pinene are more volatile and

partitioned to the gas phase (Figs. 2.7 and A9b).
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Figure 2.7: Simulated SOA vyield (a and b) and carbon budget (c to f) as a function of
time for a-pinene and limonene during photooxidation (a, c, e) and dark ozonolysis
(b, d, f). The SOA yield curve for a-pinene is represented by a blue line; limonene is
represented by a red line. For the carbon budget plots, the mixing ratios of the
precursor (black line), particle-phase organics (magenta line), gas-phase organics
(green line), and CO+CO: (blue line) are expressed as carbon atom ratios
(ppbClinitial precursor in ppbC). The results shown are for the low hydrocarbon
mixing ratio (50 ppb) simulations.

2.3.2 Controlled reactivity simulations

The GECKO-A simulations captured trends (e.g., SOA yields and major products)
observed in chamber studies (section 3.1) for a-pinene and limonene (two common terpene
model surrogates). Therefore, the GECKO-A model was used to perform a detailed study
of SOA formation from camphene under idealized atmospheric (“controlled reactivity”)

conditions, which were compared with analogous simulations for a-pinene and limonene.
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2.3.2.1 Gas-phase chemistry

Time-dependent mixing ratios of HO2, OH, and NOs are shown in Fig. 2.8 for the
controlled reactivity simulations performed at 0.1 ppb of HC, (camphene, a-pinene, or
limonene) and 10 pug m™ of organic seed. The O3 and total NOx levels were fixed so that
the oxidant (OH, Oz, and NOs3) levels would remain stable during the simulations. The time
profiles of HO2, OH, and NOs are independent of the precursor, confirming that the gas-
phase oxidant levels are controlled by the added ethane and formaldehyde. This allows for
a comparative assessment of the monoterpenes. The reaction rate of camphene with Oz is
extremely slow (two and three orders of magnitude lower than the rate constants for a-
pinene+Os and limonene+Os respectively (Atkinson and Arey, 2003a)); thus camphene
predominately reacts with OH in the simulations, while a-pinene and limonene react with

O3 and OH (see Fig. A26 for relative fractions).
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Figure 2.8: Mixing ratios of HO2, OH, and NOs as function of time for limonene (red
line), camphene (black line), and a-pinene (blue line) during the controlled reactivity
simulations with 0.1 ppb of HC, and 10 ug m™ of organic seed. By design, the profiles
of the mixing ratios for each precursor overlap except for at the very beginning of the
NOs profile.
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2.3.2.2 Simulated SOA formation
Figure 2.9 illustrates the simulated SOA vyields as a function of atmospheric aging
time (Fig. 2.9a) and the SOA vyield as function of reacted HC concentration (Fig. 9b) for

the controlled reactivity simulations. The atmospheric aging time, t is defined as:

1
[OH]atm

7= [, [OH] iyt (1)

where [OH]am is the atmospheric OH concentration (2 x 10° molecule cm™ was assumed)
and [OH]sim is the simulated OH concentration. Camphene was predicted to form more
SOA (0.26 pg m3) than a-pinene (0.14 pug m=) but less than limonene (0.42 ug m) after
14.5 hours of aging time (Fig. 2.9a). The simulation results in Fig. 2.9b show that
camphene, which reacts predominantly with OH (Fig. A26), forms low volatility products
(more SOA at lower AHC) at the start of the reaction than a-pinene and limonene.
However, after the precursor is completely consumed, the SOA yield of limonene exceeds
that of camphene. The relatively shorter lifetimes of limonene with the oxidants allow more
time for limonene oxidation products to react further to form extremely low volatility
products. As previously reported (Lee et al., 2006b), and as simulated herein, limonene has
the highest SOA yield among well studied monoterpenes. However, the final SOA yield of

camphene was relatively high, approximately twice that of a-pinene.
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Figure 2.9: (a) Simulated SOA mass as a function of atmospheric aging time (reaction
with OH) and (b) simulated SOA vyield as a function of reacted hydrocarbon
concentration (AHC) during controlled reactivity simulation at 0.1 ppb HC, with 10
ug m= seed for limonene (red line), camphene (black line), and a-pinene (blue line).

2.3.2.3 Gas- and particle-phase product distribution

Figure 2.10 shows the product distribution in the gas- and particle-phases after 72
hours (equivalent to 14.5 hours of atmospheric OH aging time) for the controlled reactivity
simulations. While thousands of secondary species are formed during the oxidation of a
given monoterpene, only species that contribute > 0.01 % of the total gas- or particle-phase
mass were included in Fig. 2.10. Also, all C1 species, as well as seven of the C2 gas-phase
products (whose concentrations were largely a direct result of ethane chemistry) were
omitted from Fig. 2.10. For camphene (Fig. 2.10a), the particle phase is largely dominated
by C10 species with 3 to 5 functional groups, followed by highly functionalized C7 species
(typically with 4 to 5 functional groups). Similarly, for limonene (Fig. 2.10b), the particle
phase is dominated by C10 species with 4 to 5 functional groups, followed by C7 to C9
species with 4 to 5 functional groups. However, for a-pinene (Fig. 2.10c), there is a broad

distribution of C8 to C10 products (with 3 to 4 functional groups) contributing to the
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particle phase. Generally, the volatility of particle-phase products from camphene and
limonene was lower than from a-pinene. As shown in Fig. 2.10a, a large fraction of gas-
phase products from camphene, as compared to limonene, is composed of C9 and C10
products whose volatility was not low enough to partition to the particle phase. This further
explains the SOA yields shown in Fig. 2.9b where limonene SOA vyield exceeded
camphene SOA vyield at the end of the reaction.

Figure 2.11 shows the final mass percentages of a-pinene, camphene, and limonene
particle-phase oxidation products grouped into three volatility categories. The volatility
categories were assigned based on the calculated mass saturation concentrations (C*) of
the simulated products. Log C* values in the range of < -3.5, -3.5to0 -0.5, and -0.5 to 2.5
were assigned respectively as extremely low-volatility, low-volatility, and semi-volatile
organic compounds (ELVOCs, LVOCs, and SVOCs) (Chuang and Donahue, 2016; Zhang
et al., 2015). Limonene, which had the highest simulated SOA yield among the three
studied monoterpenes, was largely LVOCs (59 %), followed by ELVOCs (24 %) and then
SVOCs (17 %). Camphene SOA was also largely LVOCs (67 %), followed by SVOCs (28
%), and then a significantly lower fraction of ELVOCs (4 %) than limonene. In contrast,
a-pinene SOA was dominated by SVOCs (50 %), followed by LVOCs (48 %), and then
ELVOCs (2 %). For a-pinene and camphene, intermediate-volatility organic compounds
(IVOCs) were less than 1 % of the SOA mass. For experimental studies of a-pinene
ozonolysis, Zhang et al. (2015) reported a fractional contribution of ~68 % SVOC:s to final

SOA mass, which is similar to the contribution predicted using GECKO-A.
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Figure 2.10: Number of functional groups associated with gas- and particle-phase
species as a function of carbon number. Results are shown for camphene, a-pinene,
and limonene after 72 hours of oxidation under controlled reactivity condition. The
markers are sized by the ratio of their mixing ratio (in ppbC) to the initial mixing
ratio of the precursor (in ppbC). The colors of the markers are scaled by volatility
(represented by saturation concentration, C*).
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2.3.2.4 Using a-pinene limonene as a surrogate for camphene

For the controlled reactivity simulations, the final SOA mass and yield of camphene
(0.26 ug m, 0.46) were between the final SOA mass and yield of a-pinene (0.14 pg m=3,
0.25) and limonene (0.42 pug m, 0.74). This suggests that camphene could potentially be
represented in models as a 50/50 mixture of a-pinene + limonene. To test this, a controlled
reactivity simulation was run with 50 ppt a-pinene + 50 ppt limonene; simulation results
were then compared with the simulation results for 0.1 ppb of camphene. Figure 2.12a
shows that while the slopes of the SOA yield curves differ over the course of the reaction,
the SOA masses (0.26 pug m™ for 50 % a-pinene + 50 % limonene and 0.26 pg m for
camphene) and yields (0.46 for 50 % a-pinene + 50 % limonene and 0.47 for camphene)
were approximately equal at the end of the simulation. However, the end of simulation
particle-phase volatility distributions (Fig. 2.12b) are notably different. The 50 % a-pinene
+ 50 % limonene simulation had a significantly higher fraction (25 %) of ELVOCs,
influenced by the low volatility limonene products, than the camphene simulation (4 %).
These results suggest that while the final SOA mass and yield of the 50/50 a-pinene +
limonene mixture were representative of camphene, the properties (e.g., volatility) of the
particle-phase products were not. The volatility distributions will influence the formation
of SOA at the lowest mass loadings and will also influence changes in SOA mass as a
function of dilution, with the surrogate mixture (50 % o-pinene + 50 % limonene)
producing less volatile SOA than predicted for camphene. Thus, the extent to which
camphene can be represented by a-pinene + limonene will depend on the application. To

improve the representation of camphene, a second simulation was run with 50 ppt a-pinene
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+ 50 ppt limonene, where the rate constants of a-pinene and limonene were replaced with
the rate constants of camphene during the chemical mechanism generation. However, the
representation of camphene SOA by the 50/50 a-pinene + limonene mixture did not
improve (resulted in higher final SOA yield of 0.51) when the rate constants of a-pinene
and limonene were replaced with those of camphene (Fig. 2.12a). Also, representing
camphene by the limonene mechanism with camphene rate constants did not improve the
representation of camphene SOA (see Fig. A29). This illustrates the importance of both

the reaction rates and structure on SOA formation from monoterpenes.
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Figure 2.11: Mass percentage of four volatility categories in the particle phase at the
end of the controlled reactivity simulations for a-pinene, camphene, and limonene.
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To demonstrate the potential impact of including a parameterized representation of
SOA formation by camphene in air quality models, SOA mass and yields were predicted
for three wildland fire fuels based on the measured monoterpene distributions in Hatch et
al. (2015) for black spruce, and Hatch et al. (2019) for Douglas fir and lodgepole pine. The
top five monoterpenes by emissions factor (mass of compound emitted/mass fuel burned)
represent ~70-80 % of the total monoterpene emission factor (EF) for each of these fuels.
These top five monoterpenes were used to represent SOA formation for each fuel by
normalizing the EF for each fuel; assigning a-pinene as the model surrogate for all
measured compounds except limonene, including camphene; and then reassigning
camphene as 50 % a-pinene and 50 % limonene. SOA mass concentrations and yields were
predicted assuming a background PM level of 50 ug m=and AHC = 10 ppb and using
published two-product SOA parameters based on Griffin et al. (1999) (Table A3) and
volatility basis set (VBS) parameters (low NOy, dry) based on Pathak et al. (2007b) (for a-
pinene) and Zhang et al. (2006) (for limonene) (Table A4). The two model
parameterizations were used to represent a range of potential outcomes. The SOA vyields
using the two-product parameters were lower than predicted here for a-pinene (~0.1), but
similar for camphene (~0.6); using the VBS parameters, the yields were similar for a-
pinene (~0.2) but higher than predicted here for camphene (~0.9). The total OA mass
loadings in the parameterized SOA calculations were a factor of 3-6 higher than in the
GECKO-A controlled reactivity simulations, which is consistent with the higher SOA yield
for camphene predicted using the VBS parameters. The results of the SOA calculations are

summarized in Table 2.4. For lodgepole pine, there is no change in SOA mass, because
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camphene is not one of the top five monoterpenes by EF. However, for fuels in which

camphene contributed significantly to the measured monoterpene EF, SOA mass increased

by 43-50 % for black spruce and by 56-108 % for Douglas fir.

Table 2.4: SOA yield and mass predicted using 2-product and VBS parameters for
top five monoterpenes by emission factor (EF) from black spruce, Douglas fir, and
lodgepole pine.

SOApin  SOAIim  SOAwt % increase
Yieldwin Yieldim (ugm?®) (ugm?® (ugm?3) in SOA
Black Spruce
Assignment
2- 1 0.099 0.6 4.5 6.4 10.9 50 %
Product Assignment
2 0.103 0.6 3.6 12.8 16.4
Assignment
VBS 1 0.194 0.93 8.8 9.9 18.7 43 %
Assignment
2 0.202 0.93 7 19.7 26.7
Douglas Fir
Assignment
2- 1 0.098 0.6 4.5 6.1 10.6
Product Assignment 108 %
2 0.108 0.6 2.5 19.6 22.1
Assignment
VBS 1 . 0.194 0.93 8.9 9.4 18.3 56 %%
Assignment
2 0.203 0.93 6.6 21.9 28.5
Lodgepole Pine
2- Assignment
Product 1 0.097 0.6 4.7 4.6 9.3
Assignment
VBS 1 0.192 0.93 9.3 7.1 16.4
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Figure 2. 12: (a) Simulated SOA vyield as a function of atmospheric aging time for
camphene (black line), 50 % a-pinene + 50 % limonene (magenta line), and 50 % a-
pinene + 50 % limonene where the rate constants of a-pinene and limonene were
replaced with the rate constants of camphene (green line); and (b) mass percentage
of four volatility categories in the particle phase at the end of the controlled reactivity
simulations for camphene, 50 % a-pinene + 50 % limonene, and limonene, and 50 %
a-pinene + 50 % limonene where the rate constants of a-pinene and limonene were
replaced with the rate constants of camphene.

2.4 Conclusions

While camphene is a ubiquitous monoterpene, measured in significant quantities
from both biogenic and pyrogenic sources, little is known about SOA formation from
camphene and there are no published parameterizations to represent camphene SOA in air
quality models. GECKO-A simulations suggest that the initial organic oxidation products
of camphene are of low volatility and can condense at low OA mass loadings; lower than
oxidation products predicted for a-pinene and limonene. Predicted final SOA yields for
camphene in the controlled reactivity simulations (~45 %) were in between those predicted
for a-pinene (25 %) and limonene (~75 %), suggesting that SOA formation from camphene

can be represented in air quality models assuming a 50/50 (a-pinene/limonene) surrogate
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mixture. Calculations based on measured monoterpene distributions for three wildland fire
fuels illustrate that accounting for camphene, in this case using the surrogate mixture and
published SOA parameterizations for a-pinene and limonene, increased predicted SOA
mass from monoterpenes by 43-108 %. This demonstrates the potential impact of
representing SOA formation from camphene in air quality models, and the need for an
appropriate parameterization. The surrogate mixture appears to represent the SOA mass
and yield of camphene well, but not necessarily the volatility distribution of the products.
Further modeling and/or experimental studies are needed to develop and test a suitable

SOA parameterization for representing camphene in air quality models.
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Appendix A

Table Al: SOA data compiled from published chamber studies for photooxidation
and ozonolysis of a-pinene and limonene.

T [0Osle NOy [HC], AHC SOA mass SOA
Condition (K) (ppb)  (ppb) (ppb) (ugm3) (ugm?>) yield Reference
a-Pinene Kim and
photooxidation ~ 312-306 230 150 804.6 44.0 0.06  Paulson (2013)
a-Pinene 310-312- Kim and
photooxidation 306 110 152 788.8 103.0 0.14  Paulson (2013)
a-Pinene Kim and
photooxidation ~ 306-309 50 142 743.9 107.0 0.16  Paulson (2013)
a-Pinene 312-319- Kim and
photooxidation 315 47 153 683.0 118.0 0.17  Paulson (2013)
a-Pinene Mcvay et al.
photooxidation 300 51 260.0 46.0 0.18 (2016)
a-Pinene Mcvay et al.
photooxidation 300 56 280.0 65.0 0.23  (2016)
a-Pinene Mcvay et al.
photooxidation 300 53 240.0 52.0 0.22  (2016)
a-Pinene Mcvay et al.
photooxidation 298 51 268.0 72.0 0.27 (2016)
a-Pinene Mcvay et al.
photooxidation 297 53 205.0 35.0 0.17 (2016)
a-Pinene Mcvay et al.
photooxidation 297 49 195.0 47.0 0.24 (2016)
a-Pinene Lee et al.
photooxidation 293 616.6 199.0 0.32  (2006b)
a-Pinene Ng et al.
photooxidation 298 0 76.8 29.3 0.38  (2007)
a-Pinene Ng et al.
photooxidation 298 1 264.2 121.3 0.46 (2007)
a-Pinene Ng et al.
photooxidation 296 198 73.4 15.6 0.21 (2007)
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o-Pinene Kim and

ozonolysis 296-295 500 160 897.5 71-349 0.45 Paulson (2013)
a-Pinene Kim and
ozonolysis 291-293 500 126 669.8 34-215 0.39  Paulson (2013)
a-Pinene Kourtchev et
ozonolysis 200 49.5 282.0 42.3 0.15 al. (2014)
a-Pinene Kourtchev et
ozonolysis 200 50.5 312.5 50.0 0.16 al. (2014)
a-Pinene Kourtchev et
ozonolysis 200 55.2 349.4 55.9 0.16 al. (2014)
a-Pinene 290.2 Nah et al.
ozonolysis 298 100 +232  278.1 62.0£1.2 0.23 (2016)
a-Pinene 280.5 Nah et al.
ozonolysis 298 100 +22.4  267.0 63.0+£0.8 0.23 (2016)
a-Pinene 238.7 Nah et al.
ozonolysis 298 100 +19.1 222.5 50.6£1.6 0.23 (2016)
a-Pinene 274 Nah et al.
ozonolysis 298 500 +21.9  278.1 87.3+£0.3 0.32 (2016)
a-Pinene 264 Nah et al.
ozonolysis 298 500 +21.2 2614 75.740.6  0.29 (2016)
a-Pinene 236.1 Nah et al.
ozonolysis 298 500 +18.9 2392 66.3£1.9 0.28 (2016)
a-Pinene Griffin et al.
ozonolysis 309.9 89.3 7.4 0.08 (1999)
a-Pinene Griffin et al.
ozonolysis 309.9 97.3 8.5 0.09 (1999)
a-Pinene Griffin et al.
ozonolysis 303.3 169.4 30.3 0.18  (1999)
a-Pinene Griffin et al.
ozonolysis 303.3 248.7 46.0 0.18  (1999)
a-Pinene Griffin et al.
ozonolysis 308 306.7 52.3 0.17  (1999)
a-Pinene Griffin et al.
ozonolysis 308 349.8 65.1 0.19 (1999)
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Table A2: Normalized emission factor (EF) for model surrogates representing top five
monoterpenes (by EF) from black spruce, Douglas fir, and lodgepole pine (Hatch et
al., 2015, 2017). In Assignment 1, a-pinene is used to represent all monoterpenes
except limonene. In Assignment 2, camphene is represented as 50 % a-pinene and 50
% limonene. EFs of assignments 1 and 2 for lodgepole pine are the same, because
camphene is not one of the top five monoterpenes by EF.

Black Spruce  Douglas Fir  Lodgepole Pine
EFapin EFiim EFapin EFlim EFapin EFlim

Assignment
1 0.81 0.19 0.8 0.2 0.86 0.14
Assignment
2 0.62 038 0.6 04 0.86 0.14

Table A3: Two-product SOA yield parameters for a-pinene and limonene based on
Griffin et al. (1999).

2-product
o1 o2 C*, C*
a-pinene 0.038 0.326 5.8 250.0
limonene 0.239 0.363 18.2 188.7

Table A4: Volatility basis set (VBS) parameters (low NOy, dry) based on Pathak et al.
(2007b) (for a-pinene) and Zhang et al. (2006) (for limonene).

VBS (low NOy)
Cc* 0 1 10 100 1000
a-pinene - 0.07 0.038 0.179 0.3
limonene 0.03 0.29 0.31 0.3 0.6
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Figure A7: Percentage of precursor consumed by OH (black), Oz (red), and NOs
(blue) as a function of fraction of precursor reacted for a-pinene and limonene under
photooxidation and ozonolysis (for lower initial precursor mixing ratio of 50 ppb).

Figure A7 shows the percentage of the simulated precursor consumption by the three main
oxidants: hydroxyl radical (OH), ozone (O3), and nitrate radical (NOs3). Under
photooxidation, both a-pinene and limonene initially react predominantly with OH. As the
reaction progresses (after ~ 30 % of the precursor is reacted), removal of the precursor by
O3 and NOs begins to grow until the precursor is completely reacted. The results in Fig.
S7a indicate that ~67 % of a-pinene is removed by OH, 25 % by Os, and ~8 % by NOs;
similarly, as shown in Fig. S7c 85% of limonene is removed by OH, 12% by O3z and 3 %
by NOs3 during photooxidation. For a-pinene ozonolysis, the consumption is largely by Os
(~75 %) and OH(~20 %), to a lesser extent by NOs3; (~5 %); for limonene, consumption is
dominated by O3 (~85 %), followed by OH (~10 %), and NO3 (~5 %). Unlike in many
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chamber experiments, there is no OH scrubber in the simulations. Also, as NOs3 is formed
by reaction of O3 with NO> during the dark ozonolysis simulation, a small percentage of

the precursor reacts with NO3 since no light is available to photolyze the NOs.
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Figure A8: The mixing ratios of HO2, OH, O3, NO, NO., and NOs as a function of
time for a-pinene (blue line) and limonene (red line) (with the low initial hydrocarbon
(LHC) mixing ratio of 50 ppb) during photooxidation (P) and dark ozonolysis (DO)
simulations.
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Figure A9: Number of functional groups associated with gas- and particle-phase
species as a function of carbon number. Results are shown for camphene, a-pinene,
and limonene after 12 hours of oxidation under photooxidation (P) and dark
ozonolysis (DO) with lower hydrocarbon (LHC) mixing ratio of 50 ppb. The markers
are sized by the ratio of their mixing ratio (in ppbC) to the initial mixing ratio of the
precursor (in ppbC). The colors of the markers are scaled by volatility (represented
by saturation concentration, C*).
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Figure Al4: Simulated SOA yield as a function of time (a and b) and carbon budget
(c to f) for a-pinene and limonene during photooxidation (a, ¢, €) and dark ozonolysis
(b, d, f). The SOA yield curve for a-pinene is represented by a blue line; limonene is
represented by a red line. For the carbon budget plots, the mixing ratios of the
precursor (black line), particle-phase organics (magenta line), gas-phase organics
(green line), and CO+CO: (blue line) are expressed as carbon atom ratios (in
ppbC)/initial precursor (in ppbC). The results shown are for the high hydrocarbon
mixing ratio (150 ppb) simulations.
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Figure A15: Percentage of precursor consumed by OH (black), O3 (red), and NO3
(blue) as a function of fraction of precursor reacted for a-pinene and limonene under
photooxidation and ozonolysis (for higher initial precursor concentration of 150 ppb).
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Figure A17: Number of functional groups associated with gas- and particle-phase
species as a function of carbon number. Results are shown for camphene, a-pinene,
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markers are sized by the ratio of theirmixing ratio (in ppbC) to the initial mixing ratio
of the precursor (in ppbC). The colors of the markers are scaled by volatility
(represented by saturation concentration, C*).
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Chapter 3: Model-Measurement Comparison of Secondary Organic Aerosol
Formation from the Photooxidation of Camphene

3.1 Introduction

Camphene is an abundant monoterpene emitted from both pyrogenic sources (e.g.,
Akagi et al., 2013; Gilman et al., 2015; Hatch et al., 2015) and biogenic sources (Geron et
al., 2000; Hayward et al., 2001; Ludley et al., 2009; Maleknia et al., 2007; Rinne et al.,
2000; Tani et al., 2003; White et al., 2008). The quantities of camphene emitted from
biogenic sources (e.g., forests, marine, and soil) typically depend on plant species,
temperature, and light (e.g., Hayward et al., 2001; Yéafez-Serrano et al., 2018; White et al.,
2008). Likewise, emissions of camphene from pyrogenic sources are influenced by fuel
component and plant type (e.g., Hatch et al., 2019). For example, in laboratory and
prescribed fire measurements reported by Hatch et al. (2019), camphene was among the
top two monoterpenes, based on emission factor (mass of compound emitted/mass of fuel
burned), emitted from subalpine and Douglas fir fires. Monoterpenes, when emitted to the
atmosphere, can act as secondary organic aerosol (SOA) precursors. The SOA formation
potential of individual monoterpenes can vary greatly based on their molecular structure,
atmospheric lifetimes, and the volatility of their oxidation products (Atkinson and Arey,
2003; Griffin et al., 1999; Ng et al., 2007; Zhang et al., 2015). Elucidating SOA formation
from individual monoterpenes is crucial since SOA forms a significant mass fraction of
particulate matter (PM) (Jimenez et al., 2009), which adversely impacts climate and air
quality (Almatarneh et al., 2018; Jacobson et al., 2000; Kanakidou et al., 2004). Despite
the efforts to model and measure SOA from monoterpenes, a large number of

monoterpenes remain understudied.
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While camphene is emitted in non-negligible quantities, its SOA formation has not
been explored experimentally. Past studies on camphene have been limited to gas-phase
reactivity and product identification (e.g., Atkinson et al., 1990; Gaona-Colman et al.,
2017; Hakola et al., 1994). Additionally, Baruah et al. (2018) performed density functional
theory (DFT) study on the gas-phase oxidation and product formation from camphene.
Recently, Afreh et al. (2020) used an explicit model to explore SOA formation from
camphene. They demonstrated that, under controlled atmospheric conditions, the
camphene SOA yield can be approximately twice the a-pinene SOA yield. Also, Afreh et
al. (2020) demonstrated the potential importance of representing camphene SOA in air
quality models. While the mechanistic study on camphene provided great insight into SOA
formation potential of camphene, no chamber data were available for model-measurement
comparison.

In this work, GECKO-A simulations were performed for camphene under chamber
photooxidation conditions to further explore SOA formation from camphene. Initial
conditions included five hydrocarbon mixing ratios and two NOx levels (with and without
addition of initial NOx). To allow model-measurement comparison, chamber experiments
were conducted in the UCR environmental chamber under similar photooxidation
conditions. The model-measurement comparison included SOA yield trends and gas-phase
reactivity. GECKO-A results provided mechanistic explanation to the SOA trends

observed in the chamber data.
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3.2 Method

3.2.1 Chamber studies and results

The chamber studies detailed in this section were led by Qi Li, a graduate student
in Dr. Cocker’s research group. Qi Li ran the chamber experiments and provided the
chamber data output. My role was to help establish the initial conditions, propose new
experiments based on GECKO-A simulations, and analyze simulation results.

Photooxidation experiments were conducted for camphene in the UCR
environmental dual chamber under two NOx conditions: (1) injection of 60-138 ppb NOX,
referred to as “with NOx”; and (2) with no injection of initial NOx, referred to as “without
NOx”. For each NOx condition, six experiments with different initial hydrocarbon mixing
ratios were performed. The H>O, mixing ratio ranged from 854 to 1576 ppb. The relative
humidity (< 0.1 %) and temperature (300 + 1 K) in the chamber were controlled for all
experiments. The summary of the initial conditions and chamber SOA data are provided in
Table 3.1 To facilitate model-measurement comparison, GECKO-A simulations were
performed for camphene under photooxidation conditions similar to those used for the

chamber experiments.
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Table 3. 1: Initial conditions and chamber SOA data for camphene photooxidation
experiments.

NO NO2 AHC AHC SOA mass SOA

EXperiment  (oob)  (ppb)  (ppb)  (ugm?)  (ugm®) yield
With NOx
EPA2577b 45 14 171.87 950.00 529.34 0.56
EPA2548a 42 56 131.00 719.00 428.80 0.60
EPA2548b 45 49 60.40 332.00 199.50 0.60
EPA2594b 5 2 42.80 236.60 96.00 0.41
EPA2558b 51 11 31.98 172.00 112.32 0.65
EPA2595h 114 24 25.30 139.80 46.10 0.33
EPA2593b 86 2 7.30 40.40 14.60 0.36
Without NOx
EPA2559a - - 152.69 844.00 162.44 0.19
EPA2540a - - 108.00 597.00 158.60 0.27
EPA2540b - - 55.20 305.00 84.40 0.28
EPA2559h - - 27.68 153.00 42.01 0.27
EPA2602b - - 8.80 48.80 3.69 0.08
EPA2592bh - - 7.40 41.10 6.10 0.15

3.2.2 Model description and simulation conditions

SOA formation from camphene was simulated using a nearly explicit model,
GECKO-A. GECKO-A relies on experimental data and structure-activity relationships
(SARs) to generate detailed oxidation reaction schemes for organic compounds and
simulate their SOA formation under general atmospheric conditions. Aumont et al. (2005)
provided a detailed description of GECKO-A. In this work, GECKO-A was used to derive
an oxidation scheme of up to six generations for camphene. The camphene oxidation
scheme included 1.3 x 10° reactions and 1.8 x 10° oxidation products. The camphene
oxidation scheme was coupled to the GECKO-A box model to simulate SOA formation.

The gas/particle partitioning of oxidation species was based on the absorptive model by
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Pankow et al., (1994), where a thermodynamic equilibrium between the gas and an ideal
particle phase was assumed (Camredon et al., 2007). Autoxidation and particle-phase
reactions were not considered in the model.

Table 3.2: Initial conditions of GECKO-A simulations.

Duration () HC (ppb)  NO (ppb)  H202 (ppb)

With NOx
8 10 80 1000
8 25 80 1000
8 50 80 1000
8 100 80 1000
8 150 80 1000
Without NOx
8 10 0 1000
8 25 0 1000
8 50 0 1000
8 100 0 1000
8 150 0 1000

GECKO-A simulations were performed for camphene under chamber
photooxidation conditions, where the initial hydrocarbon concentration was varied with 80
ppb of NOx present and without NOx present (Table 3.2). For both NOx conditions, the
initial hydrocarbon mixing ratios ranged from 10 ppb to 150 ppb. All simulations were run
under the following initial conditions: 1000 ppb of H.O, and 1 pug m™ of organic seed with
molecular weight of 250 g mol™, 298 K temperature, 50 % relative humidity, and 50° solar

zenith angle (required to compute the photolysis frequencies). Simulation results for
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camphene were compared with chamber data including SOA vyield and gas-phase
reactivity.
3.3 Results and discussion

3.3.1 Model-measurement SOA yield comparison

The SOA vyields based on the chamber data (Fig 3.1a) and the simulations (Fig.
3.1b) are shown in Figure 3.1; experiments and simulations with NOx are indicated using
solid circles and without NOx using solid squares. While the simulated SOA yields (0.81-
0.93) were higher than the measured SOA yields (0.33-0.65) when NOx was present, the
SOA vyield trends were similar. As shown in Fig. 3.1b, the simulated SOA yield increased
with SOA mass for SOA mass < 200, plateaued for SOA mass between 200 and 550 pg m-
3, and then decreased for SOA mass > 550 ug m. The decrease in SOA yield from 0.93
(at 524 pg m3) to 0.86 (at 717 ug m3) is due to the influence of NOs chemistry and the
slower consumption of camphene as the initial hydrocarbon mixing ratio of camphene
increased from 100 ppb to 150 ppb. Without NOx present, the simulated SOA yield (0.73-
1.25) and mass (70-511 ug m®) were significantly higher than the measured SOA yield
(0.08-0.26) and mass (2.6-124). At low mass loadings (SOA mass < 300 ug m=), there is
a reverse in the SOA yield trend between with/without NOx between the model and
measurements; for the model, without NOx has a higher SOA yield while for the
measurements, the without NOx has a lower SOA yield. Model-measurement comparisons
for the without NOx conditions should be made carefully, as GECKO-A has not been
optimized for low NOx conditions. As shown in Fig. 3.1b, for the simulations without

NOx, the SOA yield decreased with increasing SOA mass. However, for the measurements
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without, SOA yield increased initially, plateaued for SOA mass between 40 and 160 pg m-

8, and then decreased SOA mass > 160 pg m™=,

i Chamber 1k ® GECKO-A
1 o ! -
E 08} Losf ° ) -
éo.e- . éo.e-'
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Figure 3.1: SOA vyields of camphene as a function of SOA mass derived from
environmental chamber experimental results (a) and GECKO-A simulations results

(b).

3.3.2 Gas-phase reactivity comparison

Figure 3.2 shows the model-chamber comparison of mixing ratios of camphene, O3z, and
OH as function of time for camphene oxidation with NOx and without NOXx. The camphene
decay was slightly faster in the chamber experiment than simulated by the model under
both NOx conditions. The ozone levels (280-310 ppb) simulated by the model were within

the range of ozone levels (100-350 ppb) measured in the chamber when NOx was present.
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In the absence of NOX, the simulated ozone levels (0.07-0.3 ppb) were significantly lower
than the measured ozone levels (20-50 ppb). The relatively higher ozone levels measured
in experiments without NOx is likely due to wall loss effect and HONO offgasing, which
produces NO in the chamber. While wall loss effect and HONO offgasing were present in
the chamber, both processes were absent in the model simulations. For OH mixing ratio,
the model output was consistent with the chamber output when NOx was present.
Similarly, the model output of OH mixing ratio was similar to that of the chamber output
for experiments without NOx when the initial hydrocarbon mixing > 50 ppb. Overall, more
model-measurement consistencies were observed when NOx was present in the initial

conditions.
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Figure 3. 2: model-chamber comparison of mixing ratios of camphene, Oz, and OH
as function of time for camphene oxidation with NOx and without NOx.

3.3.3 Simulated carbon budget

The time evolution of the carbon budget during camphene photooxidation
simulations with and without NOx are shown in Figures 3.2 and 3.3, respectively. For
simulations with NOx, camphene was largely oxidized by OH at lower initial hydrocarbon
mixing ratios (10 ppb, 25 ppb, and 50 ppb). However, at relatively higher initial
hydrocarbon mixing ratios (100 ppb and 150 ppb), camphene was oxidized by OH and
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partly by NOs (Fig. B1) due to decrease in OH level as the initial hydrocarbon mixing ratio
increased (Fig. B3). During photooxidation simulation with NOx, the fraction of oxidation
product in the particle phase increased from 0.25 (at 10 ppb camphene) to 0.4 (at 50 ppb
camphene). The fraction of particle-phase organics remained at ~ 0.4 for simulations at 100
ppb and 150 ppb camphene, supporting the observed plateau in SOA yield for SOA mass
between 200 and 550 pg m=.

For simulations without NOx, camphene oxidation was driven entirely by OH (Fig.
B2). Therefore, the consumption of camphene slowed down as OH level decreased with
increasing initial hydrocarbon mixing ratio (Fig. B4). As initial hydrocarbon mixing ratio
increased, the fraction of particle-phase organics decreased, and the faction of gas-phase
organics increased (Fig. 3.3) due to decreased in OH level, consistent with the decreasing

SOA vyield trend observed in the simulations without NOX.

Table 3.3: Calculated average mass-weighted O/C ratio at the end of camphene
photooxidation simulations.

[HC]o Average O/C
with NOx
10 1.25
25 1.19
50 1.10
100 0.82
150 0.68
without NOx
10 0.50
25 0.49
50 0.46
100 0.43
150 0.42
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Figure 3.3: Carbon budget as a function of time for camphene photooxidation
simulations with NOXx.
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Figure 3.4: Carbon budget as a function of time for camphene photooxidation
simulations without NOXx.
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3.3.4 Particle-phase product distribution

Figure 3.5 shows the final product distribution in the gas- and particle-phases for
simulations with NOx. When NOX is present, the particle phase is dominated by C7 (with
3to 5 functional groups) and C10 (with 2 to 5 functional groups) products. The C7 products
contribute the most to the SOA mass, particularly for simulations with lower initial
hydrocarbon mixing ratios (10-50 ppb), and the volatility of these products is lower than
the volatility of the C10 products. As the initial hydrocarbon mixing ratio increases, the
contribution of C7 products to the SOA mass decreases. For example, the top 5 particle-
phase products from 10 ppb camphene simulation were dominated by C7 products (Fig.
3.7), while the top 5 particle-phase products from 150 ppb camphene simulation were
dominated by C10 products (Fig. 3.8). Generally, the volatility of the particle-phase
products increases (as indicated by the decrease in average O/C (Table 3.3)) as the initial
hydrocarbon mixing ratio increases. For simulations with NOx, the top 5 particle-phase
products predicted by the model indicate that the SOA formation was driven by RO2+NO
pathway, whereas the top 5 particle-phase products from simulations without NOx suggest
that the SOA formation was driven by RO.+HO; pathway. For simulations without NOX,
the particle phase is dominated largely by C10 products (Figures 3.6, 3.9, 3.10). As the
initial hydrocarbon mixing ratio increases, the volatility of the particle-phase C10 products
increases. Figures 3.5 and 3.6 demonstrate how initial hydrocarbon concentration and NOXx

conditions influence the properties and mass of camphene particle-phase products.
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Figure 3.5: Number of functional groups associated with gas- and particle-phase
species as a function of carbon number for simulations with NOx. Results are shown
for camphene after 8 hours of photooxidation. The markers are sized by the ratio of
their mixing ratio (in ppbC) to the initial mixing ratio of the precursor (in ppbC). The
colors of the markers are scaled by volatility (represented by saturation
concentration, C*).
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Figure 3.6: Number of functional groups associated with gas- and particle-phase
species as a function of carbon number for simulations without NOx. Results are
shown for camphene after 8 hours of photooxidation. The markers are sized by the
ratio of their mixing ratio (in ppbC) to the initial mixing ratio of the precursor (in
ppbC). The colors of the markers are scaled by volatility (represented by saturation
concentration, C*).
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Figure 3.9: Top 5 particle-phase products from 10 ppb camphene photooxidation
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3.4 Conclusions

GECKO-A simulations and chamber studies were performed for camphene under
photooxidation conditions with and without NOx. The SOA yields simulated by model,
with NOx present, ranged from 0.81-0.93 while the SOA yields measured from the
chamber experiments with NOx present ranged from 0.33 to 0.65. While the SOA yields
simulated by the model were higher than observed in the chamber, the SOA yield trends
were similar between the SOA model simulations and the chamber studies when NOx was
present. Generally, the mixing ratios of OH, ozone, and camphene decay generated by the
model were consistent with the chamber data when NOx was present. For simulations with
NOX, the particle phase is dominated by C7 and C10 products, whereas for simulations
without NOXx the particle phase is dominated largely by C10 products. As expected, the top
5 particle-phase products formed from the simulations with NOx demonstrated that the
SOA formation was driven by RO2+NO pathway, whereas the top 5 particle-phase products
from the simulations without NOx demonstrated that the SOA formation was driven by

RO2+HO: pathway.
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Figure B1: Percentage of precursor consumed by OH (black), Oz (red), and NO3
(blue) as a function of fraction of precursor reacted for camphene in the presence of

initial NOXx.
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(blue) as a function of fraction of precursor reacted for camphene without NOx.
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Chapter 4: Developing air quality model surrogates for monoterpenes using
GECKO-A

4.1 Introduction

Monoterpenes emitted to the atmosphere can react with oxidants (OH, Oz, and NOz)
to form oxidation products that based on their volatility can partition to the particle-phase
to form secondary organic aerosol (SOA) (Atkinson & Arey, 2003; Hakola et al., 1994;
Ziemann, 2011). SOA composes a large fraction of particulate matter (PM) in the
atmosphere, which adversely affects visibility and public health, and plays a role in
radiative climate forcing and cloud formation (Jacobson et al., 2000; Kanakidou et al.,
2004; Poschl, 2005). Chamber studies using monoterpenes as precursors have
demonstrated that the SOA formation potentials of monoterpenes are diverse and are
largely influenced by their molecular structures, reactivity, and volatility of oxidation
products (e.g., Griffin et al., 1999; Lee et al., 2006).

Monoterpene chemistry and SOA formation are not well represented in chemical
mechanisms applied in air quality models, leading to uncertainties in predictions of SOA
and PM when monoterpene emissions are significant (Pun et al., 2003). Monoterpenes are
typically represented in air quality models using one to two lumped model surrogates to
reduce computational cost (e.g., Carlton et al., 2010). Two lumped surrogates are not
sufficient to represent the chemistry and SOA formation potential of such a structurally
diverse class of compounds. Recently, Schwantes et al. (2020) updated monoterpene
chemistry in the Model for Ozone and Related chemical Tracers (MOZART-T2) to
improve ozone prediction by replacing the single monoterpene surrogate (MTERP) with

four monoterpene surrogates: APIN for o-pinene, BPIN for B-pinene, LIMON for
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limonene, and MYRC for myrcene. Individual monoterpenes were subsequently mapped
to the four surrogates based on their molecular structure (Schwantes et al., 2020). While
the terpene chemistry updates in MOZART-T2 greatly reduced ozone bias in CAM-chem
(Community Atmospheric Model with full chemistry), better representation of SOA
formation in models is required for accurate simulation of SOA.

Better representation of terpenes in models requires comprehensive understanding
of SOA formation from individual monoterpenes based on laboratory, theoretical, and
mechanistic studies. While chamber studies have been conducted for some monoterpenes
including a-pinene and limonene (e.g., Lee et al., 2006; Presto & Donahue, 2006), a
number of monoterpenes remain understudied. Where experimental data are limited,
explicit models can provide mechanistic insights into SOA formation from understudied
compounds. For example, Afreh et al. (2020) used a near-explicit model, GECKO-A, to
study SOA formation from camphene, a ubiquitous but understudied monoterpene. They
demonstrated that camphene can form approximately twice as much SOA as a-pinene.
Further, Afreh et al. (2020) demonstrated the potential of representing camphene SOA as
a 50/50 mixture of a-pinene and limonene in air quality models.

In this work, model surrogates were proposed for 13 monoterpenes based on
GECKO-A simulations using two approaches. In the first approach, compounds were
grouped using k-means clustering based on simulated SOA vyields of 10 monoterpenes
under controlled reactivity conditions. In the second approach, compounds were grouped
using compound structure, reactivity, volatility distribution of particle-phase products, and

SOA vyield based on model simulations of 13 monoterpenes. The simulation conditions
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were based on chamber photooxidation conditions in Lee et al. (2006). GECKO-A
modeling results were compared with published SOA chamber data from Lee et al. (2006)
and Griffin et al. (1999) to evaluate GECKO-A’s ability to reproduce chamber

observations.

4.2 Method

4.2.1 GECKO-A model description

SOA formation from 13 monoterpene precursors was modeled using GECKO-A.
The GECKO-A modeling tool is described in detail by Aumont et al. (2005). GECKO-A
was used to generate nearly explicit chemical mechanisms for each monoterpene using
experimental data, structure-activity relationships (SARs), and a predefined protocol
(Aumont et al., 2005, 2012; Camredon et al., 2007). Autoxidation was not considered in
the mechanism generation. To reduce the size of the gas-phase chemical mechanisms, the
following simplifications were applied during the mechanism generation: (1) the maximum
generations of oxidation for each mechanism was set at six; (2) position isomers were
lumped for species with production yield lower than 1073 (Valorso et al., 2011); and (3)
species with vapor pressure lower than 101 atm were considered to partition completely
to the particle phase and therefore treated as end products (Valorso et al., 2011). Regarding
the maximum generations, Aumont et al. (2012) showed that for hexadecane, the gas- and
particle-phase composition and evolution did not change significantly beyond six
generations. The generated mechanisms were then applied in a box model to simulate the
evolution of gaseous organic compounds and SOA formation (Aumont et al., 2005, 2012;

Camredon et al., 2007). The gas/particle partitioning in GECKO-A was calculated
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assuming thermodynamic equilibrium between the gas and an ideal (activity coefficients =
1) condensed phase. The condensed phase was assumed homogeneous and inert (i.e., no
condensed-phase reactions were considered).
4.2.2 Simulation conditions

Simulations were performed using 13 different monoterpene precursors typically
measured from biogenic and pyrogenic sources: 3-carene, a-phellandrene, a-pinene, o-
terpinene, PB-myrcene, B-phellandrene, B-pinene, camphene, y-terpinene, limonene,
sabinene, terpinolene, and z-ocimene. To facilitate comparison between GECKO-A
modeling results and published SOA chamber data, simulation conditions were based on
chamber photooxidation conditions in Lee et al. (2006) and were as follows (Table 4.1):
120 ppb of hydrocarbon (HC), 100 ppb of NO, 20 ppb of NO2, 10 ppb of HONO, and 1 pg
m of organic seed with molecular weight of 250 g mol™. In addition, temperature was
fixed at 298 K, relative humidity was fixed at 50 %, and the solar zenith angle (required to
compute the photolysis frequencies) was fixed at 50°.

To evaluate the ability of GECKO-A to reproduce chamber observations, modeled
SOA mass concentrations and yields were compared with measured SOA mass
concentrations and yields from Lee et al. (2006) and Griffin et al. (1999) for six of the 13
monoterpenes: 3-carene, a-terpinene, B-myrcene, B-pinene, limonene, and terpinolene. In
addition, the simulated decay rates, gas-phase reactivity, and simulated oxidation products
of the six monoterpenes were compared with measurements from Lee et al. (2006) to better
understand the underlying reasons for both good measurement-model agreement and poor

measurement-model agreement.
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To optimize the number of groups needed to represent monoterpenes, k-means
clustering algorithm was applied to simulated SOA yields of 10 monoterpenes under
controlled reactivity conditions. The controlled reactivity simulations were run under
relatively low NOx (10 ppb NO) and relatively high NOx (50 ppb NO) conditions. For
both NOx conditions, the initial hydrocarbon mixing ratios were set at 5 levels (1, 5, 10,
20, and 50 ppb). In each simulation, 50 ppb of formaldehyde, 10 ppm of ethane, and 1 ug
m-3 of organic seed with molecular weight of 250 g mol were added (Table C1). Further,
the 13 monoterpenes simulated under the chamber conditions were grouped based on
structure, reactivity, volatility of particle-phase products, and SOA Yyields. These

approaches resulted in 4-6 clusters for monoterpenes.

Table 4.1: Initial conditions for GECKO-A chamber reactivity simulations.

HC NO NO2 HONO Organic seed RH T
(ppb) (ppb)  (ppb) (ppb) (ng/m®) (%) (K
120 100 20 10 1 50 298
4.3 Results

4.3.1 Comparison between model results and chamber data
4.3.1.1 SOA yield comparison

Figure 4.1 shows SOA vyield as a function of SOA mass for the GECKO-A
simulations (red markers) and the chamber experiments of Lee et al. (2006) and Griffin et
al. (1999) (grey markers). The GECKO-A (this work) and chamber initial conditions and
reacted hydrocarbon (AHC) mixing ratios, SOA mass, and SOA yields are summarized in

Table C2. Generally, for each monoterpene, the SOA yields from Griffin et al. (1999) were
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lower than from Lee et al. (2006) likely due to temperature and NOx differences in
experimental conditions. Higher temperatures and higher NOx mixing ratios (lower
VOC:NOXx ratios) of the Griffin et al. (1999) experimental conditions are expected to result
in relatively lower SOA vyields since SOA yields of monoterpenes generally tend to be
lower at higher temperatures and higher NOx conditions (lower initial VOC:NOy ratios)
(Kim and Paulson, 2013; Pathak et al., 2007b). Starting with limonene photooxidation, as
previously shown in Afreh et al. (2020), both measured and modeled SOA vyields show a
linear trend as a function of SOA mass (for SOA mass > 25 pg m=). The limonene SOA
yields are the highest among the monoterpenes studied in both the chamber studies and as
modelled using GECKO-A. For both limonene and -myrcene, the predicted SOA yields
are in qualitative agreement with the chamber SOA vyields and are closer to the Lee et al.
(2006) yields due to the similar initial conditions. For B-pinene, the measurements
demonstrate a flattening of the yield curve, and the modelled yield was approximately the
same as the observed yield from Lee et al. (2006) though the AHC was higher in the
chamber experiments. For terpinolene, the SOA vyields predicted by GECKO-A and
reported by Lee et al. (2006) were significantly higher than reported by Griffin et al. (1999),
as noted above for all monoterpenes. The scarcity of data points at the higher SOA mass
loadings and yields make it difficult to assess the extent of measurement-model agreement.
For a-terpinene, while there is a trend in the predicted and observed SOA vyields, the
predicted SOA vyield was significantly higher than the Lee et al. (2006) yield, particularly
given the similar initial conditions. Conversely, for 3-carene, the Lee et al. (2006) SOA

yield was significantly higher than the predicted SOA vyield.
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Figure 4.1: Comparison of GECKO-A SOA yields with chamber SOA yields.
GECKO-A SOA yields (diamonds), chamber SOA yields from Lee et al. (2006) are
represented by circles, and Griffin et al SOA yields are represented by squares.

4.3.1.2 Gas-phase reactivity comparison

To understand the factors influencing the similarities and differences between the
model results and Lee et al. (2006) chamber data, the gas-phase predictions and
observations were explored. For limonene, B-myrcene, and terpinolene, where the
predicted SOA mass and yields were in good agreement with Lee et al. (2006), the time
taken for the precursors to be completely consumed was slightly faster (~ 0.25 h to 0.5 h)
in the simulations than observed in the Lee et al. (2006) experiments. For B-pinene, o-
terpinene, and 3-carene, no precursor decay data were reported by Lee et al. (2006) to allow

model-measurement comparison. For limonene, similar acetone yields were obtained from
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both the simulation and the Lee et al. (2006) experiment (0.47 from the model and 0.4 from
the experiment); while slightly higher yields of acetone were obtained in the model than
observed in the experiment for B-myrcene (25.3 % from the model and 22 % from the
experiment), p-pinene (10.9 % from the model and 7.9 % from the experiment), and
terpinolene (28.4 % from the model and 20 % from the experiment).

For a-terpinene and 3-carene, the measurement-model SOA yields disagreements
are likely due to differences in the gas-phase reactivity and subsequent oxidation product
formation between the experiments and simulations. As shown in Figure C1, the fractional
reactivity of precursor by Oz and NOs reactions played a non-negligible role in the
photooxidation simulations; with 94 % of a-terpinene consumed by O3, and 16 % and 20
% of 3-carene consumed by Os and NOs, respectively. While the percentages of Oz and
NOs reactions with the precursors were not explicitly reported for the photooxidation
experiments to allow for direct measurement-model comparison, Lee et al. (2006)
suggested that Oz and NOs reactions played minimal roles in their experiments based on
the observed major oxidation products, which were mostly influenced by OH chemistry.
For a-terpinene, the higher predicted SOA yield (41 %) than reported (25 %) by Lee et al.
(2006) could be as a result of the dominant reaction of a-terpinene by Oz during the
simulation (Fig. B1). The dominant reaction of a-terpinene by Os is influenced by a-
terpinene having the lowest lifetime of 1 min for reaction with O3 among the monoterpenes
(Atkinson and Arey, 2003). This leads to rapid decay of a-terpinene, and formation of
particle-phase oxidation products dominated by C7 to C10 products with 3 to 5 functional

groups (Fig. 4.2). It is likely that a relatively high fraction of major products observed in
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the a-terpinene experiment were not oxidized enough to partition to the particle-phase,
thereby resulting in lower SOA mass. For example, the yield of a-terpinaldehyde (19 %),
a major first-generation product observed by Lee et al. (2006), was approximately 3 orders
of magnitude higher than simulated by the model (0.01 %), suggesting that a-
terpinaldehyde could not be further oxidized during the experiment and therefore remained
in the gas-phase. For 3-carene, the lower predicted SOA yield (16 %) than reported (38 %)
by Lee et al. (2006) is likely due to the slow decay of 3-carene during the simulation, as
well as the contribution of NO3 chemistry to 3-carene reactivity (~ 20 %), which will lead
to the formation of more organic nitrate products with relatively higher volatility. The slow
reactivity of 3-carene likely resulted in high fraction of oxidation products (83 % of the
carbon budget) that could not readily partitioned to the particle-phase, for example,
caronaldehyde, a major C10 product remained in the gas phase with a simulated yield of
25 %. While caronaldehyde was observed experimentally by Lee et al. (2006), the gas-
phase yield was not explicitly reported to allow for comparison. Similarly, Lee et al. (2006)

did not report decay data or oxidant levels for 3-carene.

4.3.2 Comparison among GECKO-A simulation runs

During the photooxidation simulations, monoterpenes reacted with OH, Os, and
NOs. The simulated fractional reactivity of monoterpenes with the atmospheric oxidations
were largely influenced by their relative lifetimes with the oxidants. Rapid depletion of
precursors was observed for compounds with significant reactivity with Oz (> 25 %) due
to the presence of 2 to 3 double bonds in their chemical structure, while slow depletion of

precursors is observed for compounds with substantial NOs reactivity (> 10 %). Based on
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observations by Lee et al. (2006), SOA vyields are generally expected to be higher from
monoterpenes with internal double bonds due to less fragmentation, resulting in loss of
carbon, in the oxidation process. Exceptions to this general observation were a-terpinene
and y-terpinene, where low SOA vyields were observed despite having two internal double
bonds, as well as B-myrcene, an acyclic monoterpene that formed high SOA yield (Lee et
al., 2006). In addition to structures, the extent of SOA formation from monoterpenes are
known to be influenced by their reaction rate constants and the volatility of their oxidation
products (Griffin et al., 1999; Ng et al., 2007; Zhang et al., 2015). In this section the
molecular structures (Fig. C3), simulated fractional reactivity with oxidants (Fig. C1),
carbon budgets (Fig. C2), and volatility distribution of final particle-phase products
(Figures 4.2 and 4.3) were explored to elucidate the variability in the simulated
monoterpene SOA Yyields. Under the photooxidation conditions, simulated SOA yields
were higher for monocyclic monoterpenes with internal double bonds (e.g. limonene
(0.70), B-phellandrene (0.50), a-phellandrene (0.44), a-terpinene (0.41), y-terpinene (0.38),
and terpinolene (0.37)). In contrast, simulated SOA yields (Fig. 4.4) were lower for bicyclic
monoterpenes with an internal double-bonds or an external double bond (e.g., B-pinene
(0.30), a-pinene (0.29), sabinene (0.16), and 3-carene (0.16)), except for camphene which
had a high simulated SOA yield of 0.61, despite being a bicyclic monoterpene with one

external double bond.
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Figure 4.2: Number of functional groups associated with gas- and particle-phase
species as a function of carbon number for limonene, a-terpinene, B-myrcene,
terpinolene, B-pinene, a-pinene, and 3-carene after 8 hours of photooxidation
simulation.
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Figure 4.3: Number of functional groups associated with gas- and particle-phase
species as a function of carbon number for camphene, B-phellandrene, a-
phellandrene, y-terpinene, a-pinene, z-ocimene, and 3-carene after 8 hours of
photooxidation simulation.
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Figure 4.4: Simulated SOA vyield as a function of time for 13 monoterpenes. Inserted
in the legend are the respective SOA yield values for the monoterpenes.

4.3.2.1 Monocyclic monoterpenes

Limonene, which had the highest simulated SOA vyield, was completely consumed
in 1 hour of oxidation (Fig. C2), predominantly by OH (~ 72 %) and Oz (~ 23 %) (Fig. C1).
After 8 hours of oxidation, 50 % of the limonene carbon was in the gas phase, 34 % of the

carbon in the particle phase, and the remaining 16 % of the carbon was CO+CO..
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Limonene’s high simulated SOA yield (0.70) is attributed to the large amounts of relatively
C8 to C10 particle-phase products, with 3 to 5 functional groups (Fig. 4.2). B-Phellandrene,
also monocyclic with one internal and one external double bond (Fig. C4), reacts more
slowly that limonene (completely consumed after 5 hours). Both limonene and p-
phellandrene continue to form SOA after the precursor is completely reacted. The overall
yield of B-phellandrene is lower, 0.50, with 24% of the carbon in the particle phase; largely
C9 and C10 products with 2 to 5 functional groups. While structurally similar (cyclic with
two internal double bonds), a-phellandrene, a-terpinene, and y-terpinene have different
reaction rates and thus fractional reactivity. The monoterpene o-phellandrene reacts
predominantly with Oz (~ 73 %), followed by OH (~ 25 %), and NOs (~ 2 %); a-terpinene
reacts largely with Oz (~ 94 %), and less with OH (~ 3 %) and NOs (~ 3 %). y-Terpinene,
on the other hand, reacts predominantly with OH (~ 82 %), followed by O3 (~ 11 %), and
NO3 (~ 7 %). The consumption of a-terpinene (after 5 min) was more rapid than that of a-
phellandrene (after 1 hour) and of y-terpinene (after 45 min). As with their SOA yields, the
fraction of organics in the particle phase was slightly higher for a-phellandrene (22 %) than
for a-terpinene (17 %) and for y-terpinene (17 %). Terpinolene, like limonene, is
monocyclic with one internal and one external double bond, and completely reacts after 15
min of oxidation, largely by OH (~ 57 %) and Oz (~ 40 %). Terpinolene had an SOA yield
of 0.37, and the particle phase was largely composed of C7 to C10 products with 4 to 5

functional groups.
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4.3.2.2 Bicyclic monoterpenes

While structurally bicyclic, a-pinene has one internal double bond whereas [-
pinene has one external double bond. Further, a-pinene reactivity with Oz (~ 35 %) was
substantially higher than that of B-pinene (15 %) and had faster depletion (completely
consumed after 3 hours) than B-pinene (completely consumed after 5 hours) (Fig. C1).
Despite the differences in their reactivity, a-pinene and B-pinene had approximately equal
fractions of carbon in the particle-phase (14 %) (Fig. C2) as well as similar SOA yields
(0.29 for a-pinene and 0.30 for B-pinene), with the particle phase dominated by C10
products with 2 to 5 functional groups. Sabinene, bicyclic with one external double bond,
and 3-carene, bicyclic with one internal double bond, had the lowest simulated SOA yields
(0.16 each). Sabinene was completely consumed after 1.5 hours, largely by OH (~ 70 %),
O3 (~ 20 %), and NO3z (~ 10 %), while 3-carene was completely consumed after 3 hours,
largely by OH (~ 65 %), O3 (~ 15 %), and NOs (~ 20 %). Despite having similar carbon
budget compositions (Fig. 4.2), sabinene and 3-carene formed diverse final product
distributions. For example, the final gas-phase organics of sabinene were dominated by C9
products (Fig. 4.3), whereas the final gas-phase organics were dominated by C10 products
(Fig 4a). Camphene, like B-pinene and sabinene, is structurally bicyclic with one external
double bond. The simulated SOA yield for camphene (0.61) was approximately two times
that of B-pinene (0.30) and approximately four times that of sabinene (0.16). Among the
13 monoterpenes, camphene’s lifetime with Oz was the highest (18 days), and hence
reacted primarily with OH (~ 63 %) and NOs (~ 25 %). Also, camphene was the

monoterpene with the slowest reactivity, with ~ 90 % of the precursor reacted after 8 hours
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of oxidation. Nevertheless, its particle-phase carbon budget was relatively high (~ 26 %),
resulting in an SOA yield that ranked second among the modeled monoterpenes. Afreh et
al. (2020) attribute the significantly high SOA yield from camphene to the propensity of
camphene to initially form very low volatility particle-phase products during oxidation. As
shown in Fig. 4.3, the final particle-phase product distribution largely consists of C7

products with 3 to 6 functional groups and C10 products with 2 to 6 functional groups.

4.3.2.3 Acyclic monoterpenes

The monoterpenes B-myrcene and z-ocimene are both acyclic monoterpenes with
three double bonds. They have similar reactivities with OH (~ 70 % for -myrcene and ~
73 % for z-ocimene), Oz (~ 27 % for B-myrcene and ~ 25 % for z-ocimene), and NOz (~ 3
% for B-myrcene and ~ 2 % for z-ocimene) (Fig. B1), but diverse SOA vyields (0.38 from
B-myrcene and 0.18 from z-ocimene) due to diverse evolution of their oxidation products.
As shown in Fig. 4.3, the fraction of carbon in the particle-phase is higher for -myrcene
(15 %) than for z-ocimene (7 %), while the fraction of CO+CO: is lower for p-myrcene
(25 %) than for z-ocimene (30 %). This suggests that B-myrcene experienced greater
functionalization during photooxidation, forming products that partitioned to the particle
phase; whereas z-ocimene experienced more fragmentation, with products forming
CO+CO:..
4.3.3 Considering monoterpene representation in models

As demonstrated in the previous section, monoterpene chemistry is complex, and

monoterpene SOA Yyields vary greatly, even among monoterpenes that have similar
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molecular structures. Hence, it is important that the chemistry and diversity of SOA
formation potentials of monoterpenes are adequately represented in chemical mechanisms
applied in air quality models to improve SOA predictions. Discussed in this section are
some approaches that were tested to develop simplified but improved representation of gas-
phase monoterpene chemistry and subsequent SOA formation for air quality modeling. In
one approach, GECKO-A “controlled reactivity” simulations were performed for 10
monoterpenes under two NOx conditions (10 ppb NO and 50 ppb NO) and varying initial
hydrocarbon mixing ratios (Table B2 and B3). Cluster analysis (k-means) was applied to
group monoterpenes based on SOA yield and optimize the number of monoterpenes that
could represent all ten monoterpenes. Using this approach resulted in different groups for
the low NOx and high NOx simulation sets (Table B2 and B3), which is not ideal.
Therefore, a second approach was explored to propose new groups by categorizing
monoterpenes based on their molecular structure, gas-phase reactivity, amount of L\VOC
and ELVOC products formed, and SOA yield.

The new approach was applied to the 13 monoterpenes simulated based on the Lee
et al. (2006) chamber conditions. First, the molecular structures of the monoterpenes were
categorized as monocyclic, acyclic, or bicyclic (Table 4.3). Second, the percentage of
precursor reactivity with oxidants were categorized as: (1) OH dominant (if precursor
reactivity with OH > 70 %); (2) Os dominant (if precursor reactivity with Oz > 70 %); and
(3) NOs substantial (if precursor reactivity with NO3 > 10 %). Third, the SOA yields were
categorized into three sets based on the difference between the highest simulated SOA

yield (0.7) and the lowest simulated SOA yield (0.16); the three sets were: (1) low yield
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(Lvield) (if SOA yield < 0.3), (2) medium yield (Myield) (if 0.3 < SOA yield <0.5), and (3)
high yield (Hyieid) (if SOA vyield > 0.5). Similarly, the predicted mass of LVOCs and
ELVOCs for each monoterpene were summed and, based on the difference between the
highest value (~ 90 pg m™) and the lowest value (~ 4 pg m?), categorized as: (1) low
LVOC (LLvoc) (if LVOC+EVOC < 30 pg m™3); (2) medium LVOC (Mivoc) (if 30 pg m™
<LVOCH+EVOC < 60 pg m3); and (3) high LVOC (Hrvoc) (if LVOC+EVOC > 60 pug m-
%). Based on this approach, four groups were proposed for monoterpenes (Tables 4.3 and
4.4). The time dependent SOA yields of compounds in each monoterpene group is shown
in Fig. 4.5.

Group 1 consists of only limonene, a monocyclic monoterpene with dominant OH
reactivity, high SOA yield, and high mass of LVOCs. Group 2 consists of six monoterpenes
with medium SOA yields: B-phellandrene, a-phellandrene, a-terpinene, y-terpinene,
terpinolene, and B-myrcene. Besides B-myrcene which is acyclic, the remaining five
monoterpenes in group 2 are monocyclic. Also, except for terpinolene which formed
medium mass of LVOCs, the remaining Group 2 monoterpenes formed high mass of
LVOCs. Group 3 consists of five monoterpenes which had low SOA yields: z-ocminene,
B-pinene, a-pinene, sabinene, and 3-carene. Apart from z-ocimene which was acyclic with
medium mass of LVOCs, the remaining Group 3 monoterpenes were bicyclic with
substantial reactivity with NOz and formed low mass of LVOCs. Group 4 consists of only
camphene, a bicyclic monoterpene with substantial NO3 reactivity, high SOA vyield, and

low mass of LVVOCs.
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Steps to implement the proposed monoterpene groups in air quality models will
include optimizing the groups and finding the best way to represent the categorized
compounds in models. One way is to represent each group by one monoterpene surrogate.
For group 2, the surrogate should best represent the diversity in the gas-phase reactivity
and volatility of the individual monoterpenes. Another way is to represent each group by
linear combinations of well-studied monoterpenes, for which SOA parameterizations are
widely available. One example is the a-pinene/limonene mixture demonstrated for

camphene in Chapter 2 (Fig. 2.12).
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Figure 4.5: Simulated SOA vyield as a function of time for compounds in each

monoterpene group. Inserted in the legend are the respective SOA yield values for the
monoterpenes.
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Table 4.2: Monoterpenes categorized into groups based on molecular structure,
reactivity of precursor with oxidants, SOA vyield, and mass of LVOCs using

photooxidation simulation results.

Structure

Monoterpene

OH dominant

O, dominant

NO, substantial

Group

Monocyclic

Limonene

B-Phellandrene
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Table 4.3: Summary of proposed monoterpene groups.

Group 1

Group 2

Group

3

Limonene

B-Phellandrene
a-Phellandrene
a-Terpinene
y-Terpinene
Terpinolene

B-Myrcene

z-Ocimene
B-Pinene
a-Pinene
Sabinene
3-Carene

Camphene
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4.4 Conclusions

Effects of molecular structures on gas-phase reactivity, gas- and particle-phase
product formation, and SOA formation were studied. Under the photooxidation conditions,
simulated SOA yields were higher for monocyclic monoterpenes with internal double
bonds (e.g. limonene (0.70), B-phellandrene (0.50), a-phellandrene (0.44), a-terpinene
(0.41), y-terpinene (0.38), and terpinolene (0.37)) than for bicyclic monoterpenes with an
internal double-bond or an external double bond (e.g., B-pinene (0.30), a-pinene (0.29),
sabinene (0.16), and 3-carene (0.16)). An exception is camphene, a bicyclic monoterpene
with one external double bond, which had significantly high simulated SOA vyield of 0.61.
To better represent monoterpene chemistry in chemical mechanisms and improved SOA
parameterizations, four monoterpene groups were proposed based on molecular structure,
gas-phase reactivity, mass of LVOC and ELVOC products formed, and SOA vyield.
Additional steps were suggested for the implementation of the monoterpene groups in

models.
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Appendix C

Table C1: Initial conditions for GECKO-A controlled reactivity simulations.

HC NO C2Hs CH20 Organic seed
(ppb) (ppb)  (ppm)  (ppb) (ug M)
1,5,10,20,50 10,50 10 50 1

Table C2: Initial conditions and SOA results from this work compared with
photooxidation chamber data from Lee et al. (2006) and Griffin et al. (1999).

RH [VOC]o/ [NOX]o AHC 3 SOA
Precursor T (K) (%) (PpbC/ppb) (Ppb) AMo (Mg m™) yield
GECKO-A model results (this work)
Limonene 298 50 10 120 475.2 0.70
a-Terpinene 298 50 10 120 275.1 0.41
B-Myrcene 298 50 10 120 258.0 0.38
Terpinolene 298 50 10 120 251.5 0.37
B-Pinene 298 50 10 120 202.6 0.30
3-Carene 298 50 10 120 106.6 0.16
Chamber data (Lee et al. (2006))
Limonene 294 45 11.0 120 394 0.58
B-Myrcene 294 53 9.0 112 272 0.43
3-Carene 294 52 8.0 109 236 0.38
Terpinolene 294 50 11.0 110 190 0.31
B-Pinene 293 50 21.0 170 293 0.31
a-Terpinene 293 47 9 103 145 0.25
Chamber data (Griffin et al. (1999))
Limonene 309.4- 20.6- 0.087-
313.4 5 2-4.6 65.1 9.5-120.2 0.344
3-Carene 308.8- 28.8- 0.033-
312.8 5 3.6-6.5 104.6 2.5-99.7 0.179
a-Terpinene 313.3- 47- 0.082-
316 5 3.0-5.0 79.6 20.2-73.8 0.175
B-Myrcene 311.1- 9.8- 0.068-
311.9 5 2.2-3.9 775 3.5-57.5 0.168
B-Pinene 308.8- 32.3- 0.080-
316.2 5 2.4-7.1 96.5 7.2-141.6 0.272
Terpinolene 312.4- 25- 0.015-
316 5 2.6-5.4 133.2 1.9-28.9 0.041
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Table C3: Monoterpenes categorized into 6 groups based on the k-means clustering
method for controlled reactivity simulations under relatively low NOx condition (10
ppb NO).

Max SOA (ugm™)

NOx Level NO =10 ppb
Precco‘gj"z;;lét;al Group 1 5 10 20 50
Limonene 1 216 1478 3549 8670 269.71
v-Terpinene | 2 1.14 7.80 1920 48.06 164.58
Terpinolene | 2 0.63 471 1375 4261 154.93
B-Myrcene | 3 096 651 1668 44.17 147.25
o-Phellandrenc | 3 120 771 1796 42.51 13628
o-Terpinene | 3 088 600 1486 3738 125.87
o-Pinene 4 083 546 1283 31.17 107.70
7-Ocimene | 4 0.60 390 977 2537 9697
Camphene | 5  1.60 10.17 2239 4641 96.82
3-Carene 6 057 379 899 2198 81.77
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Table C4: Monoterpenes categorized into 6 groups based on the k-means clustering
method for controlled reactivity simulations under relatively high NOx condition (50
ppb NO).

Max SOA (ugm™)
NOx Level NO =50 ppb
Pré‘;‘gsf’g;léglal Group | 5 10 20 50
Limonene 1 124 9.1 2231 5578 201.38
Camphene 2 1.11 816 20.57 50.67 163.57
o-Phellandrene| 3 0.77 520 12.88 3243 109.58
y-Terpinene 4 064 469 11.56 27.75 101.19
o-Pinene 4 059 414 10.63 2822 9634
o-Terpinene 4 060 403 990 2518 9544
B-Myrcene 5 046 283 698 1970 97.46
Terpinolene 5 036 2.54 6.61 18.00 89.64
3-Carene 6 039 264 668 1755 61.07
z-Ocimene 6 028 169 403 10.62 49.93
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Figure C1: Percentage of precursor consumed by OH (black), O3 (red), and NO3
(blue) as a function of fraction of precursor reacted for limonene, camphene, B-
phellandrene, a-phellandrene, a-terpinene, y-terpinene, f-myrcene, terpinolene, -
pinene, a-pinene, z-ocimene, sabinene, and 3-carene.
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Figure C2: Carbon budget as a function of time during photooxidation simulation for
limonene, camphene, - phellandrene, a-phellandrene, a-terpinene, y-terpinene, -
myrcene, terpinolene, f-pinene, a-pinene, z-ocimene, sabinene, and 3-carene.
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Figure C3: Structures of the monoterpenes studied (Atkinson and Arey, 2003).
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Figure C4: Mass percentage of four volatility categories in the particle phase at the
end of the photooxidation simulation.
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Chapter 5: Conclusions & Future Work

Overall, this dissertation has provided mechanistic understanding of SOA
formation from monoterpenes, particularly those understudied in chamber, using the nearly
explicit model, GECKO-A. The ability of GECKO-A to capture chamber observations
were evaluated. For the first time, SOA from camphene was modeled and the results
compared with camphene chamber data. Five monoterpene groups were proposed to
improving representation of monoterpene chemistry in chemical mechanisms.

In this thesis, a detailed study on camphene was conducted using GECKO-A.
Camphene SOA formation potential under controlled reactivity conditions was compared
with that of a-pinene and limonene. Camphene was observed to form relatively lower
volatility products than a-pinene and limonene during the initial oxidation period. SOA
yield for camphene (46 %) was relatively high, in between a-pinene (25 %) and limonene
(74 %), suggesting that SOA formation from camphene can be represented as a 50/50
mixture of a-pinene and limonene. Representing camphene as 50/50 mixture of a-pinene
+ limonene greatly increased predicted SOA mass by 43-50 % for black spruce and by 56-
108 % for Douglas fir.

Further, the mechanistic study of SOA formation prompted a laboratory chamber
study of camphene, and comparison between the model predictions and measurement data
were performed. The model-measurement comparison showed that SOA yield trends were
similar between the SOA model simulations and the chamber studies when NOx were
present. Also, the mixing ratios of OH, ozone, and camphene decay generated by the model

were consistent with the chamber data when NOx was present. In the absence of NOX, the
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GECKO-A SOA results disagreed with the chamber SOA data due to limitations in
GECKO-A under very low NOx conditions. For simulations with NOX, the particle phase
is dominated by C7 and C10 products, whereas for simulations without NOx the particle
phase is dominated largely by C10 products. Further, the top 5 particle-phase products
formed from the simulations with NOx suggest that the SOA formation was driven by
RO,+NO pathway, whereas the top 5 particle-phase products from the simulations without
NOx suggest that the SOA formation was driven by RO>+HO; pathway.

Finally, SOA formation from 13 monoterpenes were explored under relevant
chamber photooxidation conditions. Model-measurement comparison for six
monoterpenes showed agreement, except for a-terpinene and 3-carene. Rapid precursor
depletion was observed for monoterpenes with substantial reactivity with O3 (> 25 %),
while slow precursor depletion was observed for monoterpenes with substantial NO3
reactivity (> 13 %). It was demonstrated that monocyclic monoterpenes generally had
relatively higher SOA yields than bicyclic monoterpenes, except for camphene, which had
high simulated SOA yield despite being a bicyclic monoterpene. Five monoterpene groups
were proposed to better represent monoterpene chemistry in chemical mechanisms and
improved SOA parameterizations in models. The four monoterpene groups were derived
based on molecular structure, gas-phase reactivity, mass of LVOC and ELVOC products
formed, and SOA vyield of individual monoterpene.

This dissertation provides an opportunity for more chamber studies on under-
studied monoterpenes to help resolve model-measurement disagreements. Future updates

are recommended for GECKO-A to improve simulations under zero NOx conditions.
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Future studies should build on the proposed monoterpene groups by optimizing the groups
and finding the best way of deriving model surrogates and SOA parameterization for each
group. The approach used to propose the monoterpene groups can be applied to other

classes of VOCs to help improve air quality predictions.
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