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ABSTRACT

FROM FORESTS TO THE REMOTE OCEAN TO SMOKE PLUMES:

AEROSOL MICROPHYSICS IN DIVERSE ENVIRONMENTS

Atmospheric aerosol are produced from terrestrial and marine sources, exist throughout the
troposphere, and have impacts on climate and human health. Aerosol may be emitted directly or
form in the atmosphere through gas-to-particle conversion. Once emitted, these particles are hardly
static: they may grow or shrink through condensation or evaporation of vapors, coagulate together,
and eventually settle out of the atmosphere through dry or wet deposition. This dissertation focuses
upon the former processes, also known as aerosol microphysics: how do aerosol form, grow
through condensation, shrink through evaporation, and coagulate within the atmosphere? How
does the relative importance of each process change for different conditions, such as in an ambient
forested environment or within biomass burning smoke plumes?

First, we model oxidation flow reactor (OFR) size distribution data taken from ambient
data in a ponderosa pine forest and Amazonia with an aerosol microphysics box model. We find
“the best model-to-measurement agreement when the accommodation coefficient of the larger
particles (D, > 60 nm) was 0.1 or lower (with an accommodation coefficient of 1 for smaller
particles), which suggests a diffusion limitation in the larger particles. When using these low
accommodation-coefficient values, the model agrees with measurements when using a published
H>SO4-organics nucleation mechanism and previously published values of rate constants for gas-
phase oxidation reactions. Further, gas-phase fragmentation was found to have a significant impact

upon the size distribution, and including fragmentation was necessary for accurately simulating
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the distributions in the OFR. The model was insensitive to the value of the reactive uptake
coefficient on these aging timescales. Monoterpenes and isoprene could explain 24 %—95% of the
observed change in total volume of aerosol in the OFR, with ambient semivolatile and
intermediate-volatility organic compounds (S/IVOCs) appearing to explain the remainder of the
change in total volume” (Chapter 2, overview).

Then we test the impact of methanesulfonic acid (MSA) upon global aerosol size
distributions, using the GEOS-Chem chemical transport model coupled to an aerosol microphysics
model. We test volatility assumptions of MSA, treating it as either having a constant volatility or
a dynamic volatility range based upon temperature and relative humidity. When using the volatility
parameterization (likely to be the most realistic treatment of MSA), “including MSA in the model
changes the global annual averages at 900 hPa of submicron aerosol mass by 1.2 %, N3 (number
concentration of particles greater than 3 nm in diameter) by —3.9% (non-nucleating) or 112.5%
(nucleating), N80 by 0.8% (non-nucleating) or 2.1% (nucleating), the cloud-albedo aerosol indirect
effect (AIE) by —8.6 mW m™? (non-nucleating) or —26 mW m 2 (nucleating), and the direct
radiative effect (DRE) by —15 mW m 2 (non-nucleating) or —14 mW m™? (nucleating). The sulfate
and sulfuric acid from DMS oxidation produces 4—6 times more submicron mass than MSA does,
leading to approximately a 10 times stronger cooling effect in the DRE. But the changes in N80
are comparable between the contributions from MSA and from DMS-derived sulfate/sulfuric acid,
leading to comparable changes in the cloud-albedo AIE” (Chapter 3, overview). We also perform
model-measurement comparisons to ship-based size distribution observations and MSA mass
observations from the ATom field campaign. We find that cases that allow MSA to nucleate best
match the ship-based size distribution observations and that cases that use the volatility

parameterization best match the ATom MSA mass observations.
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The final sections of this dissertation focus on biomass burning smoke plume aerosol
observations and modeling. First, we review all available field and laboratory data on near-field
(within a few hours of emission) aging of aerosol mass and composition markers. On average, the
field data show no increase in dilution-corrected aerosol mass with aging but laboratory data show
a net increase in aerosol mass with aging. Conversely, both field and laboratory data show clear
changes in compositional markers that are indicative of aerosol aging. Based on these data as well
as current research directions, we propose the following hypotheses for why laboratory and field
measurements do not agree on aerosol mass enhancements: (1) differences in emissions and
chemistry, (2) differences in dilution rates and entrainment, (3) losses in chambers and lines within
laboratory campaigns, and (4) differences in timing of the initial measurement. There is no clear
trend in the field and laboratory data for hypothesis (1), emissions and chemistry, to allow us to
determine how it impacts the field-laboratory discrepancies. Laboratory experiments are diluted
to a ~fixed value and then not diluted further, potentially limiting losses to evaporation compared
to field burns that dilute continuously. As well, laboratory burns do not entrain variable
background air that may further impact partitioning rates. Thus hypothesis (2), dilution rates and
entrainment, could help explain the relative increases in mass for laboratory campaigns.
Laboratory experiments do suffer from particle wall and line losses and vapor wall and line
partitioning. Previously published laboratory experiments (at the time of Chapter 4’s publication
date) had been corrected for particle wall loss but not vapor wall or tubing partitioning. As vapors
lost to walls and tubing would have been able to participate in SOA formation, hypothesis (3) leads
to increases in laboratory mass enhancement ratios, increasing the field-laboratory discrepancy.
Finally, laboratory campaigns are able to capture all stages of photochemical aging, with “time=0"

set to when aging begins. Conversely, field campaigns are unable to capture initial emissions and
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instead typically measure ~10-60 minutes downwind of emission. If fast initial chemistry and SOA
production occurs before the time of the initial field observation, then the field mass enhancement
will be biased low. So hypothesis (4), differences in timing of the initial measurement, would
potentially increase field mass enhancements and lead to closer field-laboratory agreement.

We finally test hypothesis (2) and (4) using first a theoretical modeling framework and
then field observations. For the theoretical modeling framework, we simulate fires between 10
and 100 km? in initial size using an aerosol microphysics model that simulates plume dilution with
Gaussian dispersion. The plumes are allowed to dilute into aerosol background concentrations
between 0-50 ug m>. In our simulations, we find that “aging organic aerosol [OA] mass is
controlled by competition between OA evaporation and secondary organic aerosol [SOA]
condensation. Large, slowly diluting plumes evaporate little in our base set of simulations, which
may allow for net increases in mass, extinction (£), cloud condensation nuclei (CCN) , and
geometric mean diameter (Dg) from SOA condensation. Smaller, quickly diluting fire plumes lead
to faster evaporation, which favors decreases in mass, £, CCN, and D,. However, the SOA fraction
of the smoke OA increases more rapidly in smaller fires due to faster primary organic aerosol
evaporation leading to more SOA precursors. Net mass changes for smaller fires depend on
background OA concentrations; increasing background aerosol concentrations decrease
evaporation rates. Although coagulation does not change mass, it can decrease the number of
particles in large/slowly diluting plumes, increasing D, and E, and decreasing o,” (Chapter 5,
overview).

Finally, we examine aircraft data from the Biomass Burning Observations Project (BBOP)
field campaign that took place in July-August of 2013. BBOP sampled wildfire smoke in pseudo-

Lagrangian transects in the Pacific Northwest. From measurements of five fires, we are able to



show that the initial mass of each region, determined from the first transect, “can help predict
changes in smoke aerosol aging markers, number and diameter. The initial smoke mass can serve
as a proxy for plume size/thickness. Dilution can in turn impact photochemistry and evaporation
of aerosol. Plume cores generally have higher concentrations than edges, and we find that edges
are more likely to undergo higher ozone production as well as new particle formation. We find
that particle aging, evaporation, and coagulation has occurred before the first measurement, with
less aging and evaporation and more coagulation occurring for thicker plumes and in plume cores

(relative to edges) by the time of the first measurement” (Chapter 6, overview).
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CHAPTER 1
INTRODUCTION TO AEROSOL MICROPHYSICS

Aerosols are ubiquitous throughout the earth’s atmosphere and play an important role in
climate (Boucher et al., 2013; Charlson et al., 1992). Particles have both direct and indirect climate
impacts. In the direct radiative effect (DRE), aerosol can absorb and/or scatter incoming solar
radiation ((Boucher et al., 2013; Charlson et al., 1992)), altering the earth’s radiation budget. In
the aerosol indirect effect (AIE), particles modify cloud reflectivity through changes in cloud
droplet number concentrations (CDNC; Twomey, 1974). The size and composition of the particles
influence both the DRE and AIE: peak scattering and absorption efficiencies are reached between
100 nm-1 pm in diameter, dependent upon composition (Seinfeld and Pandis, 2006). Only particles
capable of acting as cloud condensation nuclei (CCN) influence CDNC; typically particles with
diameters larger than 40-100 nm may act as CCN but the activation diameter of a particle depends
on its hygroscopicity, which is a direct function of composition (Petters and Kreidenweis, 2007).
As well, particle size governs its deposition (loss) rates both in the environment (Seinfeld and
Pandis, 2006) and within the respiratory tract (Kodros et al., 2018).

Particles can be emitted directly from land and marine surfaces (such as dust and sea spray;
Song and Carmichael, 1999), emitted directly by combustions sources (such as wildfires,
cookstoves, power plants, and vehicles; Jathar et al., 2014), or created directly in the atmosphere
from gas-to-particle conversion, also known as nucleation or new particle formation (Kulmala et
al., 2004; Spracklen et al., 2008). Particle composition may be comprised of inorganic compounds
(such as sulfate, chlorine, ammonium, nitrate, and many trace metals; Cruz and Pandis, 1998) and
carbonaceous compounds that include organics and black carbon (Shrivastava et al., 2017; Cooke

and Wilson, 1996). Organic aerosol (OA) comprises a large fraction of submicron aerosol mass



(Murphy et al., 2006; Zhang et al., 2007; Jimenez et al., 2009)). Much of organic aerosol comes
from secondary organic aerosol (SOA) production ((Shrivastava et al., 2017)). Volatile organic
compounds (VOCs), compounds with saturation concentrations (C*) >~107 ug m™ are emitted
into the atmosphere (Guenther et al., 1995). A portion of these vapors can react with atmospheric
oxidants (primarily OH, O, and NO3") (Atkinson and Arey, 2003) to form lower-volatility products
that may then partition to the condensed phase, forming SOA (Pankow, 1994). The absolute
number of distinct VOC compounds is unknown but may range well above 10° compounds
(Goldstein and Galbally, 2007), making constraining SOA production a complicated problem.
Furthermore, OA in the particulate phase spans a wide range of volatilities from extremely low
volatility organic compounds (ELVOCs) and low volatility organic compounds (LVOCs), where
nearly all of the compounds mass exists in the particulate phase at equilibrium, to semi-volatile
organic compounds (SVOCs), which have non-trivial fractions of the species mass exist in both
the gaseous and particulate phases (Riipinen et al., 2011; Pierce et al., 2011; Ehn et al., 2012;
Murphy et al., 2014). SVOCs may have net evaporation to the gas-phase if dilution occurs or
temperature increases (Donahue et al., 2006). Finally, the details of SOA condensation and OA
evaporation affect the size distribution of the particles, which impacts their climatic effects.

The focus of this dissertation is broadly upon aerosol microphysics: how do aerosol form,
grow through condensation, shrink through evaporation, and coagulate within the atmosphere?
What is the relative importance of each process? To test these questions, we examine and model
evolving size distributions in a ponderosa pine forest and the Amazonian rainforest; we estimate
the influence of methanesulfonic acid on global size distributions; and we examine smoke plumes

from theory to field measurements.



Chapter 2 focuses on oxidation flow reactor (OFR) size distribution data taken during field
campaigns within a ponderosa pine forest in Colorado, USA, and within central Amazonia. The
OFR experimentally simulates atmospheric OH aging under short residence times (2-4 minutes,
typically) through the use of high OH concentrations, leading to the equivalent of hours to days of
atmospheric OH exposure within the residence time (Palm et al., 2016). We use the aerosol
microphysics model TOMAS (TwO-Moment Aerosol Section model; (Adams and Seinfeld,
2002)) coupled to a volatility basis set (VBS) framework (Donahue et al., 2006), TOMAS-VBS,
to constrain the observed nucleation and growth of both the pre-existing and newly formed
particles within both campaigns for observations <1 day of equivalent aging. The model simulates
condensation, coagulation, and nucleation and is coupled to a volatility basis set in order to track
volatility of both the aerosol and gas phases. In order to fit the measurements, we test (1) nucleation
rate constants and different nucleation schemes; (2) the rate constants of gas-phase
functionalization and fragmentation of the organic vapors with OH; (3) the reactive uptake
coefficient for heterogeneous fragmentation reactions with OH; and (4) an effective
accommodation coefficient that accounts for possible gas-phase diffusion limitations for particles
>60 nm in diameter, as we observed that the growth rates of the accumulation mode are slower
than that of the newly formed nucleation/Aiken mode.

Chapter 3 asks the question “what impact does methanesulfonic acid (MSA) have upon
global size distributions and associated radiative impacts?” Dimethylsulfide (DMS) is emitted
from oceans and oxidizes to form primarily SO2 and MSA (Barnes et al., 2006). SO, formation
from DMS oxidation, and the subsequent formation of sulfuric acid from SO> oxidation, has been
included within existing aerosol size-resolved global chemical transport models. This study is a

first look at including MSA from DMS oxidation in an aerosol size-resolved global chemical



transport model, the GEOS-Chem chemical transport model (http://geos-chem.org; last accessed

21 November 2019) coupled to the 15 size-bin version of TOMAS. Uncertainties remain upon the
effective volatility of MSA and whether MSA can participate in nucleation (Bork et al., 2014). To
test these uncertainties, we run a suite of cases in which MSA is considered to be ideally
nonvolatile everywhere (similar to an ELVOC described above, ideally semivolatile everywhere
(similar to an SVOC described above), or is allowed to vary between nonvolatile, semivolatile,
and volatile, dependent upon temperature and relative humidity. The variable volatility is
parameterized with the Extended Aerosol Inorganics Model (E-AIM; http://www.
aim.env.uea.ac.uk/aim/aim.php; last accessed 21 November 2019). For instances in which MSA
is nonvolatile, we further run separate simulations in which MSA is or is not allowed to participate
in nucleation, with the assumed nucleation efficacy of sulfuric acid (an upper bound on MSA’s
nucleating ability). We also isolate the size distribution and radiative impacts of sulfuric acid and
sulfate from DMS oxidation for comparison.

Chapters 4-6 form a cohesive unit upon smoke observations and modeling of near-field
(within a few hours of emission) aging. Fires emit vapors and particles to the atmosphere, (e.g.
(Akagi et al., 2011; Yokelson et al., 2011), and these emissions can rapidly evolve as smoke
plumes travel downwind, diluting and entraining background air (e.g. (Akagi et al., 2012a;
Alvarado et al., 2015; Hecobian et al., 2010; Cubison et al., 2011a; May et al., 2015). If the vapors
oxidize through photochemical aging and form lower-volatility products, they can condense upon
smoke aerosol, increasing particle mass and size. Conversely, as the plume entrains background
air and becomes more dilute, semivolatile particulate compounds can evaporate to the gas-phase,
and this evaporation leads to decreases in smoke particle mass and size. Furthermore, smoke

particles can coagulate together, leading to decreases in particle number (which may impact total



CCN numbers attributable to smoke) but increases in the mean particle size. Better understanding
the interplay between dilution, photochemical aging, and aerosol microphysics within smoke is
explored throughout Chapters 4-6.

Chapter 4 is a review of laboratory and field observations of near-field aging of smoke

aerosol mass enhancement ratios,

Final mass

Massgr = (Eq. 1.1)

Initial Mass

where a Massgr>1 indicates an increase in aerosol mass over time. Similarly, we looked at the
evolution smoke composition enhancement ratios for O:C and fy4/fs0, both calculated in a similar
way as Eq 1.1. Enhancement ratios greater than 1 for either of these metrics shows that the organic
aerosol is becoming more oxygenated with time in the plume. To date, most field campaigns show

little change in dilution-corrected mass (Massgr = 1) with time after emission (Brito et al., 2014;

Capes et al., 2008; Collier et al., 2016; Cubison et al., 201 1b; Forrister et al., 2015; Garofalo et al.,
2019; Hecobian et al., 2011; Liu et al., 2016; May et al., 2015; Morgan et al., 2019; Sakamoto et
al., 2015; Zhou et al., 2017) with a few showing decreases (Masser < 1) (Akagi et al., 2012b;
Hobbs et al., 2003; Jolleys et al., 2012, 2015; May et al., 2015) and a few showing increases
(Masser > 1) (Cachier et al., 1995; Formenti et al., 2003; Liu et al., 2016; Nance et al., 1993; Reid
et al., 1998; Vakkari et al., 2014, 2018; Yokelson et al., 2009). Conversely, laboratory studies
typically show increases in mass (Hennigan et al., 2011; Ortega et al., 2013; Tkacik et al., 2017,
Ahern et al., 2019), with relatively few cases showing losses or no change in mass. To add to the
puzzle, essentially all observations in both the field and laboratory studies show evidence of
increasing oxidation as the smoke ages, as seen by increases in O:C and f4/fso enhancement ratios.
This discrepancy between field and laboratory mass enhancements is the driver of Chapter 4,

which seeks to provide hypotheses as to why field and laboratory observations disagree on mass



enhancements. Although Chapter 4 is ostensibly not focused upon aerosol microphysics,
microphysics is important for understanding mass and composition, as SOA condensation and OA
evaporation will alter smoke size distributions, mass, and composition. We present four primary
hypotheses for differences between field and laboratory smoke aging observations within this
chapter: (1) differences in emissions and chemistry, (2) differences in dilution rates and
entrainment, (3) losses in chambers and lines within laboratory campaigns, and (4) differences in
timing of the initial measurement.

Chapter 5 examines hypothesis (2) of Chapter 4, differences in dilution rates and
entrainment, in a theoretical modeling framework. We explore the relationships between fire size,
dilution rate, and entrainment of background aerosol on particle coagulation, OA evaporation, and
secondary organic aerosol (SOA) condensation in diluting smoke plumes. We model fictitious

fires between 107*-100 km? in initial size that dilute into backgrounds of 0-50 ug m= of nonvolatile

organic aerosol such that we test each permutation of fire size and background concentration. We
again use the TOMAS-VBS aerosol microphysics model. Each smoke plume simulates dilution
within a Gaussian dispersion framework, following (Bian et al., 2017). We test variable
background concentrations as entrainment of more polluted background air is anticipated to slow
partitioning to the gas phase. We examine smoke OA mass, geometric mean diameter (D), peak
lognormal modal width (o), particle extinction (£), and CCN concentrations after four hours of
aging. We also provide sensitivity studies to the rate of gas-phase oxidation, the number of
volatility bins dropped per OH reaction, atmospheric stability (which will impact dilution rates),
the accommodation coefficient (again assumed to be a proxy for diffusion limitations), and total
aging period. We do acknowledge that the conclusions of Chapter 5 are limited as we chose to

hold important variables fixed, such as temperature, mass flux, injection height, wind speed, and



OH concentrations. Furthermore, we do not compare our simulations to observational data.
However, we hope that our framework here can motivate further smoke-plume research inclusive
of the effects of fire size, dilution rates, and background OA concentrations.

Directly motivated by the work of Chapter 4 and 5, we perform an observational study in
Chapter 6 of smoke plumes from the Biomass Burning Observation Project (BBOP) field
campaign (Kleinman and Sedlacek, 2016). BBOP took aircraft observations of smoke plumes from
wildfires in the Pacific Northwest in 2013. We use measurements of aerosol properties and ozone
from six research flights sampling wildfires downwind in pseudo-Lagrangian transects that are
provided on 1-second sampling rate. The high time resolution allows us to parse each smoke plume
transect into core, edge, or intermediate regions, based on background-corrected CO values, as it
is anticipated that the edge of a smoke plume may dilute and mix with background air more rapidly
than the core of a plume.

In Chapter 7, we provide a brief synthesis of our work and discuss future work that is

directly motivated by our smoke research.
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CHAPTER 2
CONSTRAINING NUCLEATION, CONDENSATION, AND CHEMISTRY IN

OXIDATION FLOW REACTORS USING SIZE-DISTRIBUTION MEASUREMENTS
AND AEROSOL MICROPHYSICAL MODELLING!

Overview

Oxidation flow reactors (OFRs) allow the concentration of a given atmospheric oxidant to
be increased beyond ambient levels in order to study secondary organic aerosol (SOA) formation
and aging over varying periods of equivalent aging by that oxidant. Previous studies have used
these reactors to determine the bulk OA mass and chemical evolution. To our knowledge, no OFR
study has focused on the interpretation of the evolving aerosol size distributions. In this study, we
use size distribution measurements of the OFR and an aerosol microphysics model to learn about
size-dependent processes in the OFR. Specifically, we use OFR exposures between 0.09-0.9
equivalent days of OH aging from the 2011 BEACHON-RoMBAS and the GoAmazon2014/5 field
campaigns. We use simulations in the TOMAS (TwO-Moment Aerosol Sectional) microphysics
box model to constrain the following parameters in the OFR: (1) the rate constant of gas-phase
functionalization reactions of organic compounds with OH, (2) the rate constant of gas-phase
fragmentation reactions of organic compounds with OH, (3) the reactive uptake coefficient for

heterogeneous fragmentation reactions with OH, (4) the nucleation rate constants for three
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Jimenez, J. L. and Pierce, J. R.: Constraining nucleation, condensation, and chemistry in
oxidation flow reactors using size-distribution measurements and aerosol microphysical
modelling, Atmos. Chem. Phys., 18, 12433-12460, doi:10.5194/acp-2018-223, 2018.
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different nucleation schemes, and (5) an effective accommodation coefficient that accounts for
possible particle diffusion limitations of particles larger than 60 nm in diameter.

We find the best model-to-measurement agreement when the accommodation coefficient
of the larger particles (Dy,>60 nm) was 0.1 or lower (with an accommodation coefficient of 1 for
smaller particles), which suggests a diffusion limitation in the larger particles. When using these
low accommodation-coefficient values, the model agrees with measurements when using a
published H>SOs-organics nucleation mechanism and previously published values of rate
constants for gas-phase oxidation reactions. Further, gas-phase fragmentation was found to have a
significant impact upon the size distribution, and including fragmentation was necessary for
accurately simulating the distributions in the OFR. The model was insensitive to the value of the
reactive uptake coefficient on these aging timescales. Monoterpenes and isoprene could explain
24-95% of the observed change in total volume of aerosol in the OFR, with ambient semivolatile
and intermediate-volatility organic compounds (S/IVOCs) appearing to explain the remainder of
the change in total volume. These results provide support to the mass-based findings of previous
OFR studies, give insight to important size-distribution dynamics in the OFR, and enable the

design of future OFR studies focused on new particle formation and/or microphysical processes.

2.1 Introduction

Aerosols impact the climate directly, through absorbing and scattering incoming solar
radiation (Charlson et al., 1992), and indirectly, through modifying cloud properties (Rosenfeld et
al., 2008; Clement et al., 2009). Both of these effects are size-dependent, with larger particles
dominating both effects. Particles with diameters (Dp) greater than 50-100 nm can act as cloud

condensation nuclei (CCN) and particles with D, greater than 200-300 nm can absorb and scatter
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radiation more efficiently than smaller particles (Seinfeld and Pandis, 2006). The radiative forcing
predictions of these effects remain amongst the largest uncertainties in climate modelling (Boucher
et al., 2013), and thus climate predictions rely greatly upon accurate simulations or assumptions
of the particle-size distributions. The majority of aerosol number globally is derived from
photochemically driven new particle formation (NPF) of ~1 nm particles (e.g., Spracklen et al.,
2008; Pierce and Adams, 2009a). These new particles are too small to impact climate, and they
must grow through uptake of vapors and similarly sized particles while avoiding being lost by
coagulation to larger particles in order to reach climatically relevant sizes (Westervelt et al., 2014).
Thus, accurately simulating new particle formation and growth processes is a key step towards
representing particle size distributions and predicting aerosol-climate effects in regional and global
models that assess aerosol impacts. In the following paragraphs, we discuss the processes that
shape new-particle formation and growth processes relevant to the analyses in this paper.

A large fraction of submicron aerosol mass is composed of organic aerosols (OA) (Murphy
et al., 2006; Zhang et al., 2007; Jimenez et al., 2009; Shrivistava et al., 2017). OA is composed of
thousands of often-unidentified compounds (Goldstein and Galbally, 2007) and can be emitted
directly in the particle phase as primary OA (POA) or formed as secondary OA (SOA) through
gas-to-particle conversion. In SOA formation through the gas-phase, atmospheric oxidants (mainly
OH, O3, and NOs3) react with organic gases to form either less-volatile functionalized compounds
or often more-volatile fragmentation products. If the oxidation products have a low-enough
volatility, they may then partition to the particle phase, forming SOA (Pankow et al., 1994;
Donahue et al., 2006). The vapors may either partition to pre-existing particles or form new
particles through NPF. Alternatively, the oxidation products could react in the particle phase to

form lower volatility products that then remain in the particle phase (e.g., Paulot et al., 2009).
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Controlled studies of SOA formation have traditionally used large reaction chambers with
residence times of hours (often referred to as “smog chambers”). Chambers are susceptible to loss
of both gases and particles to the walls of the chambers (e.g., Krechmer et al., 2016; Bian et al.,
2017). In order to enable the study of SOA formation from ambient air and limit wall losses,
oxidation flow reactors (OFRs, i.e., the Potential Aerosol Mass [PAM] reactor; Kang et al., 2007,
Lambe et al., 2011a) were developed to produce high and controllable oxidant concentrations and
have short residence times (usually ~2 — 4 minutes), with the purpose of simulating hours to days
or weeks of equivalent atmospheric aging (eq. days) in either laboratory or field experiments. Wall
losses in OFRs can often be smaller than in large chambers due to shorter residence times (e.g.
Palm et al., 2016), although a direct comparison requires specification of the operating conditions,
and losses in both types of reactors are still a subject of research. Studies with OFRs have shown
SOA yields from precursor gases are similar to yields from smog chambers (Kang et al., 2007;
Lambe et al., 2011b, 2015; Palm et al., 2018). Previous field studies with OFRs have focused on
bulk aerosol mass formation and aging, and bulk chemical evolution (e.g., Ortega et al., 2013,
2016; Tkacik et al. 2014; Palm et al. 2016, 2017a, 2018). Ortega et al. (2016) and Palm et al. (2016)
showed that size distributions in OFR output were dynamic as a function of time and aging.
However, to the best of our knowledge, no ambient OFR study has focused on the aerosol size
distributions that form and evolve within the OFR. Processes that could help shape the size
distribution within the OFR are the same as those that take place in the real atmosphere, and include
nucleation, condensation of vapors, coagulation, the rate of gas-phase oxidation with OH, gas-
phase fragmentation with OH, vapor-uptake and/or particle diffusion limitations, reactive uptake
growth mechanisms including accretion reactions and acid-base reactions, heterogeneous

reactions, and wall losses of both vapors and particles. Many of these processes have uncertainties

23



associated with them, necessitating model-to-measurement comparisons and sensitivity studies.
Using an OFR extends the parameter space over which comparisons can be made, compared to
using only ambient data where parameter variations are narrower.

Nucleation, i.e., the formation of new ~1 nm particles, can involve a number of species,
including water, sulfuric acid, ammonia, amines, ions, and certain low-volatility organic
compounds (e.g., Kulmala et al., 1998; Vehkamaki et al., 2002; Kulmala et al., 2002; Napari et al.,
2002; Laakso et al., 2002; Yu et al., 2006a; Yu et al., 2006b; Metzger et al., 2010; Almeida et al.,
2013; Jen et al., 2014; Riccobono et al., 2014). Along with multiple species, observations indicate
that numerous physical and chemical reactions can be involved (e.g., Zhang et al., 2004; Chen et
al., 2012; Almeida et al., 2013; Riccobono et al., 2014). Recent studies have pointed to the
importance of nucleation involving sulfuric acid and oxygenated organic compounds over the
forested continental boundary layer (BL) (e.g., Metzger et al., 2010; Riccobono et al., 2014).
However, controlled nucleation and growth studies in smog chambers or oxidation flow reactors
involving organics have traditionally focused on organics formed from the oxidation of a single
precursor vapor, such as a-pinene. Previous chamber studies have examined NPF from plant
emissions (e.g., Joutsensaari et al., 2005; Vanreken et al., 2006), but to our knowledge no studies
have systematically investigated nucleation and growth mechanisms in OFR or other types of
reactors using ambient air as the precursor source.

Condensation of vapors to newly formed aerosol particles as well as pre-existing particles
increases the total aerosol particle mass, but the net condensation rate to differently sized particles
is dependent upon the volatility of the vapors. The lowest-volatility vapors condense essentially
irreversibly onto particles of all sizes (i.e. “kinetically limited” or irreversible condensation;

Riipinen et al., 2011, Zhang et al., 2012). Semi-volatile vapors (with non-trivial partitioning
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fractions in both the particle and gas phases at equilibrium) have a net condensation to particles
that is determined by reversible partitioning (i.e. quasi-equilibrium condensation; Riipinen et al.,
2011, Zhang et al., 2012). Kinetically limited condensation is gas-phase-diffusion limited and only
possible for compounds with effective saturation concentrations (C*; Donahue et al., 2006) <~10"
> ug m3 (e.g., low and extremely low volatility organic compounds; LVOCs and ELVOCs); the
net SOA uptake to a particle is proportional to the Fuchs-corrected surface area of the particle
(Pierce et al., 2011). Conversely, thermodynamic condensation primarily involves semi-volatile
organic compounds (SVOCs) with C*~10"! —10% ug m that quickly reach equilibrium between
the gas and particle phases for all particle sizes; as a result, the net SOA uptake to a particle is
proportional to the organic mass (or volume) of the particle (Pierce et al., 2011).

The gas-phase oxidation rates of organic vapors as well as the competition between gas-
phase functionalization (the addition of polar, oxygen-containing functional groups, generally
lowering the volatility of the species) and gas-phase fragmentation (the cleavage of C-C bonds,
with each reaction typically creating two higher-volatility products) influences the changes in
volatilities of organic species from atmospheric oxidation (e.g.,, Kroll et al., 2009). Gas-phase
oxidation rates have been well-quantified for many individual species in the lab (e.g., Atkinson
and Arey, 2003a), but less is known about gas-phase oxidation rates that may be appropriate for
lumped organic vapors in ambient air. Generally, a representative reaction rate constant (kon) for
a given oxidant is chosen to describe oxidation of organic species present in ambient air in
modelling studies that may be a function of organic-vapor volatility (e.g., Jathar et al., 2014; Bian
et al., 2017). Beyond kon values, the volatility of the reaction products is also important. Recent
modelling studies have shown significant impacts to the SOA budget when fragmentation

reactions were included relative to the assumption that all products were purely functionalized
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(e.g., Shrivistava et al., 2013; 2014; 2016). Several recent laboratory studies point to the likely
increasing importance of fragmentation reactions as organic vapors age and become more
functionalized (Jimenez et al., 2009; Kroll et al., 2009, 2011; Chacon-Madrid et al., 2010; Chacon-
Madrid and Donahue, 2011; Lambe et al., 2012; Wilson et al., 2012). Reduced organic vapors
generally functionalize without fragmentation upon oxidation, decreasing their volatility.
However, the probability of fragmentation (and an increase in overall volatility) increases after
repeated oxidation reactions (if the molecule does not leave the vapor phase first). Hence, in
addition to decreasing the overall mass yield of SOA, gas-phase fragmentation reactions reduce
the production of the lowest volatility species that condense through the gas-phase-diffusion
limited pathway and thus the balance between fragmentation reactions and purely functionalization
reactions may impact the size-dependent condensation of SOA in addition to the overall SOA
yield. However, the balance between gas-phase functionalization reactions and fragmentation
reactions are not well constrained for ambient organic mixtures.

Particle-phase reactions also shape OA mass and the size distribution. Heterogeneous
reactions between OH and organics at the surface of the particle can yield fragmentation products
with high-enough volatilities to evaporate from the particle (e.g., Kroll et al., 2009), resulting in
particle mass loss. Heterogeneous reactions contribute to aerosol aging and influence aerosol
lifetime (George and Abbatt, 2010; George et al., 2015; Kroll et al., 2015). Many laboratory studies
have reported uptake coefficients of OH, you, defined as the fraction of OH collisions with a
particle-phase compound that result in a reaction, with values of effective yon ranging from <0.01
to> 1, depending upon the reaction conditions (e.g., McNeill et al., 2008; Park et al., 2008; George
and Abbatt, 2010; Liu et al., 2012; Slade and Knopf, 2013; Arangio et al., 2015; Hu et al., 2016).

This heterogeneous OA loss pathway is important in OFRs at very high OH concentrations
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(corresponding to exposures of >>1 day) (e.g., Ortega et al., 2016; Hu et al., 2016; Palm et al.,
2016), and you ~0.6 has been measured for ambient OA (Hu et al., 2016). Conversely, particle-
phase reactions including acid-base and accretion reactions can contribute to particle mass through
the formation of lower-volatility products than the parent molecules (e.g., Pankow 2003; Barsanti
and Pankow 2004; Pinder et al., 2007; Pun and Seigneur et al., 2007).

SOA uptake rates may be limited by the phase state of SOA through particle diffusion
limitations. Traditionally, SOA was viewed as a liquid mixture; however, SOA have been observed
in solid and amorphous phases in both laboratory and field studies (Virtanen et al., 2010; 2011).
Measurements taken in 2013 and during the GoAmazon2014/5 campaign (Martin et al., 2016;
2017) found that SOA produced from oxidation products from the Amazonian rainforest tended to
be primarily liquid whereas SOA influenced by anthropogenic emissions (both from the Manaus
pollution plume and biomass burning) tended to have higher fractions of semisolid and solid
aerosol (Bateman et al., 2015; 2017). Mixing in these solid or amorphous phases could decrease
(Cappa et al., 2011; Vaden et al., 2011), leading to decreases in gas-particle partitioning rates
(Shiraiwa and Seinfeld, 2012). The impacts of the changes in phase state from liquid to
solid/amorphous matters less for SOA uptake at smaller particle sizes (D, < ~100 nm), but
increases more with increasing particle sizes (Shiraiwa et al., 2011). Hence, one may hypothesize
that vapor-uptake limitations may favor the uptake of organics to smaller particles relative to when
particles are liquid and do not have vapor-uptake limitations. This boost of growth to the smallest
particles due to vapor-uptake limitations may be strong if coupled with particle-phase
oligomerization reactions (Zaveri et al. 2014). Zaveri et al. (2017) found that in order to model the
growth of bimodal aerosol populations formed from either isoprene or a-pinene and isoprene

oxidation products, the intraparticle bulk diffusivity of the accumulation mode had to be slower
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(an order of magnitude less) than that of the diffusivity of the Aitken mode. Yatavelli et al. (2014)
showed that gases and particles appeared to be in equilibrium over a timescale of 1 hr at the
BEACHON-RoMBAS site; however, OFR timescales are significantly shorter. Recent
parameterizations for a-pinene SOA, an important compound at the BEACHON-RoMBAS site,
are inconclusive about the diffusion timescale of these particles due to limitations in the input data
(Maclean et al., 2017).

Each of the processes discussed above (nucleation, condensation of vapors, gas-phase
functionalization and fragmentation reactions, heterogeneous reactions, accretion reactions, acid-
base reactions, and particle diffusion limitations) could have very different timescales in the OFR
as compared to the ambient atmosphere; for example, the chemistry timescale will typically be
much shorter than the condensation and coagulation timescales in the OFR since the OFR OH
concentrations can greatly exceed that of the ambient OH concentrations. Thus, models must be
used to help interpret the OFR processes to determine how the observations relate to the ambient
atmosphere. In this study, we use OFR measurements taken from two field locations. In the first,
an OFR was deployed during the BEACHON-RoMBAS field campaign (Ortega et al., 2014) that
took place in a montane ponderosa pine forest in Colorado, USA during July-August 2011. The
second is the GoAmazon2014/5 field campaign (Martin et al., 2016; 2017) that occurred from
January 2014-December 2015 in the State of Amazonia, Brazil, in the central Amazon basin. OFR
data from each of these two campaigns have been analyzed in previous work (Palm et al. 2016;
2017a; 2018; Hunter et al., 2017) to understand the bulk OA mass and chemical evolution in the
OFR. These analyses showed that the presence of unspeciated S/IVOCs contribute substantial OA
mass production in the OFR at both locations. However, previous work has not analyzed the

evolving aerosol size distribution in the OFR to gain insight into nucleation and growth processes.
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In this paper, we extend the analysis of these ambient datasets using the measured aerosol size

distributions and a model of aerosol microphysics in the OFR.

2.2 Methods

2.2.1 OFR method

The aerosol measurements investigated in this work were of ambient air before and after
oxidation in a Potential Aerosol Mass (PAM) reactor, which is a type of OFR (Kang 2007, Lambe
2011a). This OFR is a cylindrical aluminum tube with a volume of 13 L and a typical residence
time of 2—4 min. OH radicals were produced inside the OFR by photolysis of ambient H>O and
concurrently produced O3 using 185 and 254 nm emissions from low pressure mercury UV lamps.
The OH concentrations in the OFR were stepped over a range from ~8x107 to 9x10° molec cm™
by adjusting the UV lamp photon flux, with only data near the lower end of the range investigated
in this work (see Table 2.1). The OFR was operated outside of the measurement trailer under
ambient temperature and humidity (but protected from direct sun). This allowed avoiding the use
of an inlet, which minimized any possible losses of semivolatile or sticky SOA precursor gases to
inlet walls. Further OFR sampling and measurement details for the data used in this work can be
found in Palm et al. (2016, 2017, 2018). The chemical regime was relevant to ambient OH
oxidation, as discussed in detail in Peng et al. (2015, 2016). We note that about ~2 of the RO»
radicals reacted with NO in ambient air during BEACHON-RoMBAS (Fry et al., 2013), but this
was not the case in the OFR due to very rapid oxidation of NO (Li et al., 2015; Peng et al., 2017).
Thus some differences in the product distributions for ambient vs. OFR oxidation would be
expected. Recently, new OFR methods have been developed that allow RO>+NO to dominate
(Lambe et al., 2017; Peng et al., 2018), but those methods were not available at the time of the

field studies discussed here.
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2.2.2 Field campaigns

2.2.2.1 BEACHON-RoOMBAS campaign

The BEACHON-RoMBAS field campaign (referred to as BEACHON hereafter) took
place in July—August 2011 at the Manitou Experimental Forest Observatory near Woodland Park,
Colorado (Ortega et al., 2014). The sampling site, located in a ponderosa pine forest in a mountain
valley, was influenced mainly by 2-methyl-3-buten-2-ol (MBO) during the day and monoterpenes
(MT) at night. During BEACHON, an OFR was used to measure the amount and properties of
SOA formed from the oxidation of real ambient SOA precursor gases and ambient aerosol.
Ambient particles and SOA formation after OH oxidation in the OFR (and also O3 or NOs-only
oxidations (Palm et al., 2017), which are not investigated in this work) were sampled using an
Aerodyne high-resolution aerosol mass spectrometer (HR-ToF-AMS, hereafter referred to as
AMS) and a TSI Scanning Mobility Particle Sizer (SMPS). Details of OFR sampling can be found
in Palm et al. (2016; 2017; 2018). Ambient SO, concentrations were measured using a Thermo
Environmental Model 43C-TLE analyzer. VOC concentrations were quantified using a high-
resolution proton-transfer reaction time of flight mass spectrometer (PTR-TOF-MS; Graus et al.
2010; Kaser et al. 2013). Ensemble mass concentration of ambient S/IVOCs in the range of C*
from 10! to 107 pg m> were measured using a novel thermal-desorption electron impact mass
spectrometer (TD-EIMS; Cross et al. 2013; Hunter et al. 2017). More details pertaining to the use
of these instruments in measuring SOA formation in the OFR can be found in Palm et al. (2016).

2.2.2.2 GoAmazon2014/5 campaign

The GoAmazon2014/5 field campaign (referred to as GoAmazon hereafter) took place in
the area surrounding Manaus, Brazil, in central Amazonia (Martin et al., 2016; 2017), investigating

the complex interactions between urban, biomass burning, and biogenic emissions. OFR
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measurements of SOA formation from OH oxidation of ambient air (and also Oz-only oxidation,
not investigated here) were taken at the “T3” site downwind of Manaus during two intensive
operating periods (IOP1 during the wet season and IOP2 in the dry season) to study the
contributions of the various emission sources to potential SOA formation. The dry season results
were chosen for investigation in this study due to the generally larger concentrations of gases,
particles, and potential SOA formation than during the wet season. Whereas SOA formation at the
BEACHON site was dominated by a single source type (biogenic gases, related to MT), the “T3”
site was influenced by a complex mixture of biogenic and anthropogenic emissions (Martin et al.
2016, Palm et al. 2018). Again, ambient particles and SOA formation after OH oxidation in the
OFR were sampled by an AMS and an SMPS. Ambient SO> concentrations were sampled using a
Thermo Fisher Model 43i-TLE SO, Analyzer. Ambient VOCs were sampled using a PTR-TOF-
MS. More details pertaining to the use of these instruments in measuring SOA formation in the

OFR can be found in Palm et al. (2018).

2.2.3 TOMAS-VBS box model

2.2.3.1 Model description

In this study, we use the TwO-Moment Aerosol Sectional (TOMAS) microphysics zero-
dimensional (box) model (Adams and Seinfeld, 2002; Pierce and Adams, 2009b; Pierce et al.,
2011) combined with the Volatility Basis Set (VBS; Donahue et al., 2006) as described in Bian et
al. (2017). This version of TOMAS-VBS simulates condensation, coagulation, and nucleation, and
it has a simple organic vapor aging scheme that moves an organic species down in volatility upon
reaction with an OH molecule (Bian et al., 2017). The simulated aerosol species are sulfate,
organics, and water within 40 logarithmically spaced size sections from 1.5 nm to 10 um. We

simulate 6 organic “species” within the VBS, representing lumped organics with logarithmically
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spaced effective saturation concentrations (C*) spanning 10 to 10® ug m (spaced apart by factors
of 100). The C*=10* ug m> bin represents extremely-low-volatility organic compounds
(ELVOCs), the C*=10" ug m™ bin represents low-volatility organic compounds (LVOCs), the
C*=10° ug m and C*=10? ug m bins represents semivolatile organic compounds (SVOCs), and
the C*=10* ug m> and C*=10° ug m™ bins represents intermediate-volatility organic compounds
(IVOCs), following the conventions proposed by Murphy et al. (2014). In the rest of this section,
we discuss the base model setup and assumptions. In Sect. 2.3.3, we discuss the uncertainty space
that we test in this study.

In this study, gas-phase functionalization is modelled by assuming that the organic
compounds within the VBS bins react with OH and products from this reaction drop by one
volatility bin (a factor of 100 drop in volatility). As a base assumption of the rate constants of our
vapors in the VBS bins reacting with OH (kon), we use the relationship developed for aromatics
by Jathar et al. (2014), based on data from Atkinson and Arey (2003a):
kor=—5.7%x10"12 1og10(Cx) + 1.14x10-1° (2.1)

As the assumption that the ambient mixture of S/IVOCs is similar to those of aromatics
may not be suitable, we treat the rate constants for this volatility-reactivity relationship as an
uncertain parameter that we vary in this study (Sect. 2.3.3). Further, it has been realized after the
initial completion of this study that the first term in Eq. 2.1 is instead -5.7x10"2In(C*) (S. Jathar,
personal communication). We discuss the differences and implications in using log10(C*) versus
In(C*) in Sect. 2.3.1.1.

We account for gas-phase fragmentation reactions separately by allowing one OH reaction
with a molecule in the lowest volatility bin (C*=10"* ug m™; assumed to be an ELVOC molecule)

to lead to an irreversible fragmentation into non-condensable volatile products that are no longer
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tracked in the model. Realistically, fragmentation reactions occur for vapors across the whole
range of volatilities; however, the likelihood of fragmentation increases with increasing levels of
oxidation (Kroll et al., 2011) and an increase in oxidation is often correlated with a decrease in
volatility (Donahue et al., 2006; Kroll et al., 2011). We only allow for fragmentation of species in
our lowest volatility bin in order to limit the number of parameters in our study, but we
acknowledge that this is a limitation of this study and should be considered as a sensitivity study
for fragmentation. We discuss the potential implications of only allowing fragmentation in the

lowest volatility bin in the conclusion section. Our base assumption for this rate constant is 1071

3 &1

cm’ s,

We further account for monoterpenes (MT) oxidation by OH for both campaigns and
isoprene oxidation by OH for GoAmazon in the model. Palm et al. (2016) determined that on
average during the BEACHON campaign, MT contributed 20% of the measured SOA formation,
with sesquiterpenes (SQT), isoprene, and toluene contributing an additional 3% of the measured
SOA formation. Since these other VOCs contributed a minor amount to the measured SOA
formation, they were not included in this analysis. S/IVOCs at BEACHON contributed the
remaining 77% towards the measured SOA formation, and were likely the main source for new
particles in the OFR. It was observed that for the GoAmazon campaign during the dry season, the
approximate average contribution to the measured SOA was 4% from isoprene and 4% from MT,
with an 8% remaining contribution towards the measured SOA coming from SQT, benzene,
toluene, xylenes, and trimethylbenzene (TMB), combined. Thus, less of the total SOA can be
described by the VOCs included in the model (isoprene and MT) for the GoAmazon simulations

than can be described for the BEACHON campaign. The remaining 83% of measured SOA

formation was found to have come from unmeasured S/IVOCs, so again S/IVOCs were likely the
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main source for new particles in the OFR. Including the other VOCs would only increase the
model-predicted SOA yield from the initial VOCs by a few tenths of a pg m?, and decrease the
model-predicted SOA yield from the initial S/IVOCs by a similar amount, and so they were
excluded for simplicity.

Table 2.1 All BEACHON-RoMBAS inputs (values where measurements are missing and we
estimated values are in bold) and GoAmazon2014/5 inputs (assumed values in bold). Each value
represents the ambient condition present at the beginning of each modelled exposure.

Exposure MT Isoprene SO, S/IVOC Total Mass  OA/total Temperature RH
(eq. age,days) [pgm?] [pg m?] [ppb] [pg m?] [pg m?] mass ratio  [K] [%]

BEACHON-RoMBAS

0.090 9.09 n/a 0.02 8.09 322 0.85 284 92
0.098 8.97 n/a 0.029 2.89 247 0.8 282 82
0.16 8.94 n/a 0.029 10 1.52 0.79 290 73
023 9.09 n/a 0.029 9.3 34 0.84 288 91
027 9.09 n/a 0.029 10 1.6 0.79 289 84
0.77 3.6 n/a 0.029 6.9 224 0.9 286 94
0.82 9.09 n/a 0.079 14.02 3.17 0.85 286 91
091 9.09 n/a 0.029 10.85 3.66 0.86 287 92
GoAmazon2014/5
0.39 0.56 0.86 0.14 0.40: 4.85 0.88 296 102
0.40 042 0.90 0.06 0.30¢ 4.94 0.88 296 101
0.51 0.68 1.34 0.11 0.49: 8.7 0.81 297 99
0.53 0.87 1.17 0.11 0.62= 8.17 0.8 297 99

aS/IVOCs were not measured during GoAmazon2014/5. The average BEACHON-RoMBAS
campaign MT:S/IVOC ratio was 1.4; this ratio was used to create an initial S/IVOC amount. See
text for more details.
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Table 2.2 Product fractional mass yields for lumped monoterpenes and isoprene (GoAmazon only)
in each VBS bin in TOMAS. The monoterpene yields are based on Henry et al. (2012), with the
yield for the C*=10 bin representing the average yield from oxidation of OH of the monoterpene
species examined in Jokinen et al. (2015). The isoprene yields are from Tsimpidi et al. (2010),
remapped to fit the TOMAS model’s bin scheme, with the yield to the C*=10"* bin from isoprene
OH oxidation from Jokinen et al. (2015).

Species Aerosol yield per bin
[log(C*)]
-4 -2 0 2 4 6
Monoterpene 0.0075 0.00005 0.083 1.095 0.125 0.0
Isoprene 0.0003 0.0 0.023 0.03 0.0 0.0

The products of both MTs and isoprene oxidation enter the model’s volatility bins in the
vapor phase. For MT SOA production, we use the product yields for a-pinene OH oxidation
chamber experiments of Henry et al. (2012) for the C*=10"2 to C*=10* ug m™ bins and the average
OH oxidation yield for ELVOCs from four different terpene species of Jokinen et al. (2014) for
the C*=10* ug m=bin (Table 2.2). However, the wall loss correction applied in Henry et al. (2012)
may not be appropriate (Zhang et al., 2014) and hence these yields may contribute an additional
source of uncertainty that we do not explore in this paper. The isoprene SOA yields (Table 2.2)
are for low NOx conditions (Tsimpidi et al. 2010), with the OH oxidation yield of isoprene from
Jokinen et al. (2014) for the C*=10"* ug m™ bin. In the OFR under OH oxidation, NOy is rapidly
oxidized to HNO; (Li et al., 2015; Peng and Jimenez, 2017), and thus the assumption of using SOA
yields developed under low NOx conditions are valid for the OFR exposures taken during
BEACHON and GoAmazon. We use the rate constants of OH oxidation for MT and isoprene of
5x10"!" cm?® molec! st and 1x1071° cm® molec! s71, respectively (Atkinson and Arey, 2003a). In
this study, TOMAS-VBS does not track the MT and isoprene oxidation products once they enter

the VBS scheme separately from the products of other precursors, and further oxidation of these
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products follows the kon assumptions above. Although this assumption may be reasonable for
MTs, studies in isoprene-dominated forests have shown that NPF appears to be suppressed in the
regions studied even when monoterpene emissions are sufficiently high (Bae et al., 2010;
Kanawade et al., 2011; Pillai et al., 2013; Haller et al., 2015; Yu et al., 2015; Lee et al., 2016).
Hence, the products of isoprene oxidation likely do not age similar to monoterpenes (e.g.,
Krechmer et al., 2015), but we do not account for this possible effect in our model.

We simulate heterogeneous fragmentation reactions of particle-phase organics in all VBS

bins by OH. The resulting particle mass loss is modeled in TOMAS through:

AM[K,]] _ Mg[KJ] MW oss

dt YouJon EMg[KJ] N, (2.2)
where Mk indicates the mass in a size section, K and J indicate the size bin and particle-phase
species, Jon is the rate of molecules of OH hitting a particle, MW\ is the mass lost per reaction
(taken here to be 250 amu; Hu et al., 2016), respectively, Na is Avogadro’s number, and yomn is the
reactive uptake coefficient for heterogeneous reactions with OH. Our base value of yon is 0.6,
following the measurements of Hu et al. (2016) in a very similar OFR field experiment, but we
treat yon as an uncertain parameter that we vary in this study (Sect. 2.3.3).
In this work, we explore three different possible nucleation schemes. The first two use a H2SO4-
organics nucleation mechanism, using the nucleation parameterization of Riccobono et al. (2014),
JorG = knuc[H2S0O4]P[BioOxOrg]? (2.3)
where knuc is the nucleation rate constant, BioOxOrg represents later-generation oxidation
products of biogenic monoterpenes, and the exponents p and q represent the power law dependence

of J upon the concentrations of sulfuric acid and BioOxOrg. In Riccobono et al. (2014), Jorg was

parameterized for the mobility diameter of 1.7 nm; in TOMAS, the median dry diameter of the
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smallest bin is 1.2 nm. In this study, we use the ELVOC (C*=10* ug m™) bin of the TOMAS VBS
scheme to represent the BioOxOrg concentration:

Jore = knuc[H2SO4P[ELVOC]? (2.4)
Our primary nucleation scheme, referred to here as NUCI, uses the values of p=2,q=1, and a
base value of knuc = 1x1072! cm® molec™! s™!. We will refer to this knuc as knuci for the remainder
of the manuscript. For comparison, for p = 2 and q = 1, Riccobono et al. (2014) found a knuci
value of 3.27x102! cm® molec™! s at 278 K. We acknowledge that the values of p and q are also
uncertain (Riccobono et al., 2014) and we do a further sensitivity study for the nucleation
parameterization, referred to here as NUC2, using p = 1, ¢ = 1, and a base value of knucz = 5x10°
13 ¢m® molec! s”!. NUC2 can be thought to account for possible saturation effects that could occur
in the OFR that would result in shallower slopes (p and q) (Almeida et al. 2013; Riccobono et al.,
2014). For comparison, Metzger et al. (2010) found a value of knucz = 7.5 £ 0.3 x107'* ¢cm? molec
!'s”! (temperature not reported) when they constrained p and q to be both one. However, their study
used the lowest-volatility oxidation products of 1,3,5-trimethylbenzene as the BioOxOrg proxy
(Eq. 2.4), which is an anthropogenic SOA precursor. Although a temperature-dependent form of
Eq. 2.4 has been developed (Yu et al., 2017), we instead here are fitting the nucleation rate constant
to the temperature of the measurements (Table 2.1). For each of these nucleation schemes, we treat
knuc as an uncertain parameter that we vary in this study (Sect. 2.3.3.).

We further explore the possibility of a sulfuric-acid only nucleation scheme, as some
nucleation schemes used in models only rely upon the concentration of sulfuric acid (e.g.,
Spracklen et al., 2008, 2010; Westervelt et al., 2014; Merikanto et al., 2016) by using an activation
nucleation scheme (Kulmala et al., 2006) for our third nucleation scheme, referred to here as ACT,

in which existing clusters are activated:
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Jucr = A[H2SO4] (2.5)
where A is referred to as the activation coefficient. Previous studies of activation nucleation have

found fits for A of between 3.3x10®and 6x10° s*! for a boreal forest (Sihto et al., 2006; Riipinen
et al., 2007) and between 2.6x10° and 3.5 x10* s*! for a polluted environment (Riipinen et al.,
2007). We use as a base A value 2x10° but treat this as an uncertain parameter (Sect. 2.3.3.).

We include a simple approximation of potential vapor-uptake and/or particle diffusion
limitations by setting an adjustable accommodation coefficient (aerr) that is fixed to 1 for particles
below 60 nm in diameter but can vary between 0.01 and 1 for particles above 60 nm in diameter
(see Sect. 2.3.3. for further discussion). This simple scheme allows the uptake of OA vapors to
larger particles to be slowed relative to the uptake to smaller particles, due to the longer diffusion
timescales in the larger particles (Shiraiwa et al., 2011). The cutoff of 60 nm was chosen because
upon initial inspection of simulations with the accommodation coefficient set to 1 for all particle
sizes, it was seen that the growing new aerosol in the Aitken mode (particles largely below 60 nm)
did not require any slowing of growth but the aerosol in the accumulation mode (particles largely
above 60 nm) did require slowing of growth. We acknowledge that our method here is a crude
approximation of particle diffusion limitations. However, with only very limited knowledge of
particle-phase diffusivities and how they may vary with size (Zaveri et al. 2017), composition,
and/or ambient conditions, such as temperature and relative humidity, we use this simple scheme
as a way of determining if vapor-uptake limitations, potentially due to particle-phase-diffusion
limitations, may be important in limiting the growth of larger particles relative to the smallest
particles.

In this study, we do not simulate acid-base reactions and accretion reactions. No gas-phase
bases (ammonia or amines) were measured during either campaign, making modelling acid-base

reactions in TOMAS too unconstrained. Further, the model simulations point towards high
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concentrations of ELVOC:s in the gas-phase needed to facilitate nucleation (Sect. 2.3.1), indicating
that gas-phase ELVOC production may be the dominant ELVOC-formation pathway over particle-
phase ELVOC production (through accretion reactions and/or acid-base reactions). However, we
cannot rule out ELVOC production in the particle phase through particle-phase reactions, as
ELVOC:s are in the particle phase at equilibrium.

We simulate loss of low-volatility vapors to the OFR walls using a first-order rate constant,
kwan=0.0025 s!, estimated in Palm et al. (2016) following McMurry and Grosjean (1985). Palm et
al. (2016) estimated this loss for condensable (low-volatility) species; we extend this loss to the
C*=10"2 ug m3 (LVOC) and the C*=10* ug m> (ELVOC) bins in our VBS system. We use this
value of kwan for both the BEACHON and the GoAmazon OFR simulations. We assume that the
wall losses for higher volatility species and particles are slow and ignore them (this was verified
for particles by Palm et al., 2016).

For the BEACHON simulations, we use the residence time distribution (RTD) in the OFR
of Palm et al. (2017) assuming non-Brownian motion (their Figure S1). The RTD is less-well
characterized for GoAmazon; we use the RTD for particles from Lambe et al. (2011a), but as
discussed in Palm et al. (2018), the RTD from Lambe et al. (2011a) is likely more skewed than for
the OFR used at GoAmazon, due to the larger inlet at GoAmazon. The SMPS data for both
campaigns were corrected for diffusion losses to the walls of the sampling lines (Palm et al., 2016;
Palm et al., 2018).

We simulate coagulation using the Brownian kernel in Seinfeld and Pandis (2006).
However, we do not expect coagulation to be a dominant process in our OFR simulations. The
condensation sink timescale for the measured size distributions were on the order of 0.5-5 minutes,

which corresponds to coagulation sink timescales on the order of 1-10 minutes for 1 nm particles,
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2.5-25 minutes for 2 nm particles, and 5-50 minutes for 3 nm particles (Dal Maso et al., 2002).
Thus, in some cases the coagulation sink timescales for the freshly nucleated particles were similar
to the residence time. However, in most cases, freshly nucleated particles grew to at least 20 nm
within the OFR, so the nucleated particles spend only a small fraction (<10%) of the residence
time at sizes smaller than 3 nm. Hence, the coagulation timescale of the growing particles is overall
much longer than the residence time, and we expect on the order of 10% or fewer of the nucleated

particles to be lost by coagulation in these OFR experiments.
2.2.3.2 Model inputs

Inputs to TOMAS to initialize each OFR exposure simulated from the BEACHON and
GoAmazon field campaigns are given in Table 2.1; each input represents the initial condition
present at the start of the exposure. The initial ambient size distribution from each campaign’s
SMPS is also used (Figs. 2.1 and A.1, black lines). The initial S/IVOC concentration (as measured
by the TD-EIMS) is evenly divided between the C*=10? to C*=10° ug m> bins in TOMAS.
Although The TD-EIMS reported ambient concentrations decadally between C*=10! to C*=10’
pug m3, differences in mass concentrations per bin were small (Palm et al, 2016; Hunter et al,
2017) and thus our assumed division should be within experimental uncertainty. The initial total
aerosol mass (as measured by the AMS) is evenly divided between the C*=10 to C*=10"2 ug m-
3 bins, consistent with the overall low-volatility of the ambient OA (Stark et al., 2017); the C*=10°
pg m bin is assumed to have an initial concentration of 0 ug m; Figure 2.2a shows an example
of the initial ambient partitioning between the volatility bins for a case from the BEACHON
campaign. Monoterpene (MT) and isoprene concentrations are simulated explicitly outside of the

VBS (though their reaction products enter the VBS as discussed earlier). Note that we do not

include isoprene for the model runs from the BEACHON campaign due to the low contribution to
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measured SOA (1%) as compared to MT (20%, Palm et al., 2016). The isoprene concentrations
(Karl et al., 2012; Kaser et al., 2013) were also consistently lower than the MT concentrations
during BEACHON. Conversely, isoprene was observed to be the dominant measured VOC during
IOP2 of GoAmazon, with the average mass ratio of isoprene to MT during the dry season at 4.5
pug m per ug m= (Palm et al., 2018), and thus isoprene is included in our model, even though
isoprene’s average contribution towards the predicted SOA during the dry season of GoAmazon
was only 4% (Palm et al., 2018).

Data availability during BEACHON and GoAmazon caused data gaps that overlap some
of the exposures modelled. For these cases with missing measurement data, we assume
concentrations; assumed values are listed in bold in Table 2.1. Each assumed value is derived from
either determining the trend from the nearest-available timepoints (for short data gaps) or by

determining the concentration from different days with similar ambient conditions (for large data

gaps).
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Figure 2.1 BEACHON-RoMBAS initial (i.e. ambient air, black line) and final (i.e. after OFR
processing, blue line) SMPS-derived volume distributions for each individual exposure modelled
in this study. The differences in SOA production between exposures of similar ages are due to the
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fact that the exposures were taken from different times during the campaign and thus different
precursor concentrations were present (Table 2.2).

(a) Initial partitioning
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Figure 2.2 Example model (a) initial ambient and (b) final modelled partitioning for a 0.23 eq.
day aging exposure from the BEACHON-RoMBAS campaign, with the particle phase loadings in
green and gas phase loadings in grey (all in ug m™). The initial S/IVOC concentration is evenly
divided between the C*=10% to C*=10° ug m™ bins; the initial total aerosol mass is evenly divided
between the C*=10"* to C*=10"2 ug m™ bins. The C*=10° ug m™ bin is assumed to have an initial
concentration of 0 ug m=. The input VOCs (MT for BEACHON-RoMBAS and MT and isoprene
for GoAmazon2014/5) are assumed to be in a volatility bin greater than the C*=10° ug m= bin
(not shown). Panel (b) is the best fit modelled final partitioning for this exposure, corresponding
to 2xknuci, 5xkon, 0.5% yom, kevoc, and agrr = 0.01. The C*=10* pug m? bin (assumed to
represent ELVOCs) shows a significant amount of material remaining in the gas phase at the end
of the modelled exposure, indicating that the production of gas-phase ELVOCs exceeded the
timescale of condensation and gas-phase fragmentation within in the OFR.

2.3.3 Uncertain parameters



In order to understand the evolution of the size distributions of the OFR exposures from
the BEACHON and GoAmazon field campaigns, we use TOMAS to explore the parameter spaces
of five uncertain parameters. These parameters are: (1) the rate constant of gas-phase
functionalization reactions with OH, (2) the rate constant of gas-phase ELVOC fragmentation
reactions with OH, (3) the reactive uptake coefficient for heterogeneous fragmentation reactions
with OH, (4) the nucleation rate constant for three different nucleation schemes, and (5) an
effective accommodation coefficient that accounts for possible particle diffusion limitations of
aerosol particles larger than 60 nm in diameter. Table 2.3 lists each uncertain parameter, the
assumed base value, and the parameter space that we search through for each parameter (the
‘Multipliers’ column).

As discussed in Sect. 2.2.3.1, we use as the base rate of kon the relationship determined for
aromatics by Jathar et al. (2014), Eq. 2.1. (Again, we note that although we use log10(C*) in the
first term of Eq. 2.1, In(C*) is the correct expression for the fit found in Jather et al., 2014; S.
Jathar, personal communication). As we are assuming that the products from the reactions of
organic compounds in the VBS bins with OH drop by exactly one volatility bin per reaction (a
100-fold decrease in C*) and there is uncertainty associated with the actual organic compounds
(i.e. it is likely that the rates of reaction for some of the organic compounds are different than those
of aromatics), we treat Eq. 2.1 as an uncertain parameter and we explore up to 10 times above and
below this base equation. Jathar et al. (2014) determined the volatility-reactivity relationship of
kon for both aromatics and alkanes; our choice in using the relationship for aromatics as a base
case is arbitrary, as our parameter space encompasses both of the base values of kon for aromatics

and alkanes from their study.
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In the model, we treat fragmentation reactions separately from the functionalization
reactions. As discussed above, we select 1x1071% cm?® molec™ s7! as the base value of the gas-phase
fragmentation rate constant, kervoc, and explore up to 9 times above and below the base kervoc.
We note that this base fragmentation rate constant is one order of magnitude higher than the
constant used in Palm et al. (2016) for BEACHON exposures. In their work, they used the rate
constant for reactions with OH of an oxygenated molecule with no C=C bonds from Ziemann and
Atkinson (2012) equal to 1x107!" ¢cm?® molec! s'. They used this for their modelled LVOC
concentration and assumed that 5 reactions of an LVOC with an OH molecule led to irreversible
fragmentation into oxidized molecules that could no longer condense. Further, reaching 9x101°
cm?® molec! s! for kervoc could exceed the kinetic limit for gas-phase fragmentation reactions.
However, since we do not account for fragmentation reactions of higher-volatility species, a high
kervoc value can be considered to effectively account for fragmentation reactions of higher-
volatility species.

As previously discussed, for the reactive uptake coefficient you , we use a base value of
0.6, following the findings in Hu et al. (2016), and we explore up to 4 times above and below the
base yon value, as previous studies have reported effective yon values ranging from < 0.01 to > 1
(Hu et al., 2016).

For our primary nucleation scheme, NUCI1, (Eq. 2.4), we use a base nucleation rate
constant value of knuci of 1x102! cm® molec™! s! and explore up to 20 times above and below the
base knuci value. For our nucleation scheme sensitivity studies of NUC2 and ACT, (Table 2.3),
we select base nucleation rate constant values of 1.25 x10'* cm?® molec™! s! and 2x10° s,
respectively, and similarly explore up to 20 times above and below each base nucleation rate

constant.
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To account for possible particle-phase diffusion limitations, the effective accommodation
coefficient is set to vary between 0.01 and 1 for particles larger than 60 nm in diameter (Table
2.3).

We simulate every combination of the uncertain parameters described above. In total, we
run 10,125 sensitivity simulations for each BEACHON and GoAmazon OFR exposure for the first
nucleation scheme (NUC1), going through each permutation for each of the five different uncertain
parameters explored in this work. We further run 10,125 sensitivity simulations for both NUC2
and ACT for each experimental exposure. We acknowledge that there are further uncertainties in
the measurements and modelling assumptions, including (1) potential but not modelled reactive
uptake growth mechanisms, (2) uncertainties in the reported OFR OH concentration, (3) isoprene
chemistry that may affect NPF, (4) whether some products from gas-phase functionalization
reactions decrease more or less in volatility per reaction than the assumed factor of 100 drop in
volatility, and likely other factors. However, exploring these uncertainties is outside of the scope
of this paper (and some of these are not entirely orthogonal to the uncertain factors explored here)

and will be left to a future study.

2.2.4 Description of cases

2.2.4.1 BEACHON-RoMBAS cases

Figure 2.1 shows the measured initial and final SMPS volume size distributions for each
exposure examined in this study from the BEACHON field campaign. We simulate these eight
exposures between eq. ages 0.090 to 0.91 days in the TOMAS model for each combination of
parameters (Table 2.3), initializing each run with the ambient conditions recorded at the time of
each exposure (Table 2.1). Each modelled exposure was taken during the nighttime, when MTs

were the dominant VOC. We limit this study to exposures less than 1 eq. day of aging in order
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avoid the complications of modelling the different parameters in Sect. 2.2.3.3 across several orders
of magnitude of OH, and since this is the range of exposures where NPF is most obvious
experimentally.

Table 2.3 All parameter value ranges for the suite of sensitivity simulations ran in TOMAS.

Parameter Base value

(abbreviation) [unit] Multipliers

idati = -2 -10
OH oxidation rate constant kou ? 5.7 ",10 In(C*) + 1.14 x 10 & Y LT
(kow) [ecm® molec™ 5]

M -10
Gas-phase fragmentation rate constant 1 x 10 0.11,033,1,3,9

(kevoc) [em? 5]

Reactive uptake coefficient 0.6 0.25.0.5.1.2. 4

(yon) [unitless] A
s ol -21

Bl(uclsauon rate constant: NUC1 [lc;_l(‘()s_z] 0.05,0.1,0.25, 0.5, 1,2, 4, 10,20

nucl

. CNTT -14

zlcuclgatlon rate constant: NUC2 [lcif‘xsl(]) 0.05,0.1,0.25, 0.5, 1, 2, 4, 10, 20
3 . -6

E{l;clcanon rate constant: ACT ?S?S]IO 0.05,0.1,025, 0.5, 1,2, 4, 10, 20

Effective accommodation coefficient
for particles > 60 nm D,
(aesr)

1

[unitless] 0.01,0.05, 0.1, 0.5, 1

2.2.4.2 GoAmazon2014/5 cases

In order to further test the validity of our results, we apply the TOMAS model version
developed to simulate OFR exposures from the BEACHON field campaign to OFR exposures
taken between August 31, 2014 and September 4, 2014 during the dry season of the GoAmazon
field campaign. Figure A.1 shows the initial and final SMPS volume size distributions for each
exposure examined in this study from the GoAmazon field campaign. We simulate each of these
exposures for the same combination of parameters as used for the BEACHON simulations,
initializing each run with the ambient conditions at the corresponding times (Table 2.1). However,
unlike the BEACHON simulations, we include isoprene as a source of SOA in the model, with

VBS yields given in Table 2.2. Again, like BEACHON, each modelled exposure was taken during
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the nighttime and are limited to exposures less than 1 eq. day of aging. During IOP2, it was
observed that isoprene would peak during the day around 3-4 pm local time and MT would peak
later, around 6 pm local time (Liu et al., 2016; Martin et al., 2016). Isoprene was primarily depleted
through oxidation reactions by nighttime but MT had a background level that remained
approximately constant between midnight to noon (local times) when the concentrations would
begin to rise again (Fig. A.2). We model fewer exposures for GoAmazon than BEACHON (four
vs. eight) as few of the GoAmazon OFR exposures during this time period showed significant
SOA growth on top of the already-high ambient SOA concentrations as compared to BEACHON.
Also, many of the OFR exposures were either between 0.4-0.5 eq. days or >> 1 eq. day, so we
were not able to cover as wide a range of <1 eq. day exposures as we did for BEACHON.

Bulk S/IVOCs were not measured during the GoAmazon campaign and instead we use the
model to estimate the S/IVOC concentrations required to explain the aerosol particle growth. We
use as base values of S/IVOC concentrations the average MT:S/IVOC ratio from the BEACHON
campaign, 1.4, as MT data is available during GoAmazon, and use the model to determine what
S/IVOC concentrations are needed to help explain observed growth. This analysis is described in
Sect. 2.3.2.

2.2.5 Description of simulation analyses

In order to determine the goodness-of-fit of each model simulation to the observed size
distribution from the SMPS, we compute the normalized mean error (NME) statistic of the first

four moments of the size distribution for each model simulation:
NME = ——— (2.6)

where S; and O;j are simulated and observed ith moments. The ith moment is defined as

48



M; = f0°° ny D} dD, (2.7)

where nn is the number distribution and D, is the diameter range of the SMPS measurements, ~14-
615 nm for the BEACHON campaign and ~14-710 nm for the GoAmazon campaign. The zeroth
moment (i = 0) corresponds to the total number of particles, the first moment (i = 1) corresponds
to the total diameter of particles (also referred to as the total aerosol length), the second moment
(1 = 2) is proportional to the total surface area of particles, and the third moment (i=3) is
proportional to the total volume of particles. Figure 2.3 gives an example of each measured final
(OFR) moment (black solid line) as well as two different model runs’ moments (colored lines) for
a 0.23 eq. day aging exposure. The use of these four moments, including the less-common 1st
“diameter” moment, allows us to include a broader range of the size distribution in the weighting
rather than using just number or volume alone. An NME of 0 indicates a perfect fit between the
simulation and observations, an NME of 0.1 indicates that the average error of the four moments
between the simulation and observations is 10%, and an NME of 1.0 indicates the average error of
the four moments between the simulation and observations is 100%. Since the NME is taken as an
absolute value, it does not give information on whether the model is on average overpredicting or
underpredicting the moments; however, there could be model cases in which e.g., number and
diameter are underestimated and surface area and volume are overestimated such that the NME
statistic computed without the absolute value (normalized mean bias, NMB) would be close to
zero, falsely indicating a good fit despite the potentially large under- and overpredictions amongst
the different moments. We determine each individual exposure’s mean error of moments for both
campaigns and further consider the average across all exposures for BEACHON and GoAmazon.

To determine the contribution to aerosol formation and growth for the OFR exposures

studied here from the input VOCs vs the input S/IVOCs, we compare the predicted change in the
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OFR in total aerosol particle number and volume between simulations with S/IVOCs to
simulations with no S/IVOCs. We do this comparison for the six best-fitting simulations with
S/IVOC:s for each exposure and calculate the mean volume changes for these six simulations with
and without S/IVOCs. With these number and volume changes, we calculate the fractional
contribution of S/IVOCs to aerosol particle volume production in the OFR. We use the same
technique to determine the contribution of isoprene to aerosol formation and growth for the

GoAmazon OFR exposures studied here using the same methods.
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Figure 2.3 Example case of a 0.23 eq. day aging exposure from the BEACHON-RoMBAS
campaign. The panels represent the moments used to calculate the normalized mean error (NME),
with (a) as particle number, (b) as particle diameter (also referred to as aerosol length), (¢) as
particle surface area, and (d) as particle volume. The NME is calculated for each model run, using
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the final (OFR output) observed size distribution (black lines) compared to each model run’s final
size distribution (colored lines). The solid blue lines are for the best-fit model case for this
exposure, corresponding to 2xknuci, Sxkon, 0.5% yomu, keLvoc, and agrr= 0.01 (NME = 0.03). The
dashed orange lines are for the same parameter values of the best-fit case except that agrr = 1.0
(NME = 0.3). The vertical grey dashed lines indicate the particle size range across which the
integration for calculating each mean moment was computed. The initial observed ambient size
distribution (dotted black lines) is also plotted for comparison.

2.3. Results and Discussion

2.3.1 BEACHON-RoMBAS modelling results
2.3.1.1 Average behavior of exposures of eq. age 0.09 to 0.91 days for

BEACHON-RoMBAS

Figure 2.4 represents the averaged NME summed across the eight 0.09-0.9 eq. day aging
exposures modelled from the BEACHON field campaign, for the NUCI H»SO4-organics
nucleation scheme and the base value of the reactive uptake coefficient, yon, of 0.6. (A discussion
of the model sensitivity to other values of the reactive uptake coefficient is below.) Figure 2.4
shows this average NME as a function of agrr (effective accommodation coefficient of particles
with diameters larger than 60 nm), kervoc (gas-phase ELVOC fragmentation rate constant), kon
(gas-phase functionalization rate constant), and knuci (rate constant for the first HoSO4-organics
nucleation scheme). Lower agrr values are necessary for the best fits; however, there are only
slight differences between agrr = 0.01 and agrr = 0.05, and agrr = 0.1 (the left three columns,
respectively). Faster kervoc values are necessary for the best fits; however, similar to agrr, the
base kervoc value (middle row), 3xkervoc, and 9xkervoc values show similar results, with the
regions of best fits shifting slightly with kon and knuci values. It should be noted that more gas-
phase ELVOCs are being formed than could condense during the timescales of the simulated

exposures (Fig. 2.2b). As ELVOCs would be formed more slowly in the ambient atmosphere but

51



with a similar condensational loss timescale, nucleation is expected to proceed faster in the OFR
than the ambient atmosphere. This is a reason for the potential usefulness of this OFR technique,
that nucleation from chemistry of species present in ambient air can be studied, even if nucleation

would not be occurrent under ambient-only conditions.
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Figure 2.4 Representation of the parameter space for the average across the 0.09-0.9 day eq. aging
exposures from BEACHON-RoMBAS examined in this study for the NUCI1 nucleation scheme
and base value of the reactive uptake coefficient of 0.6. The effective accommodation coefficient
increases across each row of panels; the rate constant of gas-phase fragmentation increases up each
column of panels. Within each panel, the rate constant of gas-phase reactions with OH increases
along the x-axis and the rate constant for nucleation increases along the y-axis. The color bar
indicates the normalized mean error (NME) value for each simulation, with the lowest values
indicating the least error between model and measurement. Grey regions indicate regions within
the parameter space whose NME value is greater than 1. No averaged case had an NME value less
than 0.2 for the cases shown here.

For the parameter combinations of agrr= 0.01 through agrr = 0.05 and 9xkervoc (the top

row of Figure 2.4), the 2xknuci and 4xknuci values have the best fits. These 2xknuci and 4xknuct
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values are similar to those found by Riccobono et al. (2014) for experimental conditions at 278 K
(a knuci value of 3.27x102! cm® molec™! s'). However, the other wells of good fits for the base
kervoc value and 3xkgrvoc have lower nucleation rate constants than that of Riccobono et al.
(2014). As mentioned earlier, these knuci values determined here correspond to the temperatures
of the measurements (between 282-290 K; Table 2.1) which is 4-12 K warmer than the
experimental conditions of Riccobono et al. (2014), hence we may expect lower knuci values due
to the temperature dependence of nucleation (Yu et al., 2017). Figure 2.4 shows that the wells of
best fits for all parameter combinations require slightly higher kon values than the base koun (based
on the kon values from Eq.2.1) usually on the order of 1.5-2.5 times higher.

Figures 2.2b and 2.3 show an example of the final volatility distribution and size
distributions for the best-fit case for an exposure of 0.23 eq. days, corresponding to the model
parameters of 2xknuct, 5*kon, 0.5% yon, keLvoc, and agrr= 0.01. Figure 2.2a and b gives the initial
and final partitioning for this case, respectively, showing that virtually all of the initial gas-phase
S/IVOCs have reacted with OH to either enter the lower volatility bins or to fragment into VOC
products no longer tracked in the model. Figure 2.3 shows each modelled moment compared to
each observed moment of the size distribution used in calculating the NME for the best-fit case.

Figures A.3, A.5, A7, A9, A.11, A.13, A.15, and A.17 show the same analysis as
presented in Figure 2.4 for each individual exposure modelled for the base value of yon, 0.6.
Figures A.4, A.6, A.8, A.10, A.12, A.14, A.16, and A.18 plot each observed final (OFR output)
moment used in computing the NME statistic (number, diameter, surface area, and volume)
compared to the six TOMAS cases with the lowest (best) NME statistic and six TOMAS cases
with the highest (worst) NME statistic. For comparison, the observed initial (ambient air) moments

are also plotted for each moment.
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Figure 2.5 Representation of the parameter space for the average across the 0.09-0.9 day eq. aging
exposures from BEACHON-RoMBAS examined in this study for the ACT nucleation scheme and
base value of the reactive uptake coefficient of 0.6. The effective accommodation coefficient
increases across each row of panels; the rate constant of gas-phase fragmentation increases up each
column of panels. Within each panel, the rate constant of gas-phase reactions with OH increases
along the x-axis and the rate constant for nucleation increases along the y-axis. The color bar
indicates the normalized mean error (NME) value for each simulation, with the lowest values
indicating the least error between model and measurement. Grey regions indicate regions within
the parameter space whose NME value is greater than 1. No averaged case had a NME value less
than 0.2 for the cases shown here.

Figure A.19 shows the same analysis as Fig. 2.4, but for the NUC2 nucleation scheme. It
is qualitatively quite similar to NUCI1 but with the wells of averaged best-fit regions shifted and
expanded slightly for some cases. Since we do not have measurements to further constrain the
system, we acknowledge that we cannot definitively select NUC1 or NUC2 as being the better
nucleation parameterization and instead note that both nucleation schemes appear to provide

physically-meaningful results and require further study. In contrast, Fig. 2.5 shows the same
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analyses of Fig. 2.4 but for the ACT nucleation scheme (Eq. 2.5). Figure 2.5 shows that there are
regions of moderate NME values between 0.45-0.5 for agrr = 0.01 through agrr = 0.05. These
regions of moderate fits occur for higher values of A (between 4 and 20xA) for a wide range of
kon values. The best fits are seen for higher values of kervoc (between the base value of kervoc
and 9xkgrvoc), the highest nucleation rates (for values of A between 10-20xA) and lower to mid
rates of kon (in general between 0.4xkon and the base value of kon). In general, we do not see as
good of fits as we do for the NUC1 and NUC2 schemes; however, it does appear that for some
combinations of parameters, a reasonable model-to-measurement fit can be achieved with an
activation nucleation scheme. Thus, we conclude that for this study, the H>2SOs-organics mediated
nucleation schemes fit the measurements better than the activation nucleation scheme in our model
for the OFR measurements taken during the BEACHON campaign.

Further, as the best fits in the model come from the H>SO4-organics mediated nucleation
schemes, and the best-fit knuc values are similar to those of Riccobono et al. (2014) where particle-
phase chemistry was likely unimportant (low aerosol volume), this is indicative evidence that the
creation of gas-phase ELVOCs through oxidation reactions could be dominant over the creation
of particle-phase ELVOC:s (either through accretion reactions and/or acid-base reactions) for the
OFR present at BEACHON campaign, as high concentrations of gas-phase ELVOCs are necessary
to facilitate nucleation. It is however important to note that we are limited in our confidence of the
actual values of the best fits of the different nucleation rate constants (knuci, knucz, and A), since
each nucleation scheme is sensitive to the concentration of sulfuric acid, and in the majority of the
exposures modelled we did not have a direct measurement of SO, available for all cases and instead

had to estimate SO; concentrations for nearly half of the cases.
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It is of note that in general, the simulations using agrr = 0.5 and agrr = 1.0 do not yield
good fits for any of the nucleation schemes tested here, indicating the importance of some sort of
process that limits uptake to the larger aerosol. Figure 2.3 illustrates the impact of the effective
accommodation coefficient for a 0.23 eq. day aging exposure: it shows each of the first four
moments of the size distribution for the initial and final observations (dotted and black lines) and
for the best-fit case for this exposure (solid blue lines) and the model simulation with the same
best-fit parameter values but for agrr = 1.0 (dashed blue lines). Compared to the final observations,
the best-fit case closely matches the changes in each moment for the Aitken and accumulation
modes. However, the best-fit case with agrr set to 1.0 clearly overestimates growth for the
accumulation mode and underestimates growth for the Aitken mode. In general, when agrr= 1.0
there was no combination of the other parameters tested that could simultaneously capture (1) the
number and growth of the growing nucleation mode and (2) the change in volume of the large
mode. When agrr = 1.0, either the new particles did not grow enough or the large particles grew
too much throughout our parameter space. Hence, we were unable to explain the observations
without limiting the uptake of material to particles with diameters larger than 60 nm. Additionally,
when we tried to lower the accommodation coefficient of smaller particles (not shown), we could
not simulate the growth of these particles. While our scheme for limiting the uptake of vapors to
the large particles is very simple in this study, we feel that some limitations of vapor uptake to
accumulation-mode particles must be at play, possibly from particle-phase diffusion limitations or
other reasons. Zaveri et al. (2017) modelled the controlled bimodal growth of aerosol from
isoprene and a-pinene oxidation products and found that in order to replicate the observed growth,

both the Aitken and accumulation modes required particle-phase diffusivity limitations. However,
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their experimental conditions were at much lower humidity than the BEACHON exposures, and
did not include any other atmospheric species that could be relevant at BEACHON.

The BEACHON simulations show very little sensitivity towards the reactive uptake
coefficient (yon) parameter, regardless of which nucleation scheme was used. Figure A.20 shows
the model sensitivity towards you: the figure is for the NUCI nucleation scheme and base value
of kervoc. Across each row, the effective accommodation increases and down each column, yon
increases. Within each subplot, the rate constant of gas-phase reactions with OH increases along
the x-axis and the rate constant for nucleation increases along the y-axis. Isolating yon (each
column) shows that for a given set of the other four parameters, the varying values of yon do not
significantly change the NME. Thus, it would appear that gas-phase fragmentation reactions
dominate over particle-phase fragmentation reactions in the OFR for exposures less than one day
of equivalent aging. This is in agreement with previous studies of heterogeneous mass loss in
OFRs; Hu et al. (2016) did not see significant loss of aerosol mass until exposures greater than 1
day eq. aging for OFR data collected during both the Southern Oxidant and Aerosol Study (SOAS)
and the GoAmazon campaign. Because of this, we will focus the remaining discussion upon runs
using only the base value of yomu, 0.6.

As discussed in Sect. 2.2.3.1, the first term of Eq. 2.1 relies on logl0(C*) for the rate
constant of kon; however, the fit of Jathar et al. (2014) should instead use In(C*):

koy =5.7%x10712In(C *) + 1.14 x 10710 (2.8)
(S. Jathar, personal communication). Table A.1 gives the numerical results for kon for both Eq 2.1
and Eq. 2.7; when Eq. 2.7 is used, the highest volatility bin reacts ~2 times more quickly but the
rate constants converge for C*=10° ug m- and remain similar to each other for the lowest volatility
bins. Figures A.21 and A.22 provide results of the parameter space for the average across the 0.09-

0.9 day eq. aging exposures from BEACHON-RoMBAS examined in this study, using the NUC1
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nucleation scheme and base value of the reactive uptake coefficient of 0.6, using Eq. 2.7 for kon
(using the same multipliers for kown as listed in Table 2.3). Figure A.21 uses all parameter values
listed in Table 2.3 (excepting the updated kon values) and can be directly compared to Fig. 2.4.
Figure A.22 further decreases each nucleation rate constant (knuci) value by a factor of 10 in order
to match the shapes of each panel of Fig. 2.4. Although Fig. A.22 well-matches the general shapes
seen in Fig. 2.4 for each kervoc and ogrr, the normalized mean errors are larger in both Figs. A.21
and A.22 than in Fig. 2.4. Thus we conclude that for this study, using the kon values from Eq. 2.1
provide better fits and that parameterizations for rate constants for kon of air containing a mixture

of ambient species require further investigation.

2.3.1.2 Importance of S/IVOCs for SOA formation at BEACHON-RoMBAS

Palm et al. (2016) compared the total SOA formed in the OFR during the BEACHON
campaign to the predicted yield from the measured VOCs for OH oxidation in the OFR. For the
analysis, they included the measured MT, sesquiterpene (SQT), isoprene, and toluene
concentrations and used low-NOx (to match the OFR chemical regime, Li et al., 2015; Peng et al.,
2015), OA-concentration-dependent chamber-derived particle yields for each species. They
determined that MTs contributed on average 87% of the SOA predicted to form from these VOC
precursors, but on average, the maximum measured SOA formation was 4.4 times higher than the
predicted SOA formation. Palm et al. (2016) attributed the yield from measured S/IVOC
concentration to the mass difference between measured and predicted SOA yields and concluded
that OH oxidation of organic gases could potentially produce approximately 3.4 times more SOA
from S/IVOC gases than from the measured VOCs, by using SOA yields for S/IVOC that were

consistent with the literature. The correlation between measured SOA formation and ambient MT
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concentrations was R?=0.56, indicating that the S/TVOCs controlling SOA formation in the OFR
were primarily related to MT and other biogenic gases with similar diurnal behavior.

To determine the contribution towards the change in total number and volume, we compare
the changes in total volume between the averaged change in total volume for the six cases with the
lowest (best) NME values of the original model runs for the NUC1 nucleation scheme to the same
six cases (matching parameters) but with the initial S/IVOC concentration set to zero (See Sec. 2.5
for calculation details). Table 2.4 summarizes the fractional contribution of the measured initial
S/IVOCs (Table 2.1) towards the total change in number and volume. The model predicts that the
S/IVOCs contribute on average 85% towards the total new number formed in the OFR, indicating
a strong dependence on S/IVOCs for new particle formation in the OFR at BEACHON. The
contribution of S/IVOCs towards the total change in volume is lowest for the lowest exposures,
and increases with increasing eq. age of each exposure. This is primarily due to the increasing
equivalent timescales of the increasing OH exposures: within our model it takes more reactions
with OH for S/IVOC species to reach the lowest volatility bins than the MT and isoprene species.
Thus with increasing timescales (or eq. ages), the contribution of S/IVOCs towards SOA formation
and growth will increase as a higher fraction of these species reach the lowest volatility bins; the
results in Table 2.4 corroborate this. However, given that the chemical evolution of S/IVOC is
probably more complex than is represented here, we do not know if this result of S/IVOCs
contributing a lower fraction of volume for low exposures is a robust conclusion. Overall, we
predict that the average fractional contribution of the initial ambient S/IVOCs towards the change
in total volume is 39% for the BEACHON exposures, and that the initial ambient MT contributes
the remaining 61% towards the change in total volume. Palm et al. (2016) and Hunter et al. (2017)

estimated from two independent analyses that S/IVOCs contributed on average 77-78% towards
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the total mass SOA formation during BEACHON. It is likely that part of the difference between
our model findings and Palm et al. (2016)’s findings is due to the difference in number of samples
examined between the two studies as well as differences in the length of exposures analyzed, since
Palm et al. (2016) included multi-day exposures in their analysis. It is important to note that
running the model with the initial S/IVOCs set to zero (“S/IVOCs oftf”) does not perfectly inform
us of the theoretical SOA yield of the MT concentration because the overall particle-phase yield
of MTs products decreases with S/IVOCs off due to less mass to partition to.

2.3.2 GoAmazon2014/5S modelling results

In order to model GoAmazon size distributions with TOMAS, we assumed an initial
S/IVOC concentration, as no instrumentation was present during the campaign to measure total
S/IVOC mass. For a starting total S/IVOC concentration, we used the same measured ratio of
S/IVOCs to MTs from BEACHON of 1.4 (Table 2.1). This initial S/IVOC concentration was not
sufficient to explain the observed change in aerosol volume, nucleation, and new-particle growth
in the OFR for GoAmazon (see Figs. A.21-A.22 for an example). We found that the initial S/IVOC
concentration needed to be increased by between 20-40 times in order to fit the observed
distributions. As BEACHON was dominated by biogenic emissions (primarily MTs), but
GoAmazon had major contributions from anthropogenic and biomass burning sources as well as
various biogenic emissions (Palm et al., 2018), the larger S/IVOC is thought to be dominated by
emissions and partially oxidized products from the two latter sources. We present results for 30
times the base S/IVOC concentrations (Table 2.1) in Figs. 2.6 and A.23-A.32 as this amount of
increase showed consistently good results across the four exposures modelled. For comparison,
the total initial S/IVOC mass for the BEACHON OFR exposures modelled ranges between 2.89

and 14.02 ug m whereas the total initial S/IVOC mass for the GoAmazon OFR exposures
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modelled ranges between 9.0 and 18.6 ug m™ when the assumption of 30 times higher S/IVOC:MT
ratios is used. Hence, even though the S/IVOC:MT ratios were higher for GoAmazon relative to
BEACHON, our assumed S/IVOC concentrations were in the same general range for the two
campaigns. We note that by not including the measured concentrations of SQT, benzene, toluene,
xylenes, and trimethylbenzenes in our model likely slightly biases our S/IVOC estimation high,
but not by a significant amount as Palm et al. (2018) found that these species contributed on

average a sum total of 8% towards the measured SOA yield from the measured VOC precursor
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Figure 2.6 Representation of the parameter space for the average across the 0.3-0.6 day eq. aging
exposures from GoAmazon examined in this study for the NUCI1 nucleation scheme, base value
of the reactive uptake coefficient of 0.6, and assumed S/IVOC:MT ratio of 30 times that of the
BEACHON-RoMBAS S/IVOC:MT ratio. The effective accommodation coefficient increases
across each row of panels; the rate constant of gas-phase fragmentation increases up each column
of panels. Within each panel, the rate constant of gas-phase reactions with OH increases along the
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x-axis and the rate constant for nucleation increases along the y-axis. The color bar indicates the
normalized mean error (NME) value for each simulation, with the lowest values indicating the
least error between model and measurement. Grey regions indicate regions within the parameter
space whose NME value is greater than 1. No averaged case had a NME value less than 0.2 for
the cases shown here.

Figure 2.6 represents the averaged NME across the four 0.3-0.6 eq. day aging exposures
modelled from the GoAmazon field campaign for the NUC1 H2SOs-organics nucleation scheme
and the base value of yon, 0.6. In general, there are wider ranges of kon, kervoc, and knuci values
that give small NMEs for the averaged GoAmazon modelled exposures than for the averaged
BEACHON modelled exposures. The model simulations generally perform best with lower
accommodation coefficients of the larger particles (between agrr = 0.01 and agrr = 0.1), similar to
the BEACHON results; however, there are some similarly low-NME results between agrr = 0.05
and agrr = 1 for the two highest kervoc values. Bateman et al. (2015) showed that sub-micrometer
PM aerosol in the Amazon rainforest measured at the same T3 site as the GoAmazon campaign
during the dry season tend to be liquid, so it is possible that the uptake/diffusion limitations to the
accumulation mode inferred for BEACHON may not occur during GoAmazon. However, we do
not have enough information to learn more about the causes of uptake/diffusion limitations to the
accumulation mode or differences between the campaigns.

Previous ambient observations of the Amazon rainforests have not observed nucleation at
the surface (e.g., Spracklen et al., 2006; Martin et al, 2010; Kanawade et al., 2011). Reasons could
include low sulfuric acid (Kanawade et al., 2011), high condensation sinks resulting from a strong
source of primary biogenic aerosols during the dry season (Lee et al., 2016), and possible yet
currently unexplained suppression mechanisms from isoprene and its oxidation products (Lee et
al., 2016), the dominant biogenic VOC of the region (Guenther et al., 2012). Wang et al. (2016)

found high concentrations of small particles in the lower free troposphere during the wet season
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of GoAmazon; however, they found that these particles appeared to be from NPF and subsequent
condensational and coagulational growth from the outflow regions of deep convective systems,
such as those common to the Amazonian rainforest during the wet season. These particles could
then be transported to the boundary layer through vertical transport. By contrast, in some of the
OFR-oxidized air during the GoAmazon campaign the size distributions show clear evidence of
NPF and growth (e.g., Fig. A.1) and the TOMAS model simulations corroborate the observed NPF
(Figs. A.28, A.30, A.32, A.34), even at the initial S/IVOC inputs (Fig. A.24). The OFR shifts the
relative timescales of chemistry versus condensation, which may create higher concentrations of
low-volatility vapors capable of participating in nucleation and early growth relative to the ambient
atmosphere during GoAmazon. The lowest NME values (best fits) from the averaged BEACHON
modelled exposures (Fig. 2.4) for the highest two kervoc values overlap regions of wells of best
fits for the averaged GoAmazon modelled exposures. For GoAmazon there is a wider range of
kon, kervoc, and knuci values that give low NME values compared to BEACHON modelled
exposures. We note that the lower number of exposures modelled for GoAmazon than modelled
for BEACHON limit our confidence in comparing the two campaigns’ results to each other, as
does the narrower range of equivalent aging (between 0.39 and 0.52 eq. days aging for GoAmazon
compared to 0.09 to 0.91 eq. days aging for BEACHON). Figures A.27, A.29, A.31, and A.33
show the same analysis as presented in Fig. 2.6 for each individual exposure modelled for the base
value of yon, 0.6. Figures A.28, A.30, A.32, and A.34 plot each observed final size distributions
for the first four moments (solid black lines) used in computing the NME statistic compared to the
six TOMAS cases with the lowest (best) NME statistic and six TOMAS cases with the highest
(worst) NME statistic. For comparison, the observed initial (ambient) moments are also plotted for

each moment.
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Tests of NUC2 and ACT show similar changes from NUC1 for GoAmazon as BEACHON
(Figs. A.25 and A.26). NUC2 results were qualitatively similar to NUC1, and we cannot determine
which scheme performed better. The regions of lowest NME values (best fits) shifted for the ACT
scheme relative to the NUC1 and NUC2 schemes, and generally the NMEs are not quite as low as
for NUC1 and NUC?2, although better fits are found for the ACT nucleation scheme for GoAmazon
than BEACHON. Thus it would seem that either a H>SOs-organics mediated nucleation scheme
or a H>SO4-only nucleation scheme can be used in our model to describe the OFR measurements
taken during the GoAmazon campaign. Like BEACHON, we are still limited in our confidence of
the actual values of the best fits of the different nucleation rate constants (knuci, knucz, and A) as
each nucleation scheme is sensitive to the concentration of sulfuric acid, and some exposures had
an estimated SO, concentration.

Similar to BEACHON, more good fits for each nucleation scheme occur at lower values
of arrr, again pointing to the potential importance of vapor-uptake/diffusion limitations at least
within the OFR timescales. Again, varying the reactive uptake coefficient was not seen to
significantly change the NME values of each set of parameter values, regardless of nucleation
scheme, and thus we only show results for the base value of the reactive uptake coefficient (Figs.
2.6, A.25-A.26, A.27, A.29, A.31, and A.33).

2.3.2.1 Importance of S/IVOCs for SOA formation at GoAmazon2014/5

Unlike the BEACHON campaign, bulk S/IVOCs were not measured directly during the
GoAmazon campaign. However, Palm et al. (2018) applied a similar analysis to that of Palm et al.
(2016) to determine the measured vs. predicted SOA yield. They found that on average, OH
oxidation of ambient air during the GoAmazon campaign (dry season) produced 6.5 times more

SOA than could be accounted for from the measured ambient VOCs. They used the low-NOx SOA
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yields (verified by standard addition during the campaign) corresponding to the expected
conditions in the OFR (Li et al., 2015) for the measured MT, SQT, toluene, and isoprene
concentrations. Unlike BEACHON, it was observed for GoAmazon that the slope of the measured
versus predicted SOA formation from OH oxidation varied as a function of time of day, with
predicted SOA lower during the nighttime than daytime but measured SOA formation higher
during the nighttime than daytime. Palm et al. (2018) were uncertain of the reasons for the observed
SOA trends, but hypothesize that several processes likely play a role, including diurnal changes in
emissions, boundary layer dynamics, and variable ambient oxidant concentrations. Palm et al.
(2018) hypothesized that, like the BEACHON campaign, S/IVOCs could make up the mass
difference between measured and predicted SOA yields from OH oxidation in the OFR. In this
study, it was found that between 20-40 times more initial S/IVOCs than the base concentrations
of S/IVOCs (Table 2.1) derived from using the ratio of S/IVOCs:MT, 1.4, from BEACHON was
required to explain the aerosol formation and growth and change in total volume observed in the
OFR during GoAmazon for OH oxidation. This corroborates the findings of Palm et al. (2018) that
no strong correlation was found between any one VOC precursor gas, indicating that SOA
formation was impacted by multiple sources.

To determine the contribution of MT and isoprene towards the change in total number and
volume for the GoAmazon exposures, we repeat the analysis done for the BEACHON exposures
(Sect. 2.3.1.2.) and the results are summarized in Table 2.4, using the S/IVOC concentrations of
30 times the base S/IVOC concentrations. The model predicts that the optimized S/IVOC
concentrations contribute 100% towards the new aerosol number formation observed for each
exposure modelled, again pointing towards the importance of S/IVOCs for NPF in the OFR.

However, since SQT, benzene, toluene, xylenes, and trimethylbenzenes (all measured ambient
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VOC species predicted to contribute towards SOA formation) were not included in the model, we
cannot conclude that S/IVOCs are actually responsible for 100% of the new aerosol formed in the
OFR. Similar to BEACHON, the fractional contribution of S/IVOCs towards the change in total
volume increases with increasing eq. age; overall, the average fractional contribution of the best-
fit S/IVOC concentration towards the change in total volume is 0.66. By comparison, Palm et al.
(2018) found that the fractional contribution of S/IVOCs towards the measured SOA formation
during the dry season of GoAmazon was on average 0.85. We again expect that the VOCs will
have artificially low SOA yields in the “S/IVOCs off” simulations, indicating that MT and/or
isoprene could contribute more towards the change in total volume than indicated here. However,
Palm et al. (2018) found that the yield dependence of ambient SOA precursors on ambient OA
was weaker for the OFR GoAmazon exposures than it was for the chamber-derived
parameterizations used to predict the OFR yield.

Table 2.4 Modelled fractional contribution of initial S/IVOCs towards the total change in number
and volume between the initial and final number volume size distributions of each exposure
modelled in this study. We use the measured S/IVOCs for the BEACHON-RoMBAS calculations
and the best-fit initial S/IVOC concentration found for the GoAmazon calculations. The remaining
fractional contribution towards the total change in number and volume is attributable to the
measured initial monoterpenes (both campaigns) and measured initial isoprene (GoAmazon). Each
exposure’s fractional contribution is calculated using the averaged contributions of the 6 model
cases with the lowest (best) NME values from the full model parameter space.
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Exposure Fractional Fractional

(eq. age) contribution contribution
from S/IVOCs  from S/IVOCs
(number) (volume)

BEACHON-RoMBAS

0.090 0.89 0.20

0.098 0.86 0.05

0.16 1.0 0.29

0.23 0.79 0.66

0.27 0.93 0.68

0.77 0.55 0.55

0.82 0.94 0.66

0.91 0.89 0.64

Average 0.85 0.39

GoAmazon

0.39 1.0 0.35

0.40 1.0 0.42

0.51 1.0 0.71

0.53 1.0 0.76

Average 1.0 0.66

2.3.2.2 Importance of isoprene for SOA formation at GoAmazon2014/5

The TOMAS box model does not include isoprene-specific oxidation pathways and instead
allows it to oxidize in the VBS scheme along with the other lumped oxidized species. We
determine the fractional contribution of the initial isoprene concentration towards the change in
total number volume for each exposure modelled (Table 2.5); the remaining fraction is the total
volume change attributable from initial MT and the optimized initial S/IVOC concentrations (30
times that of the base S/IVOC concentrations). At maximum, it is predicted that within the OFR
isoprene will contribute 0% and 3% towards the change in total number and volume, respectively;
on average, it is predicted that isoprene will contribute 0% and 1% towards the change in total
number and volume. However, this does not preclude the potential importance of isoprene towards
ambient SOA formation. The OFR can only form SOA from the gases that enter it; although
isoprene emissions are high, isoprene reacts quickly (Atkinson and Arey, 2003b) so that much of

the potential SOA from isoprene and its oxidation products enters the chamber already in the
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particle phase. Further, the OFR does not capture the most important isoprene SOA formation
pathway, such as IEPOX-SOA produced from reactive uptake on time scales longer than the OFR
residence time (Hu et al., 2016). Palm et al. (2018) estimated that on average during the dry season,
isoprene contributes 5% towards the predicted SOA mass yield from the measured ambient VOC
precursor species in the OFR. Not including isoprene-specific oxidation pathways in our model
may be a source of error in calculating the contribution of isoprene towards the total change in

number and mass.

Table 2.5 Modelled fractional contribution of the measured initial isoprene concentrations towards
the total change in number and volume between the initial and final number and volume size
distributions modelled from the GoAmazon2014/5 campaign, using the best-fit S/IVOC estimate.
(Isoprene was not included in the model for the BEACHON-RoMBAS distributions.) The
remaining fractional contribution is attributable to the MT and S/IVOC concentrations in the
model. Each exposure’s fractional contribution is calculated using the averaged contributions of
the six model cases with the lowest (best) NME values from the full model parameter space.

Exposure Fractional Fractional

(eq. age) contribution contribution
from isoprene from isoprene
(number) (volume)
GoAmazon

0.39 0.0 0.0

0.40 0.02 0.0

0.51 0.0 0.0

0.53 0.0 0.03

Average 0.0 0.01

2.4 Conclusions

In this study, aerosol size distributions between 0.09-0.9 days of eq. aging formed under
OH oxidation in an OFR during the BEACHON-RoMBAS (BEACHON) and GoAmazon2014/5
(GoAmazon) field campaigns were modelled in the TOMAS box model in order to better-
understand the microphysical processes that shape the size distribution under oxidative aging. We
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explored the following parameter spaces to find regions of best-fit model-to-measurement
agreements: (1) nucleation rate constants for two H>SOs-organics nucleation mechanisms versus
a H2SOy4 activation nucleation mechanism, gas-phase (2) functionalization and (3) fragmentation
rate constants, (4) heterogeneous reactions with OH resulting in fragmentation and aerosol mass
loss, and (5) potential particle diffusion limitations to the accumulation mode.

In order to limit the scope of this study, several uncertain processes and values were not
included in this analysis. We did not include the formation of low-volatility organics through
particle-phase acid-base reactions or accretion reactions, as (1) no measurements of gas-phase
bases were made at either campaign and (2) the model results indicate the importance of the gas-
phase ELVOC creation pathway must be fast in order to drive nucleation, which may limit the
importance of particle-phase pathways. We did not consider the model sensitivity towards the
input OH concentration, although there is uncertainty associated with the estimated OH exposure
(Palm et al., 2016; 2018). We further did not explore the model sensitivity towards the assumed
decrease of a factor of 100 in volatility for each product from OH functionalization reactions, nor
did we explore the sensitivity of including fragmentation reactions for volatility bins higher than
the ELVOC bin. These two uncertainties are not entirely orthogonal to the uncertainties in kon and
keLvoc that we did explore, and including them would have increased the number of free
parameters in the model, making it more challenging to determine what combinations of
parameters most-closely match the actual processes occurring in the OFR. Finally, there is
evidence for possible NPF suppression in some isoprene-dominated regions but as those
mechanisms are as yet unknown (Lee et al., 2016), no isoprene chemistry was explicitly simulated
for the modelled GoAmazon exposures. However, as shown in Table 2.5, isoprene was only a

minor contributor to our predicted aerosol volume for the GoAmazon simulations.
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We found that we could not explain the observed size-distribution shift without slowing
the uptake of SOA to the accumulation-mode particles. With an accommodation coefficient of 1
assumed for the full size distribution, these larger particles underwent too much condensational
growth relative to the nucleation mode for all test cases. We speculate that this slowed uptake of
larger particles may be indicative of particle-phase diffusion limitations. We approximate vapor-
uptake limitations by allowing the accommodation coefficient of particles larger than 60 nm
diameter to vary between 0 and 1. We found that we can achieve the best fits of the size distribution
when the accommodation coefficient of these larger particles was 0.1 or lower (if we similarly
lowered the accommodation coefficient of smaller particles, we would not have gotten good fits
as the new particles did not grow enough). Whether this is representative of ambient aerosol
processes or just representative of conditions within the OFR is the subject of a future study.

We found that gas-phase fragmentation reactions also had a significant impact upon the
modelled size distributions. Our best-fit gas-phase fragmentation rate constants were higher than
that of a previous mass-based study of OFR exposures from BEACHON (Palm et al., 2016)
required to model the distributions. However, these higher rates may be because our model only
simulated fragmentation reactions of the lowest volatility compounds, that of C*<10* pug m?,
whereas in reality fragmentation reactions can occur to higher-volatility compounds (although the
likelihood of fragmentation likely increases with decreasing volatility). Thus, the higher
fragmentation rate constant can be seen as compensating for fragmentations of higher-volatility
compounds. Including fragmentation of higher volatility species would lower the fraction of the
organic vapors that then make it to lower volatility. This would then potentially decrease
nucleation rates and slow the growth rates of the smallest particles. However, the fragmentation

scheme used in this study should be viewed as a sensitivity study; the inclusion of a more-complex
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fragmentation scheme would have added more free parameters to our study and will be left to a
future study.

In general, the H2SO4-organics nucleation mechanisms performed better than the activation
nucleation mechanism for both campaigns. We found that the nucleation rate constants for the
H>SOs-organics nucleation mechanism suggested by Riccobono et al. (2014) allowed for good
models fits, with the caveats that the temperatures of both campaigns were higher than the
experimental conditions of Riccobono et al. (2014) (4-12 K higher for BEACHON and 18-19 K
higher for GoAmazon), and that the timescales upon which ELVOCs were formed and capable of
participating in nucleation could be shorter than that of the ambient atmosphere. Similarly, we
found that gas-phase oxidation rate constants similar to that of Jathar et al. (2014), fit from
aromatics, allowed for good fits (we assumed that these reactions were 100% functionalization
and treated the fragmentation reactions separately). The gas-phase oxidation rate constants
provided better fits when using a slightly different formulation than the parameterization from
Jathar et al. (2014), indicating that further studies are required for fitting parameterizations for air
containing a mixture of ambient species. Finally, we found that heterogeneous reactions of the OA
with OH resulting in fragmentation and aerosol mass loss did not appear to significantly impact
the distributions modelled in this study. As all of our equivalent exposure times tested were less
than one day, these results are consistent with previous OFR studies on heterogeneous aging that
found that heterogeneous losses of OA from OH were not important for these exposure timescales
(Hu et al., 2016). Like Palm et al. (2016; 2018), our results indicate the importance of S/IVOCs
towards aerosol growth in the OFR at both the BEACHON and GoAmazon campaigns. We find
that S/IVOCs contribute on average 85% and 39% (BEACHON) and 100% and 66% (GoAmazon)

towards the change in total number and volume, respectively, for the exposures modelled in this
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study. There remains uncertainty in the sources of these S/IVOCs: they could be directly emitted
or formed as oxidation products from both biogenic and anthropogenic sources for BEACHON
(Palm et al., 2016) and from biogenic, anthropogenic, and biomass burning sources for GoAmazon
(Palm et al., 2018). Further studies are required to better understand, speciate, and quantify
S/IVOC sources.

This study has shown the potential for using OFRs to study factors that control NPF and
size-distribution evolution using ambient-air mixtures. The fact that coagulation plays a small role
in the measured number concentration indicates that this type of reactor is useful to evaluate model
parameterizations of the number of nucleated particles and their growth, as a function of ambient
and OFR conditions. Using an OFR greatly expands the parameter space over which comparisons
can be made as well as the number of cases that can be studied, compared to using only ambient
data where parameter variations are more narrow, and where NPF is not observed under many
conditions. Future studies could use OFRs in nucleation studies to both better-understand the
dependencies of nucleation on input species (e.g., H2SO4, gas-phase bases, and specific VOCs) by
injecting controlled amounts of each species or precursors on top of ambient air at variable oxidant
concentrations, as well as determine dominant nucleation mechanisms for different ambient
environments. In order to assist in ambient nucleation studies, more-precise measurements of
ambient SO> should be made during ambient campaigns in order to more accurately test current
nucleation theories (all of which depend upon the concentration of H2SO4) against different
ambient environments. Measurements of H>SO4 and ELVOC:s, as well as bases such as ammonia
and amine species, inside the reactor would help constrain the nucleation and growth mechanisms
significantly. Additionally, studies focused on size-distribution evolution processes could include

size-dependent particle-phase composition and property measurements in order to assess
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parameters such as particle phase state and presence of acid-base or accretion products as a
function of equivalent aging in order to better constrain the model assumptions against
observations. Focusing on lower OH exposures (<<l day, to limit fragmentation reactions prior to
condensation/nucleation) as well as varying OFR residence times may allow extracting more
information on new-particle formation and growth from these experiments. Another vein of
research could use the best-fit parameters found in this study and similar studies to initialize
ambient models in order to predict under what conditions (emissions, initial particle
concentrations, OH concentrations, and so forth) one would anticipate NPF and growth. Such
predictions, if well-validated by corresponding ambient measurements, could help construct
simple parameterizations for use in regional and global models to better-simulate NPF and growth
events in order to improve predictions of size-resolved aerosol concentrations and their

corresponding impacts upon climate and health.
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