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Abstract
Simulating Aqueous Secondary Organic Aerosol Formation and Cloudwater Chemistry in GasAerosol Model for Mechanism Analysis
William Gang Tsui

Aerosols are known to have a large, uncertain effect on air quality and climate. Chemical
processing of organic material in aqueous aerosols is known to form secondary organic aerosols
(SOA), which make up a significant portion of particulate mass in the atmosphere. However, lack
of clarity surrounding the importance of each source of SOA to total aerosol mass contributes to
the uncertainties in their environmental impact. Disagreements between chemical models and field
measurements suggest that some processes are misrepresented or are missing in current models.
This work considers three pathways of SOA formation using Gas-Aerosol Model for Mechanism
Analysis (GAMMA), a photochemical box model developed by the McNeill group featuring
coupled gas phase and detailed aqueous phase aerosol chemistry.
Imidazole-2-carboxaldehyde (IC), a light-absorbing organic species, has been observed to
contribute to SOA formation as a photosensitizer. Currently, the extent of photosensitized
reactions in ambient aerosols remains poorly constrained. Reactive uptake coefficients were
determined from experimental studies of IC-containing aerosols and scaled for ambient
simulations in GAMMA. Results of remote ambient simulations show that IC is unlikely to be a
significant source of SOA largely due to its lack of abundance in atmospheric aerosols.
Humic-like substances (HULIS) have also been experimentally shown to catalyze SOA
formation through photosensitizer chemistry. We use GAMMA to quantify the uptake kinetics of
limonene in these photosensitizer experiments. Ambient GAMMA simulations of this SOA

formation pathway show that limonene-HULIS photosensitizer chemistry can contribute up to
65% of total aqueous SOA at pH 4. Further laboratory studies are recommended for this SOA
source to assess the need for its inclusion in aerosol models.
Chemical processing of organic material in cloudwater is another known source of SOA.
We use GAMMA to consider the impact of the coupled effect of processing in both aqueous
aerosol and cloudwater on isoprene epoxydiol (IEPOX) SOA. Simulations show that cloudwater
at pH 3 – 4 can also be a potentially significant source of IEPOX SOA, largely due to higher water
content in cloudwater than in aerosols. Thus, cloud processing may be a significant contributor to
IEPOX SOA formation and could account for differences between predicted SOA mass and
ambient measurements where mass transfer limitations in aerosol particles can be expected.
This work concludes with recommendations for future work in GAMMA. Parameterization
of glyoxal reactive uptake could allow for more accurate predictions of glyoxal oxidation product
distributions. The inclusion of online thermodynamic calculations of inorganic species in
GAMMA can better constrain several multiphase chemical processes, such as the highly pHdependent uptake of IEPOX and sulfate formation. Updated detailed mechanisms of transition
metal ion chemistry would also improve predictions of sulfate formation.
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Chapter 1: Introduction
Aerosols are a significant part of the atmosphere and have an important impact on climate,
human health, and visibility. However, there remain many uncertainties surrounding the
composition of atmospheric aerosols and consequently the extent of their impact on global
radiative forcing. Many of the uncertainties are attributed to a lack of understanding of aqueous
phase processing of organic material in aerosols. It is consequently crucial to further study the
evolution of the chemical composition of aerosols under a variety of ambient conditions to better
constrain their environmental impacts. This chapter provides an overview of aerosols and their
role in the environment, previous research focused primarily on models representing aqueous
organic aerosol composition, and an outline of the remaining chapters of this dissertation, which
studies several pathways of chemical aging and evaluates their significance in atmospheric
aerosols.

1.1 Aerosols and the environment
Atmospheric aerosols are solid or liquid particles up to 10 μm in diameter suspended in air.
They are ubiquitous in the atmosphere and have an important impact on the environment. Aerosols
can lower visibility in the atmosphere due to scattering and absorption properties of the particles,
which are highly dependent on their composition.1 Aerosols also have a significant impact on air
quality and health. Notable recent examples of the adverse effects of aerosols include high
particulate matter concentration from wildfires in Australia and hazy conditions in the wintertime
in northern China over the past 15 years.2,3 Aerosols can also directly impact human health by
depositing into lungs when breathed in.4,5 Smaller particles travel further and consequently deposit
deeper into the lungs than larger particles, which can cause respiratory disorders.6 Some finer
1

particles can enter the bloodstream when inhaled as well and have been correlated with the
development of cardiovascular diseases.7
Aerosols affect climate by directly and indirectly impacting radiative forcing.8,9 They
directly impact the global energy balance due to their propensity to absorb, scatter, or reflect solar
radiation. A summary of the contribution of aerosols and atmospheric gases to radiative forcing is
shown in Figure 1-1.8 As shown in this figure, aerosols can have both warming and cooling effects

Figure 1-1: Radiative forcing estimates in 2011 relative to 1750 and aggregated uncertainties for
the main drivers of climate change. The best estimates of the net radiative forcing are shown as
black diamonds with corresponding uncertainty intervals; the numerical values are provided on
the right of the figure, together with the confidence level in the net forcing (VH very high, H high,
M medium, L low, VL very low). [From Stocker et al.8]
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on climate. Black carbon is highly absorbing, resulting in a positive radiative forcing. Aerosols
containing black carbon are emitted as a product of combustion reactions.10,11 Other aerosols, such
as sulfate and nitrate, scatter solar radiation, resulting in a negative radiative forcing. Some
aerosols indirectly impact the global energy balance by acting as cloud condensation nuclei.12
Since low level stratiform and cumulus clouds tend to be highly reflective, this indirect impact
also has a net cooling effect.13 However, the extent of the heating and cooling effects is more
uncertain for aerosols and clouds than for other atmospheric drivers, also indicated in this figure.
One major factor in this uncertainty is the lack of understanding of chemical aging of aerosols and
consequently their chemical composition, unlike other atmospheric drivers, such as greenhouse
gases, which are significantly better constrained.8,14 Other important factors include uncertainties
in past and current emissions as well as aerosol interactions with clouds.

1.2 Aerosol life cycle
Aerosols can be formed via primary or secondary processes. Primary aerosols, such as sea
salt and soot, are directly emitted into the atmosphere as particles, whereas secondary aerosols are
formed from gases due to reactions and partitioning between the gas and particle phases.15
Precursor gases in the atmosphere can nucleate to form ultrafine aerosol (less than 0.01 μm in
diameter). These particles can then coagulate to form fine aerosol, also known as the accumulation
mode (between 0.01 μm and 1 μm in diameter). Primary aerosols, on the other hand, are often
coarse (1 to 10 μm in diameter) upon emission into the atmosphere. Due to the small size of
aerosols, they can remain in the atmosphere for roughly one week. Throughout its lifetime, its
chemical composition can change due to multiphase reactions, condensation of water and other
gas-phase species, and volatilization of condensed-phase species.16
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Aerosols can also act as cloud condensation nuclei. Uptake of water onto aerosols forming
larger particles can result in the formation of cloud droplets. Evaporation of water from cloud
droplets can also form aqueous aerosols. Thus, in environments where these processes occur, there
is cycling between these two aqueous regimes.17 Aerosols exit the atmosphere through dry
deposition or wet deposition. Dry deposition generally occurs more readily for coarse aerosols,
while wet deposition occurs after uptake of water to form cloudwater, which is then rained out.15

1.3 Composition of aerosols
The chemical composition of atmospheric aerosols can vary greatly with organic material
comprising between 10% and 90% of total aerosol mass.18 Secondary organic aerosols (SOA) are
expected to make up a significant portion of organic aerosol mass, with aqueous phase processing
as a major pathway for SOA formation.16,19–21 Aqueous secondary organic aerosols (aqSOA) are
formed from the oxidation of volatile organic compounds (VOCs). The oxidized products are
generally less volatile than their precursors, resulting in partitioning to the aqueous phase. The
condensed-phase organic species can then undergo a wide variety of aqueous-phase reactions.
Many atmospheric species in both the gas and aqueous phases react with HOx radicals (OH
and HO2), which are formed from the photolysis of ozone and reaction with water.15 One such
species is isoprene, the most abundant non-methane hydrocarbon in the atmosphere.22 Due to its
small size and the presence of two carbon-carbon double bonds, it can be oxidized by HOx radicals
and other atmospheric oxidants to form a multitude of more saturated products.23–31 Furthermore,
due to its abundance, it is a precursor for many atmospherically relevant oxidation products, such
as glyoxal and imidazoles. Other biogenic and anthropogenic VOCs, such as xylene and toluene,
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can undergo oxidation reactions with HOx radicals and other atmospheric oxidants, such as
ozone.29,32
Due to the possibility of cycling between aqueous aerosol and cloudwater, it is important
to consider chemical processing in both aqueous regimes to accurately predict aqSOA formation.16
Since both are aqueous phases, the same reactions occur in both regimes. However, the properties
of these aqueous regimes can vary significantly. Aqueous aerosols are smaller in diameter than
cloud droplets and can contain highly supersaturated solutions of condensed species due to its
lower water content, based on the relative humidity. The difference in size and water content
between the two aqueous regimes results in different mass transfer limitations with the gas phase,
ultimately affecting tropospheric composition in both the gas and aqueous phases. Previous
modeling results performed by our group suggest that different pathways dominate in cloudwater
and aqueous aerosol, despite that the same pathways occur in both aqueous phases, as shown in
Figure 1-2.

Figure 1-2: Simulation results using the GAMMA model for aqueous chemistry in cloudwater
(left) vs aqueous aerosol (right) under identical initial gas-phase conditions. Shown are the relative
contributions of the three major product types to the organic content of the aqueous phase after 12
h reaction time. The three product types are IEPOX pathway (IEPOX + 2-methyltetrol + IEPOX
organosulfate) (blue), glyoxal and its dark reaction products (red), and organic acids (green).
Aqueous aerosol simulations were performed for sulfate aerosols, pH 1, 65% RH. Cloudwater
simulations were performed for 10 μm droplet diameter and LWC = 10 g/cm3. [From McNeill16]
5

1.4 Modeling aqSOA formation
Due to the significance of composition in assessing the effects of aerosols in climate,
health, and visibility, it is desirable to model aqSOA formation to better understand the evolution
of aerosols under a variety of atmospheric conditions. Several chemical models had been
developed including aqueous aerosol chemistry, such as Gas-Aerosol Model for Mechanism
Analysis (GAMMA).33 GAMMA represents Henry’s Law uptake as a kinetic process, unlike many
other chemical models which calculate partitioning as thermodynamic equilibrium. GAMMA also
includes chemical mechanisms from other models, such as the Master Chemical Mechanism, as
well as mechanisms and kinetic rate constants newly added from recent experimental work, as
discussed below and in subsequent chapters.34–36
The McNeill Group photochemical box model of gas and aqueous aerosol chemistry and
interphase mass transfer, GAMMA, features detailed, coupled gas and aerosol/cloudwater aqueous
chemistry for organic species.33 Following Schwartz37, the temporal evolution of the partial
pressure of species i in the gas phase (Pi) is given by:
𝑑𝑃𝑖
𝑘𝑚𝑡,𝑖 𝑎𝐿
= −𝑘𝑚𝑡,𝑖 𝑎𝐿 𝑃𝑖 +
𝐶𝑖 + ∑ 𝑟𝑖𝑗,𝑔𝑎𝑠 + 𝐸𝑖 − 𝐷𝑖
𝑑𝑡
𝐻𝑖∗

(1.1)

𝑗

where aL is the aerosol liquid (aqueous) volume fraction (cm3 cm-3), Ci is the aerosol-phase
concentration of species i, Hi* is the effective Henry’s Law constant, rij,gas is the rate of gas phase
reaction j that species i participates in, and Ei and Di are the emission and deposition rates of
species i, respectively.
The gas-aerosol mass transfer coefficient for species i, kmt,i, is given by:
𝑘𝑚𝑡,𝑖 =

1
𝑅2

4
+
3𝐷𝑔,𝑖 3𝜔𝑖 𝛼𝑖
6

(1.2)

where R is the aerosol particle radius, Dg,i is the gas-phase diffusion coefficient, i is the thermal
velocity, and i is the sticking coefficient.
The aerosol-phase concentration of species i is described by:
𝑑𝐶𝑖 𝑘𝑚𝑡,𝑖
𝑘𝑚𝑡,𝑖
=
𝑃𝑖 − ∗
𝐶 + ∑ 𝑟𝑖𝑗,𝑎𝑞
𝑑𝑡
𝐑𝑇
𝐻𝑖 𝐑𝑇 𝑖

(1.3)

𝑗

where R is the gas constant, T is temperature, and rij,aq is the rate of aqueous-phase reaction j for
species i.
If a species is selected for surface reactive uptake, the following equation replaces equation
(1.1):
𝑑𝑃𝑖
= −𝑘𝑢𝑝𝑡𝑎𝑘𝑒.𝑖 𝑃𝑖 + ∑ 𝑟𝑖𝑗,𝑔𝑎𝑠 + 𝐸𝑖 − 𝐷𝑖
𝑑𝑡

(1.4)

𝑗

where
𝑘𝑢𝑝𝑡𝑎𝑘𝑒,𝑖 =

1
𝑅2

1

(1.5)

𝐷𝑔,𝑖 + 𝑘𝑔𝑎𝑚𝑚𝑎,𝑖
with
𝑘𝑔𝑎𝑚𝑚𝑎,𝑖 =

𝛾𝑖 𝑆𝑎 𝜔𝑖
1 + 0.38𝐾𝑛
4 + 3𝛾𝑖
𝐾𝑛(1 + 𝐾𝑛)

(1.6)

Here, gi is the reactive uptake coefficient, Sa is the aerosol surface area (cm3 cm-2), and Kn is the
Knudsen number (Kn =l/R, where l is the mean free path of air).
The gas and aqueous-phase mechanisms of GAMMA are described in McNeill et al.33
GAMMA includes the gas phase IEPOXOO + NO reaction based on Xie et al.38, and methacrylic
acid epoxide (MAE) chemistry following Lin et al.29 Updated Henry's Law constants for GAMMA
7

include: H* = 3×107 M/atm for IEPOX26 and the introduction of salting effects for glyoxal and
methylglyoxal.39,40 We include the possible protonation of IEPOX (aq) by ammonium as observed
by Nguyen et al. (2014), using a rate of 1.7×10-5 1/s*[NH4+] based on our analysis of their
laboratory data.26
Aqueous phase chemistry of organic material in GAMMA includes oxidative and dark
formation of SOA and organosulfate species by water soluble VOC precursors such as glyoxal and
methylglyoxal. Aqueous processing of isoprene epoxydiols (IEPOX) to form 2-methyltetrols
(tetrol) and IEPOX organosulfate (IEPOXOS) is expressed in GAMMA as a branching reaction
𝐼𝐸𝑃𝑂𝑋 (𝑎𝑞) → (1 − 𝛽) 𝑡𝑒𝑡𝑟𝑜𝑙 + 𝛽 𝐼𝐸𝑃𝑂𝑋𝑂𝑆

(1.7)

with branching ratio β = 0.4 being used based on the work of Eddingsaas et al.41
Previous work in GAMMA includes examining various sources of aqSOA. GAMMA
includes a low-NOx and a high-NOx mode. McNeill et al.33 determined that SOA formation in
ammonium sulfate aerosol was found to be highest under low-NOx, low relative humidity, and
high acidity conditions. Under these conditions, aqSOA formation is dominated by the IEPOX
pathway, which is explored for both aqueous aerosols and cloudwater in this dissertation. Under
high-NOx conditions, aqSOA was found to primarily form via reversible uptake of glyoxal.
Organosulfate (OS) species were found to be good tracers for aqueous aerosol processing, as
GAMMA simulations showed maximum OS formation when the aerosol is most concentrated.
Woo et al.42 coupled GAMMA outputs of aerosol composition to modules predicting surface
tension and the UV-Vis absorption spectrum of the aerosol. GAMMA simulations indicated that
formation of oligomers and organic acids likely have little effect on aerosol surface tension and
that aqSOA formation is a potentially significant source of brown carbon under high-NOx
conditions. Sumner et al.43 simulated chamber experiments of SOA formation due to uptake of
8

glyoxal. Simulations indicate that dark reaction products of glyoxal dominate SOA mass while
discrepancies between GAMMA simulations and experiments of irradiated conditions imply that
a light-dependent SOA formation pathway is currently unaccounted for. Fankhauser et al.44
incorporated microbial metabolic consumption rates of small organic molecules to GAMMA.
Simulation results showed a significant decrease in organic acid concentrations of individual
aerosols with metabolically active microorganisms, but a negligible impact on the overall
population of aerosols and cloud droplets, due to the low density of active cells in the atmosphere.
One common issue with higher-dimensional chemical transport models is the high
computational cost associated with chemistry.45,46 Consequently, it is often necessary to reduce the
number of chemical mechanisms for implementation in these models in order to feasibly maintain
high spatial resolution or to perform simulations at large time scales. Woo and McNeill47
developed simpleGAMMA as a reduced version of GAMMA to address these issues of
computational efficiency. As shown in previous work using GAMMA, the formation of aqueous
aerosol SOA is largely dominated by IEPOX uptake and glyoxal uptake. Thus, simpleGAMMA
was developed to highlight these two pathways, reducing the number of ordinary differential
equations for the temporal evolution of aqueous phase species necessary to predict SOA mass.
Computational time in simpleGAMMA was reduced to 24 – 36% of the time necessary for
GAMMA simulations of the same conditions. GAMMA and simpleGAMMA results for aqueous
aerosol SOA mass agree to within 0.02 μg m-3 for pH 2 and higher.
The agreement of simulation results between GAMMA and simpleGAMMA has allowed
for the application of simpleGAMMA to analysis of field measurement data. Budisulistiorini et
al.48 used simpleGAMMA in analyzing ambient measurements during the 2013 Southern Oxidant
and Aerosol Study. The mass of 2-methyltetrols and organosulfates, both IEPOX SOA tracers,

9

was accurately predicted in simpleGAMMA simulations of IEPOX uptake, indicating good
agreement between field measurements and simpleGAMMA results. Due to this agreement along
with the computational efficiency of simpleGAMMA, simpleGAMMA can be incorporated into
regional and global chemical transport models. Shrivastava et al.49 coupled simpleGAMMA with
Weather Research and Forecasting model with chemistry (WRF-Chem), a regional model. The
coupled simpleGAMMA and WRF-Chem models were used to simulate SOA formation from
Green Ocean Amazon (GoAmazon2014/5), a field campaign aiming to study atmospheric
chemistry over the Amazon rainforest.

1.5 Thesis outline
This thesis shows the development of newer versions of GAMMA and its capability to
predict aqSOA formation. This includes the implementation of new kinetic data for SOA formation
pathways to GAMMA, the ability to simulate laboratory data to determine parameters appropriate
for ambient simulations, and the consideration of dominant aqueous aerosol reactions under
cloudwater conditions. The following is an outline and summary of the remaining chapters of this
work.
Chapter 2 considers photosensitizers in atmospheric aerosols. Photosensitizers are found
to contribute to aqSOA formation through a pathway studied by Aregahegn et al.50 and Rossignol
et al.51 in a laboratory setting. Significant particle growth was found upon exposing particles
containing photosensitizers to various volatile organic compounds (VOCs) and light. This work
quantifies aqSOA formation through this pathway for imidazole-2-carboxaldehyde (IC), the
photosensitizer that was found to result in the largest particle growth in their experiments, by
determining a reactive uptake coefficient in GAMMA to simulate the experiments. These results
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were then scaled to an ambient setting, adjusting parameters such as aqueous phase concentration
for more realistic ambient conditions. The importance of SOA formation through IC as a
photosensitizer is then assessed relative to other dominant aqSOA formation pathways.
In chapter 3, we study humic-like substances (HULIS) in the context of photosensitizers.
HULIS is much more abundant in the atmosphere and thus expected to contribute more to aqSOA
formation as a photosensitizer than IC. In this work, we consider humic acid, which has been
shown to contribute to particle growth in a laboratory setting in experiments similar to those of IC.
Thus, a similar analysis is performed for HULIS in that SOA formation is quantified by a reactive
uptake coefficient and GAMMA simulations are subsequently performed for ambient conditions.
However, there are also many more assumptions that go into this analysis since some properties
of humic acid can vary significantly, such as its structure and differences to HULIS. We then
consider the importance of HULIS as a photosensitizer in SOA formation relative to IC as well as
to other known SOA formation pathways.
In chapter 4, we consider GAMMA simulations under both aqueous aerosol and cloudwater
conditions. Cloudwater can also contribute to aqSOA formation, as cloud droplets are formed
through uptake of water onto aqueous particles. Furthermore, evaporation of water from cloud
droplets can form aqueous aerosols. Although the same aqueous reactions occur in both regimes,
the reactions that are more dominant in each can vary due to the availability of water, dilution of
the seed particles and organic species, and typical pH ranges of each. We focus on the IEPOX
SOA pathway, known from previous work to be a dominant aqSOA formation pathway for low
pH aerosols. Uptake of IEPOX has recently been shown in laboratory experiments to form SOA
less efficiently than previously expected, despite consistency between field measurements and
prior modeling simulations of this process. Consequently, we use GAMMA to consider the
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significance of IEPOX SOA formation in cloudwater relative to aqueous aerosol within pH ranges
typical of both environments. We also track organic acid formation, following previous work of
its significance in cloudwater. The results of this work show the combined effect of processing in
both aqueous regimes as well as the effect of the time of day in which each regime is present on
total aqSOA formation.
Chapter 5 reiterates the major results in the previous chapters and suggests future work
based on these results. We provide recommendations for reaction mechanisms to further study
experimentally and to consider including in simpleGAMMA based on our GAMMA results.
Future work includes the integration of the parameterization of the uptake of glyoxal through
reaction with OH based on salting effects of glyoxal, following the work of Curry et al.52, into
GAMMA. The parameterizations determined by Curry et al. can be used in GAMMA to more
accurately predict glyoxal oxidation products as a function of pH and relative humidity. A more
detailed representation of the uptake coefficient would be beneficial for determining the oxidation
products that are most sensitive to these variables and for assessing the need for calculations of
dynamic variables as input parameters in GAMMA. Since some aqueous-phase chemical
mechanisms and uptake parameters are highly pH-dependent, such as formation of IEPOX SOA,
further discussion of these calculations is focused on the implementation of an online aerosol
thermodynamic model coupled to GAMMA to frequently update pH, among several other
parameters. We also discuss the inclusion of more detailed transition metal ion chemistry in future
versions of GAMMA, particularly in its role in sulfate formation. Oxalate, a glyoxal oxidation
product, can form complexes with transition metal ions and subsequently contribute to sulfate
formation. Thus, significant sulfate formation through these pathways could further support the
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need for both the parameterization of glyoxal uptake with salting effects and the online
thermodynamic equilibrium calculations.

13

Chapter 2: Modeling Photosensitized Secondary Organic Aerosol
Formation in Laboratory and Ambient Aerosols
2.1 Introduction
Aerosols are ubiquitous in the atmosphere and are known to affect human health, climate,
and visibility. The composition of atmospheric aerosols can vary greatly, with organic material
and liquid water comprising major fractions of aerosol mass.18,53 Current models are unable to
accurately predict the amount and composition of organic aerosols observed in the atmosphere,
largely due to uncertainties surrounding the production of secondary organic aerosol (SOA).14,19,21
SOA formation involves the transfer of organic mass from the gas phase to the particle phase, via
oxidation of volatile organic compounds (VOCs) followed by partitioning into the organic or
aqueous condensed phase. Multiphase reactions in cloud and aerosol water have recently gained
attention as important SOA formation pathways.16
One aqueous SOA formation precursor that has received considerable attention in the
literature is glyoxal, a gas-phase oxidation product of isoprene, toluene, and other biogenic and
anthropogenic VOCs. Glyoxal has a high affinity for water and exhibits salting-in, which, given
the high ionic strength of many aerosol particles, means that the uptake of glyoxal to aerosols can
be very efficient.39,40 The annual global source of SOA from glyoxal has been estimated to be as
much as 2.6 Tg a-1.54 This pathway has been estimated to contribute 15% of the total ambient SOA
in Mexico City.55 Glyoxal undergoes both oxidative and non-radical chemistry in the aqueous
phase, to form products including the nitrogen-containing species imidazole-2-carboxaldehyde
(IC).56 Recently, IC was identified as a component of ambient aerosols at concentrations up to 3.2
ng/m3.57
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IC absorbs light in the UV/visible range and has recently been shown to participate in SOA
formation in the role of photosensitizer (Figure 2-1).28,50,51,58 Like other triplet photosensitizers,59
the triplet excited state of IC (3IC*) can either: (1) reduce O2 to form oxidizing radicals such as
·OH and ·HO2, or (2) directly oxidize other organic material. Both pathways can contribute to
SOA formation.

Figure 2-1: SOA formation from photosensitizers and other organic material in photosensitized
reactions
In aerosol flow tube experiments performed by Aregahegn et al.50, significant SOA
formation was observed when aerosols containing IC were exposed to isoprene, limonene, αpinene, β-pinene, and toluene in the presence of UV light. No particle growth was observed in
these experiments under dark conditions. Mass spectrometry analysis of SOA products showed
IC-limonene or limonene-limonene recombination products, as well as limonene oxidation
products, suggesting that both pathways of SOA formation from

3

IC* were active.50,51

Additionally, Aregahegn et al. observed that SOA growth was limited when oxygen was not
present.50
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Detailed laboratory studies using the laser flash photolysis technique have revealed
additional information about the photophysics of 3IC* and the rates and mechanisms of its
reactions with O2 and organics in the aqueous phase. Tinel et al. showed the formation of 3IC*
under UV radiation and characterized its quenching by I-, Br- and Cl-.58 Rossignol et al. observed
the transient triplet-triplet IC absorption and showed that adding increasingly higher
concentrations of limonene to an IC solution led to faster decay.51 Our recent work characterized
the rates of reaction of 3IC* with O2 and isoprene. Mass spectrometry results showed IC-isoprene
adducts but no oxidized isoprene species, suggesting that pathway (2) dominates for the ICisoprene system.28
Despite its potential significance, due to a prior lack of mechanistic and kinetic information
for modeling studies, the extent to which photosensitizer chemistry contributes to ambient
atmospheric aerosol growth is unclear. Now that mechanisms for the photochemical processing of
IC and aqueous phase reaction rates of 3IC* with O2 and organics are available, a modeling study
to estimate aerosol growth from photosensitized IC is possible. Here, we use an updated version
of GAMMA (Gas-Aerosol Model for Mechanism Analysis), a photochemical box model
developed by the McNeill group,33

to investigate the production of SOA material via

photosensitized reactions of IC under both experimental and ambient conditions. GAMMA
couples detailed gas phase and aqueous aerosol phase chemistry, enabling us to simulate
experimental and atmospheric conditions to predict SOA formation.

2.2 Methods
Two categories of simulation were carried out in this study: 1) simulation of laboratory
aerosol growth experiments by Aregahegn et al.50 and 2) simulation of IC photosensitizer
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chemistry under ambient conditions. GAMMA 4.0 was used for all simulations discussed in this
work.
3

IC* chemistry was incorporated using a) an explicit bulk aqueous chemistry approach or

b) a reactive uptake approach. We note that, although SOA formation is not exclusively an aqueous
process, IC formation in aerosols occurs via aqueous processes, and therefore 3IC* chemistry is
likely to take place in the aqueous phase.

2.2.1 Bulk aqueous chemistry approach
To model the photosensitizer reactions in the experimental study of Aregahegn et al.,50 the
kinetics and mechanism determined experimentally by Li et al. (Table 2-1) were incorporated into
GAMMA.28 The assumption that 10% of IC exists in the triplet state at any time is a conservative
estimate based on the high triplet yield of aromatic ketones.28,59–61 The rate constant for isoprene
oxidation by OH (k4) was measured by Huang et al.31 This reaction was included previously in the
original GAMMA mechanism33 but is highlighted here because of its potential role in SOA
formation by 3IC* and isoprene. The source of ·OH for the reaction with isoprene in Table 2-1 is
downstream reactions of the ·HO2 produced by the reaction of 3IC* with oxygen. Isoprene, as well
as ·OH and ·HO2 generated in-particle were allowed to partition between the gas and aerosol
phases following Henry’s Law. All other species in the aerosol (including succinic acid, IC,
organic reactive intermediates and products) were assumed to remain in the aqueous phase. IC is
assumed to be nonvolatile for these simulations due to large uncertainties in its vapor pressure.50,62
Simulations were run for 19 minutes, matching the experimental conditions of Aregahegn et al.50
In a second set of simulations, all conditions were the same as described above, but each
particle was split into two separate volumes: an outer shell and an inner core. The volume of each

17

portion of each particle was determined such that the outer shell contained 3% of the total IC in
the particle, assuming a uniform concentration of IC throughout the particle. In these simulations,
all IC reactions were restricted to the outer shell, so 97% of the IC present in the particles did not
undergo any reaction listed in Table 2-1.
Each simulation was run twice, with different particle diameters in each simulation. The
two particle sizes corresponded to the initial and the final diameters of each experiment of
Aregahegn et al.50 However, accounting for the particle size change yielded differences in final
SOA growth of less than 0.1%. Therefore, only the results using the initial diameter are reported
here.

Table 2-1: Mechanism and kinetics of photosensitized reactions of IC with isoprene from Li et al.
incorporated into GAMMA28
Reaction
Kinetics
3
10% of IC is converted to 3IC*
IC → IC*
3
k1 = 2.7 × 109/M/s
IC* + isop → isop* + IC
3
Assume 50/50 branching
IC* + isop → isop-IC
k2 = 3.0 × 109/M/s
isop + isop* → isop-isop
3
k3 = 3.1 × 109/M/s
IC* + O2 → → HO2
k4 = 1.4 × 1010/M/s
OH + isop → → isop-OH

2.2.2 Reactive uptake simulations.
In another set of GAMMA simulations, a reactive uptake formulation was used for each of
the VOCs (limonene, isoprene, α-pinene, β-pinene, and toluene) considered by Aregahegn et al.,
instead of Henry’s Law uptake and bulk aqueous-phase reaction.50
The aerosol growth due to these processes can be determined from the reactive uptake
coefficient due to the equivalence between the VOC uptake rate and the SOA formation rate. In
simulations performed under the conditions of the Aregahegn et al. laboratory study, the reactive
uptake coefficient was adjusted for each VOC until the GAMMA results matched the
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experimentally observed SOA growth.50 The reactive uptake coefficient was then adjusted for
ambient conditions using the following relations:63

1 1
𝜔
1
= +
𝛾 𝛼 4𝐻𝑅𝑇√𝑘𝐼 𝐷𝑙 [coth 𝑞 − 1⁄𝑞 ]

(2.1)

where
𝑞=

𝑟
𝑙

(2.2)

In the above equations, Dl is the liquid phase diffusivity, l is the diffuso-reactive length, α
is the mass accommodation coefficient, ω is the mean molecular velocity, H is the effective
Henry’s Law coefficient, R is the gas constant, T is the temperature, and r is the radius of the
particle. Using the reactions that consume aqueous phase isoprene in Table 2-1, kI , the pseudofirst order loss rate constant for the VOC, can be expressed as

𝑘 𝐼 = 𝑘1 [ 3𝐼𝐶 ∗ (𝑎𝑞)] + 𝑘2 [𝑖𝑠𝑜𝑝∗ (𝑎𝑞)] + 𝑘4 [∙ 𝑂𝐻(𝑎𝑞)]

(2.3)

Isop* (aq) and ·OH (aq) are short-lived species whose concentrations are negligible compared to
that of 3IC*. Thus, equation (2.3) can be approximated as

𝑘 𝐼 ≈ 𝑘1 [ 3𝐼𝐶 ∗ (𝑎𝑞)]

(2.4)

Changes in kI due to variations in [3IC*] are the primary reason scaling of  for ambient conditions
is necessary.
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2.2.3 Conditions for simulation of experiments.
The experimental conditions used by Aregahegn et al. for aerosols containing IC,
ammonium sulfate, and succinic acid were simulated in GAMMA.50 The initial aerosol
composition was determined by using the ratio of bulk concentrations of ammonium sulfate and
succinic acid used by Aregahegn et al. prior to atomizing and the relative humidity in E-AIM, a
thermodynamic model which can be used for calculating equilibria for aerosol systems with
partitioning.50,64 IC concentrations were scaled from the bulk solution to the aerosol with the
calculated succinic acid concentrations from E-AIM. The aerosol density was determined using
empirical relationships from Hyvarinen et al.65 These parameters were input into GAMMA as
initial conditions. For these experimental conditions, there are no emissions or depositions so Ei
and Di are both set to zero. Initial concentrations of all species except IC, ammonium sulfate, the
VOCs, succinic acid, water, O2, and H+ were set to zero.

2.2.4 Ambient aerosol simulations.
Ambient calculations for SOA growth were run based on the results of laboratory
simulations using reactive uptake of VOCs. Unlike the experimental simulations where only one
VOC was present, the ambient simulations simultaneously consider 3IC* induced SOA growth due
to isoprene, toluene, limonene, isoprene, α-pinene, and β-pinene, in addition to the SOA pathways
originally represented in GAMMA (aqueous aerosol SOA formation by oxidation products of
isoprene, acetylene, toluene, cresol, and xylenes).33 The initial concentrations of species in both
the gas and aerosol phase are based on concentrations typically observed in the atmosphere (see
Appendix A). IC concentrations were based on the observations of Teich et al.57 The aerosol pH
was set constant to 1, 2, 3, or 4 for each simulation. The relative humidity was also assumed to be

20

constant at 45% for each simulation. Reactive uptake coefficients determined from the
experimental aerosol simulations were scaled down based on equations (2.1) and (2.2) due to the
difference in concentrations of IC used by Aregahegn et al. and observed in ambient conditions,
as discussed above.50 A constant reactive uptake coefficient, based on the initial condition of IC,
was assumed, providing an upper bound estimate of the SOA production from 3IC*-VOC
reactions. The production of HO2 in the aerosol bulk by 3IC* was simulated based on Reaction 3
(Table 2-1), so that the contribution of this pathway to SOA formation from aqueous-phase
precursors other than isoprene, toluene, limonene, isoprene, α-pinene, and β-pinene could be
evaluated. The aerosol density was assumed to be constant throughout the simulation.

2.3 Results and Discussion
2.3.1 GAMMA simulations of bulk aerosol reactions under experimental conditions
The first set of simulations used GAMMA 4.0 with the bulk 3IC* mechanism to simulate
SOA growth using experimental conditions of the isoprene-IC experiments of Aregahegn et al.
and the mechanism from Li et al. (Table 2-1).28,50 The results, shown in Table 2-2, indicate that
these simulations greatly overestimate the amount of SOA formation as observed experimentally.
Additionally, this set of simulations also indicates that over 99% of the IC in the system reacts
within the 19-minute simulation. In these simulations, SOA formation was largely insensitive to
the assumed percentage of IC in the excited triplet state; for 3IC* varying between 1% and 100%
of the total IC, the calculated SOA formation varied less than 0.4%. Predicted SOA formation also
changed by less than 0.2% when the assumed in-particle concentration of O2 was varied over six
orders of magnitude. Since nearly all of the IC reacts, the simulation results correspond to an upper
bound for SOA growth due to IC, as IC is limiting for this scenario. This suggests that not all of
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the 3IC* in the aerosols used by Aregahegn et al. participates in the reactions shown in Table 2-1
(note that we assume that only 10% of available IC is in the excited state for the base case,
following Li et al.).28 For the shell simulations, in which only 3% of the total 3IC* is available for
reaction, SOA growth is consistent with particle growth observed by Aregahegn et al.50

Table 2-2: Comparison of predicted SOA growth from GAMMA simulations of experiments of
Aregahegn et al. to experimentally observed SOA growth for isoprene50
GAMMA simulation
Predicted SOA growth
Ratio of predicted growth
3
from GAMMA (ng/m air) from GAMMA to experiment
(Aregahegn et al. 2013)
Bulk
1.9
34
3% Shell
0.05
1.0

We therefore consider possible diffusion limitations in this system by calculating a diffuso-reactive
length for incoming VOC molecules, defined as

𝑙=√

𝐷𝑙
𝑘𝐼

(2.5)

where Dl is the liquid-phase diffusivity and kI is the pseudo-first order loss rate constant (eq 10).63
We calculate l < 1 nm for the experimental conditions of Aregahegn et al., significantly less than
24.8 nm, the radius of the particles used in the experiments.14 Thus, isoprene is not expected to
diffuse far into the particle before reacting, suggesting that the photosensitizer reaction occurs at
or near the surface of the particle. Consequently, only 3IC* near the surface will react with
isoprene, as predicted by the previous GAMMA simulations. Although 3IC* can also react with
O2 in the bulk of the aerosol to form radicals, the reaction of radicals with isoprene is still limited
to the surface or near the surface due to the rapid reaction between isoprene and 3IC*. Thus, despite
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possible reactivity of IC throughout the entire aerosol, this contribution to SOA mass in the
experimental scenario only occurs at or near the surface.

2.3.2 GAMMA simulations of reactive uptake of VOCs
As an alternative approach, a reactive uptake formulation was used to model SOA growth
in the experiments of Aregahegn et al. (see the Methods section for details). The reactive uptake
coefficient quantifies the probability of irreversible reaction upon collision between a gas phase
molecule and the aerosol particle and inherently includes uptake into the particle and reaction.
Reactive uptake coefficients consistent with the experimental data of Aregahegn et al. were
determined for each VOC using GAMMA, shown in Table 2-3.50 As expected, VOCs that form
SOA more efficiently have higher reactive uptake coefficients.
Table 2-3: Calculated reactive uptake coefficients for experiments of Aregahegn et al.50
Aregahegn et al. (2013)
Using GAMMA
VOC
VOC concentration
Diameter
Reactive uptake
(ppm)
growth factor
coefficient
Limonene
1.8
27.6%
3.1 × 10-5
Isoprene
4
3.13%
1.4 × 10-6
α-pinene
63
19.35%
4.9 × 10-7
β-pinene
63
16.5%
3.9 × 10-7
Toluene
352
3.5%
1.3 × 10-8

2.3.3 Ambient aerosol GAMMA simulations.
The reactive uptake coefficients which were successfully determined from experimental
data were scaled for ambient aerosol calculations using equations (2.1) and (2.4). Some uncertainty
exists in the appropriate value for the mass accommodation coefficient, , for organic gas
molecules, with reported values ranging from ~10-4< <1.66,67 Even assuming the lower bound
value, the low reactive uptake coefficients determined from experimental conditions indicate that
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the rate of reactive uptake in this system is limited by chemistry, not mass accommodation.
Furthermore, since the diffuso-reactive length is small compared to the radius of the particle for
both experimental and ambient conditions, q is large. Thus, equation (2.1) is approximated as

1
𝜔
≈
𝛾 4𝐻𝑅𝑇√𝑘𝐼 𝐷𝑙

(2.6)

Using equation (2.4) and taking a ratio of reactive uptake coefficients for ambient and experimental
conditions, for a given temperature we get
[ 3𝐼𝐶 ∗ ]𝑒𝑥𝑝
𝛾𝑒𝑥𝑝
√
= 3 ∗
[ 𝐼𝐶 ]𝑎𝑚𝑏
𝛾𝑎𝑚𝑏

(2.7)

Since ambient 3IC* concentrations are typically between 0.0001 M and 0.001 M and the
experimental concentration was approximately 2.8 M, a ratio of 106 is used to scale the
experimental reactive uptake coefficients down to ambient conditions based on an assumed
ambient concentration of 0.00025 M based on the observations of Teich et al. (Table 2-4).57 We
note that considerable uncertainty exists in the gas-particle partitioning of IC.62 Although the
ambient particles observed by Teich et al. were likely in equilibrium with the gas phase,
partitioning in the experiments of Aregahegn et al. may result in lower experimental in-particle
concentrations of IC, and therefore higher amb, than those calculated here.
Table 2-4: Calculated reactive uptake coefficients for 3IC* promoted SOA formation under
ambient conditions
VOC
Reactive uptake
coefficient
Limonene
2.9 × 10-7
Isoprene
1.3 × 10-8
α-pinene
4.6 × 10-9
β-pinene
3.6 × 10-9
Toluene
1.2 × 10-10
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The results of ambient GAMMA simulations at 45% relative humidity using the scaled
ambient reactive uptake coefficients are shown in Table 2-5. The contribution of direct 3IC*-VOC
chemistry to total aqueous aerosol SOA growth is negligible under all conditions. Radicals
generated by 3IC* reactions in the bulk also lead to negligible enhancements in SOA growth from
aqueous precursors besides limonene, isoprene, -pinene, -pinene, and toluene. As noted
previously, total predicted SOA growth decreases with increasing pH, primarily due to the
dominance of isoprene epoxydiol chemistry, which is highly dependent on pH.68 Since there is no
known dependence of 3IC* chemistry on pH, this means that the mass fraction of SOA formation
due to 3IC*-VOC chemistry is highest at higher pH. Nonetheless, even at the highest pH simulated,
3

IC*-induced chemistry contributes less than 0.3% by mass of the total aqueous SOA growth.

Table 2-5: Results of GAMMA simulations of SOA growth in ambient conditions with the addition
of photosensitized reactions of IC
pH
Total SOA growth Mass fraction of
Upper bound mass
3
(ng/m air)
SOA growth from
fraction of SOA
IC-generated
growth from IC
radicals
reactions with VOC
-4
1
7600
1.8 × 10
2.5 × 10-5
2
2300
8.6 × 10-5
8.1 × 10-5
3
510
5.9 × 10-5
3.7 × 10-4
-4
4
73
3.1 × 10
2.6 × 10-3

Other organic photosensitizers besides IC may exist in ambient aerosols. For example,
humic-like substances (HULIS) make up 10 to 60% of water-soluble organic carbon, a much more
significant portion than IC in atmospheric aerosols.69–72 In a recent laboratory study, Monge et al.
demonstrated that humic acid, a proxy for HULIS, can act as a photosensitizer, stimulating similar
SOA growth in the presence of isoprene and limonene as observed for IC-containing particles by
Aregahegn et al.73 Due to its greater abundance in atmospheric aerosols, HULIS can potentially
contribute a more significant portion of SOA formation than IC via photosensitizer pathways.
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Chapter 3: Modeling Secondary Organic Aerosol Production from
Photosensitized Humic-like Substances (HULIS)
3.1 Introduction
Atmospheric aerosols affect air quality, health, climate, and visibility. Organic material
and liquid water make up a significant portion of total atmospheric aerosol mass, and much of the
organic portion of atmospheric aerosols is secondary in origin.14,18,20,53 Thus, an understanding of
the formation and evolution of secondary organic aerosols (SOA) is necessary for modeling air
quality. However, many models are currently unable to accurately represent organic aerosols due
to uncertainties in SOA production.14,19,74 Recent studies suggest that heterogeneous or multiphase
reactions of volatile compounds in aqueous aerosols can be important pathways of SOA
formation.16 These processes may contribute to the discrepancy between model predictions and
observed atmospheric aerosol content.
Humic-like substances (HULIS) are a class of macromolecular water-soluble organic
species typically several hundred daltons in molecular weight.75 They can comprise 10 – 35% of
fine organic material in atmospheric aerosols, and have been observed to account for as high as
72% of water-soluble organic carbon in some ambient aerosol samples.70,76 They are likely formed
through biomass burning and secondary aqueous reactions.70,71,75–82 HULIS are named as such due
to apparent similarities to humic acids, such as their polyacidic and amphiphilic nature,
aromaticity, and light absorption. As a result of these characteristics, HULIS can affect aerosol
properties, including optical properties and CCN activity.
Some light-absorbing organic aerosol species can participate in SOA formation by acting
as photosensitizers. A photosensitizer is excited to a triplet state when irradiated. In the excited
triplet state, the photosensitizer can then reduce O2 to form oxidizing radicals or directly oxidize a
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VOC to form SOA, as shown in Figure 3-1 with HULIS as a photosensitizer in the presence of
limonene and isoprene. Trace aerosol species such as 2-imidazole carboxaldehyde28,50,51,83,84 (IC)
and non-phenolic aromatic carbonyls85,86 have been shown to contribute to SOA formation via
photosensitizer chemistry.

Figure 3-1: HULIS reaction pathways as a photosensitizer with VOCs limonene and isoprene

In aerosol flow tube experiments performed by Monge and coworkers, particles
containing humic acid, a proxy for HULIS, were observed to grow when exposed to limonene
under UV-A irradiation.73 Mass spectrometry analysis indicated the presence of higher molecular
weight limonene reaction products, and control experiments suggested that O2 was a source of
oxidizing radicals in the photosensitizer pathway. They also observed isoprene uptake to thin
films containing humic acid.
Due to the high abundance of HULIS in atmospheric aerosols, the potential contribution of
HULIS photosensitizer chemistry to ambient SOA formation is larger than for trace species such
as IC.57,70,76,83 Here, we apply GAMMA (Gas-Aerosol Model for Mechanism Analysis), a
photochemical box model of multiphase atmospheric chemistry developed by the McNeill group,33
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to quantify the kinetics of limonene SOA formation due to the HULIS photosensitizer pathway in
the laboratory experiments of Monge et al.73 We then use the calculated reactive uptake coefficient
to compare SOA formation from this pathway to other important aqueous SOA formation
pathways under ambient conditions.

3.2 Materials and Methods
In this study, we performed two sets of model simulations. All simulations use GAMMA
4.0.83 First, we modeled the laboratory experiments of Monge et al.73 Then, we used the results of
those simulations to model aerosol growth through photosensitizers and other atmospherically
relevant processes under ambient conditions. McNeill et al. (2012) and Tsui et al. (2017) provide
a more detailed discussion of GAMMA and the 4.0 update, respectively.33,83

3.2.1 Reactive uptake of limonene
Photosensitizer SOA formation can be modeled using a reactive uptake formulation, which
represents the mass transfer and particle-phase chemical kinetics of the process.83 The reactive
uptake of limonene to humic acid-containing particles was added to GAMMA using equations
(1.4), (1.5), and (1.6) for the change in partial pressure of limonene, where reactive uptake replaces
the partitioning terms from equation (1.1).33,37 Emissions and depositions are only considered for
ambient simulations. The amount of SOA formed is assumed to be equal to the amount of limonene
taken up. Although it is possible that the SOA products may be (semi)volatile and repartition to
the gas phase, here any loss to the gas phase is already accounted for in the reactive uptake
coefficient since it was calculated based on the net observed particle growth.63
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3.2.2 Experimental simulation conditions
Full details of the simulation initial conditions can be found in Appendix B. Simulations
of laboratory experiments of humic acid-containing particle growth followed the conditions used
by Monge et al.73 In these experiments, ammonium nitrate aerosols containing humic acid and
succinic acid, a proxy for other organic species in ambient aerosols, were used. The initial aerosol
composition for aerosols containing humic acid, succinic acid, and ammonium nitrate was
determined by using the relative humidity and the weight ratio of these species in the aqueous
solution (1:10:1) prior to aerosolizing to calculate equilibrium concentrations of each species with
E-AIM Model II, a thermodynamic aerosol model which includes inorganic species H+, NH4+,
SO42-, and NO3- and H2O in the liquid phase and HNO3, NH3, H2SO4 and H2O in the gas phase.64,87
Organic compounds, such as succinic acid, can be added to the E-AIM model by accessing
multiple publicly available libraries via the E-AIM interface. Since they are not well-defined
molecules, thermodynamic calculations for HULIS or humic acid are not available in E-AIM.
Therefore, succinic acid was used as a proxy for humic acid in our E-AIM calculations. In order
to account for the concentration effect associated with bringing the aerosols to <100% relative
humidity after atomization, humic acid concentrations were scaled from the bulk atomizer solution
concentration to the aqueous aerosol by the same ratio as the calculated succinic acid
concentration. The pH of the aerosols was also determined from E-AIM calculations of H+
concentrations at equilibrium. All initial concentrations of remaining species represented in
GAMMA, as well as emission and deposition rates, were set to zero for the simulation of laboratory
experiments. Simulations were run for 9.7 minutes, corresponding to the residence time of the
aerosol flow tube experiments conducted by Monge et al.73 Iterative simulations were performed
with changing γ until the reactive uptake of limonene was consistent with the SOA growth
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observed by Monge et al.73 Following the determination of the reactive uptake coefficient under
these experimental conditions, the concentration of limonene was adjusted to determine the
particle growth as a function of the product of limonene concentration and residence time. For
these simulations and all subsequent ambient simulations, reaction rate coefficients of
photochemical processes were scaled to account for the difference between the experimental lamp
intensities and solar irradiance given in the supporting information by Monge et al., which is a
factor of 2.06.73 These results were then compared to a similar set of experiments by Monge et
al.73

3.2.3 Ambient simulation conditions
The reactive uptake coefficient for limonene is dependent on humic acid concentration. All
reactive uptake coefficients used for ambient simulations are scaled from the coefficient
determined from experimental conditions by the following equation.63,83
[ 3𝐻𝑢𝑚𝑖𝑐 ∗ ]𝑒𝑥𝑝
𝛾𝑒𝑥𝑝
=√ 3
[ 𝐻𝑢𝑚𝑖𝑐 ∗ ]𝑎𝑚𝑏
𝛾𝑎𝑚𝑏

(3.1)

The above equation implies that the photosensitizer reactions are fast and occur in a thin
shell below the surface of the particle.88 Ambient aerosols were assumed to contain ammonium
(bi)sulfate and humic acid, and the reactive uptake coefficient calculated in the laboratory
simulations was scaled for varying concentrations of humic acid to simulate this process under
ambient conditions. The default gas-phase concentrations in the ‘remote’ mode of GAMMA were
set as initial conditions (see the Appendix B for more details). Initial in-particle concentrations of
inorganics were calculated using E-AIM, assuming 45% RH and aerosol pH between 1 and 4.
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Each simulation was run for 12 daytime hours with a sinusoidal dependence on sunlight intensity
such that it is at a maximum after six hours. SOA production through the photosensitized pathway
of humic acid and limonene was tracked alongside SOA production through other pathways
already in GAMMA33 in order to compare the relative contribution of the photosensitizer to total
aqueous SOA formation.

3.3 Results and Discussion
Using GAMMA 4.0 with equations (1.4), (1.5), and (1.6), a reactive uptake coefficient of
1.6 × 10-4 was calculated for the uptake of limonene to particles containing humic acid under
irradiated conditions, based on the experimental results of Monge et al.73
The calculated reactive uptake coefficient from the simulations of the laboratory studies of
Monge et al. was added to GAMMA.73 As noted previously, this reactive uptake coefficient was
scaled to account for difference in light intensity for solar irradiance and the lamps used in
experiments. The results of simulations of particle growth rate as a function of the product of
limonene concentration and residence time are shown in Figure 3-2. The GAMMA simulations
using the scaled reactive uptake coefficient agree to within 5% of the growth rates observed by
Monge et al.73
The reactive uptake coefficient for the limonene-photosensitized humic acid aerosol
system is compared to previously determined reactive uptake coefficients of various VOCs with
imidazole-2-carboxaldehyde (IC), another photosensitizer known to contribute to SOA formation,
in Table B-4 (See Appendix B).50,51,83 Although there are other imidazoles which are
photosensitizers, such as imidazole and biimidazole, IC has been observed to be more reactive in
SOA formation than other imidazoles.50 Thus, SOA formation from these other imidazoles in the
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atmosphere is expected to be similar to or less than the contribution from IC. The reactive uptake
coefficient for the limonene-humic acid system is significantly higher than those of VOCs with IC
under both experimental and ambient conditions, with uptake of limonene to the humic acidcontaining aerosol being at least 500 times more efficient under ambient conditions. This
difference in uptake coefficients is, in part, due to the abundance of HULIS in atmospheric aerosols
compared to IC. Furthermore, the molarity of IC used in experiments by Aregahegn et al., from
which the uptake coefficients for the IC-VOC systems were derived, was estimated to be 2.8 M,
which is notably higher than the concentration of humic acid used by Monge et al (see Appendix
B).50,73 Nonetheless, the particle growth by volume between the two studies are similar in the case
of limonene uptake, suggesting more efficient uptake of limonene to particles containing humic
acid.

Figure 3-2: Growth rate as a function of the product of limonene concentration and residence time
for both this study and the work of Monge et al.
The results of the ambient simulations are shown in Figure 3-3, which shows the
contribution of only the photosensitizer pathway to total aqueous SOA formation. For these
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ambient results, we note that the results are based on the assumption that ambient HULIS is
chemically similar to humic acid from the experimental studies. For ambient aerosols containing
HULIS that is significantly different from the humic acid used in the experiments of Monge et al.,
the results may vary.8,10,11 Greater surface activity, for example, has been observed for HULIS than
for humic substances, which can affect their behavior in aqueous aerosols. Other differences
include fewer aromatic groups and lower molecular weight for HULIS.75

Figure 3-3: GAMMA simulation results of the contribution of HULIS photosensitizer to aqueous
SOA at varying pH and mass fractions of HULIS
The total aqueous SOA formation is highest at lower pH, due to the dominance of the
IEPOX pathway for aqueous SOA formation, a process that is highly pH-dependent.68
Consequently, less than 2% of aqueous SOA formation at pH 1 is attributed to HULIS
photosensitizer chemistry. Since there is no known dependence of the uptake of limonene through
the HULIS photosensitizer pathway on pH, the absolute amount of aqueous SOA formation
through this process is the same for all pH at constant HULIS mass fraction. However, due to the
pH dependence of other aqueous processes, the photosensitizer becomes the more dominant source
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of SOA formation at higher pH, comprising over 50% of total aqueous SOA formation by mass at
pH 4 for HULIS mass fractions of at least 0.2. Some pH-dependent processes which may affect
photosensitizer activity, such as hydration of carbonyl groups, have not been quantified here and
should be considered in future work.
Other atmospheric VOCs, such as isoprene and phenols,85,86 may also contribute to ambient
SOA formation through reactions with photosensitized HULIS.73 Although limonene was found
to form SOA more efficiently than isoprene with photosensitized IC,50,83 isoprene is the most
abundant non-methane hydrocarbon in the atmosphere.22 Thus, the abundance of atmospheric
isoprene may offset its expected lower efficiency, making it a VOC of interest in HULIS
photosensitizer chemistry. Phenols and HULIS tend to coexist in biomass burning plumes.
We used a holistic reactive uptake formulation in our simulations, in part due to a lack of
detailed kinetic and mechanistic information for the aqueous phase photochemistry in this reaction
pathway. It was suggested by Monge et al. that humic acid-induced NO3 radical chemistry may
have contributed up to 1/3 of the SOA growth they observed, although no NOx production was
observed in their experiments.73 Since the aerosols used by Monge et al. had higher nitrate
concentrations than most ambient aerosols, this effect may have caused an overestimate in our
SOA formation calculations here.
We note that the amount and chemical nature of aerosol HULIS can vary significantly
depending on region and time period.70,75,77 Thus, the ambient simulation results are most
appropriate for regions where observed ambient concentrations are similar to humic acid
concentrations used by Monge et al.73 Future experiments should examine the effect of different
humic acid properties, such as aromatic C content, as well as RH, aerosol ionic strength, and pH
on photosensitizer activity.
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Chapter 4: Impact of Aerosol-Cloud Cycling on Aqueous Secondary
Organic Aerosol Formation
4.1 Introduction
Aerosols are known to affect human health, air quality, and climate and are ubiquitous in
the atmosphere. They can also act as condensation nuclei to form cloud droplets, and evaporation
of liquid water from the cloud droplets allows for cycling between cloud droplets and aqueous
aerosols.14,18,20,53 Cycling between these two aqueous regimes can occur on timescales of seconds
to minutes, significantly shorter than the typical lifetime of aerosols, which is roughly one
week.15,89 The uptake of water by aerosols or the evaporation of cloud droplets has the potential to
impact atmospheric chemistry by altering the partitioning of semivolatile species, or perturbing
equilibrium reactions in the aqueous phase. Although the composition of aqueous aerosols can
vary considerably, liquid water and aqueous organic material are a significant portion of
atmospheric aerosol mass 16,74,90, and much of the aqueous-phase organic material that comprises
aerosols is known to be secondary. The cycling between aqueous aerosols and cloudwater provides
two different aqueous environments in which aqueous secondary organic aerosol material
(aqSOA) can form.91,92 Since both environments are aqueous, the same chemical processes occur
in both environments. However, different processes are dominant due to the difference in water
content, and therefore dilution of nonvolatile components, with aqueous aerosols having less water
content per volume of air than cloudwater where clouds are present.12 For example, relatively
lower water content and generally lower pH are typical of aqueous aerosols, and high
concentrations of organic material can limit the availability of oxidants. This results in dark
(nonphotochemical) reactions, such as acid-catalyzed accretion reactions and organosulfate
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formation, being more dominant in aerosol water than in cloudwater.16 Typical cloudwater pH can
range between three and six, as measured at the Whiteface Mountain Field Station summit
observatory in Wilmington, NY, USA 93,94, whereas aerosol particles tend to be considerably more
acidic.95
Isoprene is the most abundant nonmethane hydrocarbon gas in the atmosphere and a major
source of aqSOA.22–24 One of the most significant pathways of aqSOA formation from isoprene is
through the gas-phase photooxidation of isoprene to form isoprene epoxydiols (IEPOX).27,68
IEPOX secondary organic aerosols (SOA), which in part consists of tetrols and organosulfates, is
formed via the acid-catalyzed ring opening of the epoxide followed by nucleophilic addition of
water or anions (e.g., HSO4−). In laboratory studies, IEPOX SOA has been found to form most
efficiently at low pH as a result of the acid-catalyzed ring-opening step. The low pH and high
nucleophile concentrations in aqueous aerosol provide a favorable environment for IEPOX SOA
formation.33 However, a number of scenarios which are believed to be common for aqueous
aerosols, such as organic coatings, phase separation, or low-viscosity aerosols 96–105, are known to
result in mass transfer limitations which inhibit the uptake of IEPOX into aqueous aerosols,
limiting subsequent IEPOX SOA formation. Despite this, IEPOX SOA is observed ubiquitously
in the environment.27,68,103,106 Therefore, it is possible that cloudwater may be a greater source of
IEPOX SOA than previously believed.16 Although the lower acidity and sulfate concentrations of
cloudwater would make the rate of IEPOX SOA formation in cloudwater lower than in aqueous
aerosol, other factors, such as high liquid water content and lack of organic coating or viscositybased mass transfer limitations, may promote SOA formation.26,41
Currently, some regional and global models cannot accurately predict atmospheric aqueous
organic material due to uncertainties in SOA production despite the availability of detailed
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chemical models representative of atmospheric processes.14,19,74 Such discrepancies between
models and observed measurements may be attributed, in part, to the lack of consideration of the
cycling between cloudwater and aqueous aerosol in the models. Although several models have
shown that SOA formation does occur in cloudwater, the extent to which SOA is produced as
compared to formation in aqueous aerosol is unclear since very few models represent both
processes.16,107–110 In this work, we aim to compare IEPOX SOA production in both cloudwater
and aqueous aerosols while considering the cycling that can occur between the two phases upon
evaporation or condensation of water. We used a recently updated version of GAMMA (GasAerosol Model for Mechanism Analysis), a photochemical box model developed by the McNeill
group, to quantify IEPOX SOA formation. We previously used GAMMA and a related model,
simpleGAMMA, to predict IEPOX SOA in aqueous aerosols, and the results were in good
agreement with ambient measurements.33,47–49,111 The recent update to GAMMA includes uptake
of IEPOX and subsequent formation of SOA in cloudwater, allowing for the direct comparison of
the efficiency of IEPOX SOA formation in both aqueous environments, and captures the coupled
effect of the two modes of processing in a single simulation.

4.2 Methods
In this study, all simulations are based on conditions taken from ambient measurements at
Whiteface Mountain and performed in GAMMA, as described in the following sections.93
4.2.1 GAMMA 5.0
In GAMMA 5.0, equations (1.3) and (1.2) represent the temporal evolution of aqueous
species in both aerosol and cloudwater and mass transfer of gas phase species to and from aerosol
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and cloudwater. More detailed information regarding GAMMA, including Henry’s constants used
and equations calculating uptake of gas-phase species, can be found in previous work using older
versions of GAMMA.33,83
For transitions between cloudwater and aqueous aerosols, a unitless scaling factor, fw, is
calculated as the ratio of the liquid water fraction in cloudwater to the liquid water fraction in
aqueous aerosol, in order to adjust aqueous phase concentrations based on the differences in the
amount of liquid water available. This factor is assumed to be 5.9 × 104 for this study, determined
from ambient measurements for cloudwater 93 and from E-AIM model II, a thermodynamic model
which can calculate equilibrium concentrations of aqueous phase species in aerosols, for
aerosol.64,87 The liquid water fraction is assumed to be constant except at these transitions. When
transitioning from aqueous aerosol to cloudwater, all condensed phase species concentrations are
scaled by a factor of fw−1, except for water, which is set to 55.5 mol L−1. When transitioning from
cloudwater to aqueous aerosol, concentrations of condensed phase species, except water, are
instead scaled by a factor of fw. The water concentration and relative humidity are set back to the
initial conditions determined from E-AIM. The aerosol particle radius is set back to the initial
radius, specified as 48 nm for this work, as all simulations in this study start with aqueous aerosols
before cycling. Both transitions are treated as instantaneous by GAMMA, and chemistry of
evaporation, other than that due to dilution and concentration, is not considered.112,113 Conditions
that differ for aqueous aerosol and cloudwater are summarized in Table 4-1. All conditions shown
in this table are specified for this work and can be changed based on the aqueous system of interest,
except for the water concentration and relative humidity for cloudwater.
Aqueous processing of IEPOX is represented in GAMMA as a branching reaction with 2methyltetrols (tetrol) and IEPOX organosulfate (IEPOX OS) as products. Following Eddingsaas

38

et al.41, the branching ratio of 0.4 at the highest measured acidity is used for IEPOX OS for each
GAMMA simulation. Additionally, 36% of the tetrols is assumed to partition to the gas phase, by
taking an average of measured ambient data points from previous studies of volatility of these
species.114 IEPOX OS is assumed to be nonvolatile, and as such serves as a proxy for other
potential low-volatility species such as IEPOX OS oligomers.102 An effective Henry’s Law
constant of 3 × 107 mol L−1 atm−1 is used for IEPOX partitioning to the aqueous phase, based on
GAMMA simulations of the laboratory data of Nguyen et al.26 The formation of IEPOX SOA is
dependent on pH and sulfate concentration, both of which change during the aerosol-cloudwater
cycling, as previously described.41,111 Note that no mass transfer limitations are considered for the
aerosol calculations, making our calculations of IEPOX SOA formation during the aerosol portion
of the aerosol-cloud cycle an upper bound.
Table 4-1: Difference in conditions for aqueous aerosol mode and cloudwater mode for this
study in GAMMA 5.0.
Aqueous Aerosol

Liquid water fraction
Water concentration
Relative humidity
Radius of particle or
cloud droplet

−11

3

1.36 × 10 cm cm
46.1 mol L−1
80%

Cloudwater
−3

8.0 × 10−7 cm3 cm−3
55.5 mol L−1
100%
10 μm

48 nm

4.2.2 Simulation Conditions
Initial conditions were based on published conditions for Whiteface Mountain, including
initial conditions for gas phase concentrations, aqueous phase concentrations, temperature,
pressure, and humidity summarized in Table C-1, Table C-2, and Table C-3 (see Appendix C).93
Initial conditions for aqueous phase inorganic ion concentrations were determined using E-AIM
and the assumed initial aerosol pH. Each simulation was 12 hours long, from 6 a.m. to 6 p.m.,
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however, the times at which the aqueous aerosol and the cloudwater phases were present varied
between runs. In the first set of simulations, aqueous aerosols were present in the first six hours
and cloudwater was present in the final six hours, with the transition between the two occurring at
12 p.m. In the second set of simulations, aqueous aerosols were present in the first three hours and
the last three hours, while cloudwater was present in the middle six hours. Thus, these simulations
also considered cycling from cloudwater back to aqueous aerosol. The times at which GAMMA
was in cloudwater mode for these two sets of simulations are shown in Figure 4-1. In each set of
simulations, the pH was varied between subsequent runs from 1 to 4 for aqueous aerosols and 3 to
6 for cloudwater, which included typical ranges for each, but was set constant within each
throughout the duration of each aerosol or cloudwater phase.16,33,109,115,116 Photolysis rates for
Whiteface Mountain were determined from Troposphere Ultraviolet and Visible (TUV) radiation
model version 5.3 and were assumed to be the same throughout the cloud parcel. These rates were
updated for each minute of the GAMMA simulations.

Figure 4-1: Times at which GAMMA is in each aqueous mode for the three sets of simulations
considered in this work.
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Simulation 1 ended with the condensed phase as cloudwater, whereas Simulation 2 ended
with the condensed phase as aqueous aerosol. The difference in aqueous environments resulted in
difficulty in comparing the final concentrations after 12 hours of simulation, due to the
revolatilization of some semivolatile organics that occurred upon transition from the cloud to the
aerosol. For this reason, another set of simulations, called Simulation 1*, was performed where an
additional minute was added onto the end of Simulation 1. The condensed phase transitioned from
cloudwater to aqueous aerosol in that additional minute. The purpose of Simulation 1* was to
quantify the persistent aqueous SOA created during aerosol and cloud processing in Simulation 1,
such that the results of Simulations 1 and 2 could be more directly compared. GAMMA treats
Henry’s Law partitioning as spontaneous at every time step (equations (1.1) and (1.3)), so one
minute was sufficiently long to repartition semivolatile species to the gas phase without significant
additional aqueous aerosol-phase chemical processing.

4.3 Results
Concentrations of aqueous phase species throughout the 12 hours for all simulations are
compared for different aerosol and cloud pH. Figure 4-2 shows the aqueous phase organic acids,
carbonyl-containing VOCs (CVOCs), IEPOX (labelled IEPOXaq), and IEPOX SOA (labelled
IEPOXpathway) for a Simulation 1 run with aerosol pH 1 and cloud pH 4. Organic acids include
glyoxylic acid, oxalic acid, pyruvic acid, acetic acid, formic acid, glycolic acid, succinic acid, and
malonic acid and their ionized forms. The CVOCs include glyoxal, methylglyoxal, glycolaldehyde,
and other aldehydes.
IEPOX and organic acids need to form in the gas phase prior to partitioning to the aerosol
phase, resulting in CVOCs dominating at short simulation times due to different initial rates of
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formation. After six hours of photochemistry in the gas and aqueous aerosol phases, IEPOX SOA
largely dominates, consistent with previous studies 33,47, however, there is a sharp increase in the
mass of volatile species in the aqueous phase per volume of air following the transition to
cloudwater. Because the liquid water fraction for cloudwater is approximately 104 times greater
than that for aqueous aerosol in this work, aqueous phase concentrations are diluted by this factor,
fw, as well, creating a large concentration gradient for mass transfer into the condensed phase. This
behavior is observed for both Simulations 1 and 2 at every pH considered. After one hour of
cloudwater processing, organic acids are the most abundant species of these four groups, also as
expected due to the greater availability of oxidants in cloudwater.16 However, IEPOX SOA
concentrations continue to increase as well, due to ongoing aqueous-phase chemistry and isoprene
emissions that persist throughout the day.

Figure 4-2: Organic acids, carbonyl-containing VOCs (CVOCs), isoprene epoxydiol (IEPOX), and
IEPOX secondary organic aerosols (SOA) mass concentrations in Simulation 1 with aerosol pH 1
and cloud pH 4.

On the basis of the known dependence of IEPOX SOA formation on pH, varying cloud pH
in the second half of Simulation 1 is considered and the results are shown in Figure 4-3. In this
figure, only IEPOX SOA and organic acids are compared since they are found to be the most
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abundant organic species besides IEPOX, as observed in Figure 4-2. The concentrations of these
species are plotted after the first six hours of the simulation (aqueous aerosol processing), and the
organic mass is found to be 99% IEPOX SOA for aerosols of pH 1. After the initial aqueous aerosol
processing, the figure shows four separate cases of cloud processing for the next six hours of the
simulation, at cloudwater pH ranging from 3 to 6. Although there is some IEPOX SOA formation
at cloud pH 5 and 6, due to the acid catalysis requirement of the IEPOX SOA mechanism, it is
more limited than the production of organic acids via the oxidation of CVOCs. However, for more
acidic cloudwater, IEPOX SOA formation increases until it makes up almost 50% of aqSOA at
the completion of the simulation, for cloudwater pH 3. Furthermore, for cloudwater pH 3, less than
15% of the total mass of IEPOX SOA was formed during the aerosol phase period of the
simulation, suggesting the significance of cloudwater processes for IEPOX SOA formation.

Figure 4-3: Organic acids and IEPOX SOA in the aqueous phase in Simulation 1 with aerosol pH
1 and cloud pH 3 to 6. The graphs for cloud pH 3 to 6 indicate composition at the end of the
simulation at 6 p.m. Concentrations are given in mass per volume of air parcel.
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In comparing IEPOX SOA formation at various pH for Simulation 1, the average formation
rates at each pH for both aqueous aerosol and cloudwater were calculated. These results are plotted
in Figure 4-4. As expected, due to the role of acid catalysis in aqueous-phase processing of IEPOX,
increasing the pH in all cases for both cloudwater and aqueous aerosol while keeping the other
constant results in a slower rate of IEPOX SOA formation 68. Additionally, for cloud pH 5 and 6,
the formation rates in cloudwater for every case are less than that of aerosol pH 1, consistent with
a previous analysis

16

. However, this trend changes when cloud pH is reduced to 4, where

formation of IEPOX SOA in cloudwater at all pH is comparable to formation in aerosol pH 1. At
cloud pH 3, IEPOX SOA formation rates in cloudwater are approximately 10 times greater than
in aerosol pH 1. Thus, due to the relatively large liquid water content of clouds, cloudwater
processing can be a significant source of IEPOX SOA at pH ≤ 4, whereas stronger acidity is
required for efficient IEPOX SOA formation in aqueous aerosols 33,96. Although large IEPOX SOA

Figure 4-4: Comparison of IEPOX SOA formation rates in Simulation 1 for aerosol pH 1 to 4 and
cloud pH 3 to 6. Rates are averaged over the entire six hours of the corresponding phase. Each
individual point corresponds to the IEPOX SOA formation rate in cloudwater in the second half
of the simulation with the pH of the aerosol in the first half of the simulation represented by the
shape and color of the point as described in the legend. The same colors are used in the horizontal
dashed lines corresponding to the formation in aqueous aerosols at the same pH in the first half of
the simulation.
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production rates are observed for cloudwater, it should be noted that the rates are taken as an
average over the entire six hours after cycling from aerosol. This includes the sharp increase due
to rapid mass transfer of IEPOX into the aqueous phase seen shortly after the six-hour point of the
simulation. Since this sharp increase does not occur again throughout the remainder of the six
hours, the average formation rate is skewed high due to the beginning of the six hours. If the
cloudwater phase were to run for longer than six hours, the average rate would decrease. On the
other hand, aerosol-cloud cycling may occur on shorter timescales 117,118, in which case this initial
dilution effect would be more prominent. Even a small amount of time of IEPOX processed in
cloudwater can lead to considerable SOA growth.
A similar analysis was performed for Simulation 2, where organic acids, CVOCs, IEPOX,
and IEPOX SOA concentrations were compared at aerosol-cloud transitions. Figure 4-5, which
tracks these four groups of species, shows a sharp increase in aqueous phase organic material
shortly after transitioning to cloudwater, similar to Simulation 1. When cycling back to aqueous
aerosol, a drop in aqueous phase organic material is observed due to the decrease in water content
in the aerosol, creating a concentration gradient driving partitioning back to the gas phase. This
drop is not observed for all species due to varying volatilities of aqueous-phase organics. This is
more clearly seen in Figure 4-6, which shows the fraction of organic acids and IEPOX SOA for
the following two cases of Simulation 2: (1) aqueous aerosol processing at pH 1, cloudwater at pH
4, and aqueous aerosol again at pH 1; and (2) aqueous aerosol processing at pH 1, cloudwater at
pH 5, and aqueous aerosol again at pH 1. The primary difference in composition between the initial
and final composition of the aqueous aerosol after cloudwater processing is the lack of more
volatile acids, such as pyruvic acid, in the final composition. The species that remain in the aqueous
phase have higher Henry’s Law constants 33.
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Figure 4-5: Organic acids, CVOCs, IEPOX, and IEPOX SOA mass concentrations in Simulation
2 with aerosol pH 1 and cloud pH 4.

Figure 4-6: Organic acids and IEPOX SOA in the aqueous phase for Simulation 2 with aerosol pH
1 and cloud pH 4 or 5. The two bars labeled c4 and c5 at 6 PM correspond to Simulation 2 with
cloud pH 4 and 5, respectively, as the starting and ending aerosol pH are the same while the
intermediate cloud pH differs. Concentrations are given in mass per volume of air parcel.

For Simulation 2, cloud pH is observed to be the most important variable for IEPOX SOA
formation. After three hours of aqueous aerosol processing, IEPOX SOA is more abundant than
organic acids, as seen in Figure 4-6. However, the total aqSOA mass is 5.50 × 10−2 μg m−3, which
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is insignificant relative to a mass of 1.54 μg m−3 and 1.80 μg m−3 after cloudwater processing for
cloud pH 4 and 5, respectively. This is due to the comparatively low liquid water content of the
aerosol phase. In this example, pH 4 or 5 for cloudwater is sufficient for IEPOX SOA formation,
although organic acid formation is still more dominant.
The final mass fractions of IEPOX SOA and organic acids for Simulations 1, 1*, and 2 are
shown in Figure 4-7. As previously noted, the end of Simulation 1 has most of the acids produced
in cloudwater still in the aqueous phase, largely due to the relatively high-water content in
cloudwater, however, extending the simulation by one minute to cycle back to aqueous aerosol is
sufficient for most of the volatile organic acids to partition to the gas phase, leaving primarily
oxalic acid, succinic acid, and IEPOX SOA in the aqueous phase. Comparing the final mass
fractions in Simulations 1* and 2, IEPOX SOA formation is greater in Simulation 2. The masses
of lower-volatility organic acids are similar, but greater for Simulations 1 and 1*. Since each
simulation includes the same total duration of aerosol phase and cloud phase chemistry, the
difference shown in Figure 4-7 may be attributed to the sequence of aerosol-cloud cycling.
Although isoprene emissions are assumed to be constant throughout the duration of this daytimeonly simulation, the different times specified for aqueous aerosol and cloudwater results in the
extent of partitioning to differ throughout the day. As more isoprene has been emitted cumulatively
towards later times in the day, this may result in a greater accumulation of isoprene oxidation
products when the liquid water fraction of the aqueous phase is lower later in the day, ultimately
resulting in variations in IEPOX SOA formation. Another factor attributing to the difference in
Simulations 1* and 2 is the variation of photolysis rates throughout the day. Photolysis rates are
highest at solar noon. This is optimal for organic acid formation and gas-phase IEPOX formation
since the availability of oxidants drives both processes. As seen in Figures 4-3, 4-6, and 4-7, cloud
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pH and the time of day and sequence all have a significant effect on aqueous SOA production and
composition.

Figure 4-7: Mass of aqueous phase organic acids and IEPOX SOA at the end of Simulations 1, 1*,
and 2 for aerosol pH 1 and cloud pH 4. Concentrations are given in terms of volume of air.

4.4 Atmospheric Implications
The results of this work indicate that aqueous-phase chemistry in clouds may be a more
significant source of IEPOX SOA than previously believed. Production in cloudwater could
account for the discrepancy between the expected efficiency of uptake of IEPOX to aqueous
aerosols, given mass transfer considerations, and the ubiquity of ambient IEPOX SOA. Since no
aerosol-phase mass transfer limitations were considered in our simulations, our calculations of
IEPOX SOA formation in aerosol water can be considered to be an upper bound.
Due to a lack of observations of IEPOX SOA tracers in cloudwater and the high variability
of liquid water content and pH in both the aerosol and cloud phases, the percentage of IEPOX
SOA produced in cloudwater and aqueous aerosol remains unclear.92,109,119 The observed lack of
correlation between SOA mass and several aerosol properties, including liquid water content and
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pH, for ambient data may also be clarified by considering production in clouds.120 Due to its
potentially large contribution to total SOA mass, cloudwater and its efficiency in producing
IEPOX SOA and other SOA should be considered when quantifying sources of organic aerosol.
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Chapter 5: Conclusion and Future Work
This research presented modeling studies of several pathways of aqSOA formation. These
pathways were added to GAMMA, in addition to features such as cloudwater-aqueous aerosol
cycling of aqueous phase species.
In chapters 2 and 3, we considered light-absorbing species known as photosensitizers and
their observed contribution to particle growth from laboratory experiments. Despite significant
SOA formation observed for IC-containing aerosols in these experiments, GAMMA simulations
indicate that the contribution of IC as a photosensitizer to aqSOA in negligible due to the
significantly lower abundance of IC in typical atmospheric aerosols. HULIS, on the other hand, is
expected to have a larger contribution to aqSOA, potentially contributing to over 50% of aqSOA
for high pH aerosols. Nevertheless, there are still many uncertainties associated with HULIS
contributions to aqSOA due to variabilities in HULIS structures and the use of humic acid as a
proxy for HULIS in laboratory studies.
In chapter 4, the coupled effect of cloudwater and aqueous aerosol processing of organic
material was simulated in GAMMA. In particular, IEPOX SOA formation rates were compared in
each aqueous regime. Although IEPOX SOA was previously known to form primarily in highly
acidic aerosols, significant IEPOX SOA formation was modeled for less acidic cloudwater. For
cloudwater at pH 3 – 4, formation rates were comparable or higher than those in aqueous aerosol
at pH 1 – 2. These GAMMA simulations indicate that cloudwater could be a more significant
source of aqSOA than previously expected, consistent with recent experimental work suggesting
that IEPOX uptake in aqueous aerosols may be less efficient than previously expected.
Furthermore, the times at which cloudwater-aqueous aerosol transitions occurred were also
studied. The time of day at which each aqueous regime is present is shown to affect final SOA
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composition, with the differences largely attributed to accumulation of isoprene emissions
throughout the day and the time dependency of photolysis rates.
Considering the results of this research, we make several recommendations for future work.
Due to the negligible contribution of IC to ambient SOA formation in aqueous aerosols, this
pathway should not be considered in chemical models where computational efficiency is desired,
such as simpleGAMMA and higher dimensional chemical transport models. However, there may
exist other imidazoles which are more abundant or more efficiently form SOA. Further field
measurements for such light-absorbing species is recommended. Due to the potential for HULIS
to be a major contributor to aqueous aerosol SOA, more work is recommended to address the
uncertainties discussed here. For example, high nitrate concentrations in experimental studies may
cause an overestimate in predicted SOA formation. Additionally, HULIS concentrations can vary
significantly based on the environment, indicating the need for HULIS studies under a wider range
of atmospherically relevant conditions. Lastly, the high rates of IEPOX SOA formation for lowpH cloudwater highlight the need for aerosol models to consider both aqueous regimes in the
lifetime of an aerosol. Further work in modeling the transition between these two aqueous regimes
may more accurately predict the formation rates of IEPOX SOA as well as other aqueous
processes.
Oxidation of glyoxal is a major SOA formation pathway. Currently, uptake of glyoxal is
represented in GAMMA as a constant effective Henry’s Law coefficient. However, this coefficient
does not fully consider salting effects due to other aqueous species. Recent work by Curry et al.52
has provided a parameterization of glyoxal as a function of pH and relative humidity, considering
these salting effects. Additionally, the parameterization was determined separately for different
particle and droplet types. Cloud droplets were classified as maritime or continental. Aerosols were
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separated by size and composition, as fine sea salt aerosols, coarse sea salt aerosols, and sulfate,
nitrate, and ammonium aerosols. Most of the newly determined reactive uptake coefficients were
found to be lower than those currently in the Goddard Earth Observing System chemistry (GEOSChem) model, a global 3D atmospheric chemical transport model. The application of these
parameterizations in GAMMA as future work can improve predictions of aqSOA.
Currently, the pH of an aerosol is an input parameter and not calculated by GAMMA.
Based on user input pH and relative humidity, GAMMA sets sulfate concentration, bisulfate
concentration, liquid water concentration, ammonium ion concentration, aerosol liquid fraction,
and H+ activity following previous E-AIM calculations. However, as the concentration of
inorganic ions changes throughout the evolution of an aerosol, the other parameters, including the
input pH, may change as well. Furthermore, pH variations would affect some aqSOA formation
processes, such as IEPOX SOA formation, and shift equilibria of organic acid dissociation. Thus,
for scenarios in which pH may vary significantly, it is necessary to incorporate dynamic pH
calculations to improve representations of aqueous aerosol processes.
In order to apply pH calculations to GAMMA, we suggest two major changes to the current
code: (1) add H+ as an aqueous phase species whose concentration is calculated similarly to other
aqueous species and (2) incorporate an online thermodynamic model to be called upon once some
pH threshold is reached. Adding H+ as a species would allow for its concentration to be easily
calculated as any other aqueous species in GAMMA, following processes contributing to its
formation and consumption as represented by equation (1.3). However, since changes in pH can
shift inorganic ion concentrations and aerosol liquid water content, a large change in pH may
necessitate recalculation of these parameters. The McNeill group had previously written a
MATLAB routine to call ISORROPIA, a model which calculates the composition of inorganic
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aerosol in thermodynamic equilibrium with gas-phase precursors. As GAMMA calculates the set
of ordinary differential equations associated with the temporal evolution of all gas and aqueous
phase species in the system, including the newly added H+ species, a separate variable tracking pH
changes can be incorporated. Once this variable crosses a user-specified change in pH, GAMMA
would call ISORROPIA to recalculate thermodynamic equilibrium, taking the output
concentrations of GAMMA as inputs to ISORROPIA. The subsequent output concentrations of
inorganic aqueous species from ISORROPIA would then be input back into GAMMA, which
would continue solving the set of differential equations until the pH threshold is reached again or
until the end of the simulation.
Although the procedure for incorporating online thermodynamic calculations to GAMMA
is simple to implement, there may be several computational difficulties associated these changes
to GAMMA. Each time ISORROPIA recalculates thermodynamic equilibrium of inorganic
species, step changes are introduced to aqueous phase concentrations. If the perturbation of the
system is too large, this may lead to numerical instabilities in the ordinary differential equation
solver. This issue can be minimized by lowering the pH threshold at which ISORROPIA is called,
resulting in smaller step changes. However, ISORROPIA would be called more often, resulting in
an increase in computation time. Consequently, there is a balance between maintaining numerical
stability with an accurate representation of aerosol thermodynamics and computational efficiency,
which would likely vary based on the input parameters and the initial conditions specified in
GAMMA. For application in simpleGAMMA, the addition of H+ as an aqueous species rather than
a constant input may further increase computation time significantly since it has a highly reduced
aqueous mechanism. Each additional species added to simpleGAMMA would likely have a greater
effect on computation time than in GAMMA since GAMMA already has hundreds of differential
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equations representing a larger number of aqueous phase species. Nevertheless, the reduction in
total number of differential equations in simpleGAMMA will likely be beneficial for maintaining
numerical stability as there are fewer stiff equations to solve.
Recently, there is particular interest in identifying mechanisms which dominate sulfate
formation due to the presence of extreme air pollution events such as hazy conditions in northern
Chinese cities in the wintertime.121–123 Transition metal ions are known to contribute to the
formation of sulfate in aqueous aerosols and may be a significant source for such extreme events.124
Current versions of GAMMA include transition metal ion chemistry with HOx radicals and
peroxides, but an extended mechanism involving the oxidation of S(IV) species is necessary to
represent sulfate formation. Sulfate formation through transition metal ion chemistry is expected
to be highly pH-dependent. Preliminary calculations by our group suggest that aerosols of pH 4 or
higher under hazy conditions in Beijing and Xi’an rapidly drop to below pH 3 within 10 seconds
of aqueous phase processing, further highlighting the need for non-constant pH calculations.
Additionally, oxalate forms complexes with transition metal ions, which would be better
represented with the implementation of the parameterized glyoxal reactive uptake coefficients.
The work shown in this thesis aimed to use a model of detailed multiphase chemistry to
assess the importance of several pathways of SOA formation in an ambient setting. These results
allow us to compare recently studied mechanisms to previously known sources of aqSOA under
typical ambient conditions to identify the most important sources of SOA for further studies. The
suggested future work aims to consider both aqueous inorganic chemistry, such as transition metal
ion chemistry, and more detailed representation of variables currently represented in GAMMA,
such as glyoxal uptake and aerosol pH, in order to effectively apply modeling results to a wider
variety of ambient conditions for predictions of SOA mass and composition. A better
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understanding of global sources of SOA is crucial for developing effective air quality policies and
regulations and for minimizing the large uncertainties that currently exist for aerosol and cloud
contributions to radiative forcing and climate.
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Appendix A: Supporting Information for Chapter 2
The following table shows the initial concentrations of all gas phase species in the ambient
simulations in GAMMA.

Table A-1: Initial concentrations of gas phase species in ambient GAMMA simulations
Species
Concentration (molecules/mL)
Isoprene
2.46e10
IEPOX
1.92e10
Glyoxal
2.46e09
Methylglyoxal
2.46e09
CO
3.69e12
HOOH
2.46e10
OH
1.00e06
HCHO
1.23e10
Acetic acid
2.46e07
SO2
2.46e10
HC5O2
1.00e06
NO
1.48e10
NO2
3.69e10
HNO3
7.38e09
O3
9.84e11
Acetylene
1.23e10
OLT
2.46e09
ALD
2.46e09
OP2
2.46e08
KET
2.46e09
CH3OH
4.92e10
CH3O2H
2.46e08
PAN
2.46e08
Toluene
2.46e08
Cresol
2.46e07
Xylenes
2.46e08
APN
2.46e07
Limonene
2.46e10
α-pinene
1.23e09
β-pinene
1.23e09
H2 O
3.46e17
CH4
4.18e13
CO2
8.78e15
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The following table shows the initial concentrations of aqueous phase species in the ambient
simulations in GAMMA. Ammonium sulfate, water, and H+ are not listed below since they vary
in concentration with pH. For these species, initial concentrations were determined from E-AIM.

Table A-2: Initial concentrations of aqueous phase species in ambient GAMMA simulations
Species
Concentration (M)
O2
0.0003
IC
0.025
3 *
IC
0.0025
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Appendix B: Supporting Information for Chapter 3
Table B-1: Aqueous-phase initial concentrations for laboratory experiments (Monge et al.) in
GAMMA
Species
Concentration (M)
O2
3.0×10-4
H+
2.7×10-3
Succinic acid
9.5
Ammonium nitrate
0.73
H2 O
6.23
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Table B-2: Gas-phase initial concentrations for ambient simulations in GAMMA
Species
Concentration
Concentration
(molecules/mL)
(ppbv)
Isoprene
2.46e10
0.92
IEPOX
1.92e10
0.71
Glyoxal
2.46e09
0.092
Methylglyoxal
2.46e09
0.092
CO
3.69e12
140
HOOH
2.46e10
0.92
OH
1.00e06
3.7×10-5
HCHO
1.23e10
0.46
Acetic acid
2.46e07
9.2×10-4
SO2
2.46e10
0.92
HC5O2
1.00e06
3.7×10-5
NO
1.48e10
0.55
NO2
3.69e10
1.4
HNO3
7.38e09
0.27
O3
9.84e11
37
Acetylene
1.23e10
0.46
OLT
2.46e09
0.092
ALD
2.46e09
0.092
OP2
2.46e08
9.2×10-3
KET
2.46e09
0.092
CH3OH
4.92e10
1.8
CH3O2H
2.46e08
9.2×10-3
PAN
2.46e08
9.2×10-3
Toluene
2.46e08
9.2×10-3
Cresol
2.46e07
9.2×10-4
Xylenes
2.46e08
9.2×10-3
APN
2.46e07
9.2×10-4
Limonene
2.46e10
0.92
α-pinene
1.23e09
0.046
β-pinene
1.23e09
0.046
H2O
3.46e17
1.3×107
CH4
4.18e13
1.6×103
CO2
8.78e15
3.3×105
Table B-3: Aqueous-phase initial concentrations for ambient simulations in GAMMA
Species
Concentration at Concentration at Concentration at Concentration at
pH 1 (M)
pH 2 (M)
pH 3 (M)
pH 4 (M)
O2
3.0×10-4
3.0×10-4
3.0×10-4
3.0×10-4
NH4+
13.3
15.2
15.3
15.3
2SO4
3.91
7.57
7.63
7.63
HSO45.58
6.90×10-2
1.04×10-2
7.36×10-4
H2O
18.3
21.7
21.7
21.7
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Table B-4 below compares previously determined reactive uptake coefficients of various VOCs
with IC and the coefficient for limonene and humic acid in this study. For the ambient coefficient
reported here for humic acid, we assume that the concentration of humic acid in ambient aerosols
is equivalent to the concentration of humic acid used by Monge et al., which is a reasonable
ambient concentration of HULIS for some aerosols.69,70,73,125,126 For ambient aerosols with HULIS
concentrations which vary significantly, this reactive uptake coefficient needs to be scaled using
equation (3.1).

Table B-4: Reactive uptake coefficients for ambient conditions calculated by GAMMA from
aerosol flow tube experiment data by Monge et al.73 and Aregahegn et al.50
Reactive uptake
Reactive uptake
References
coefficient, γ
coefficient, γ
Photosensitizer
VOC
(from GAMMA)
(from GAMMA)
Experimental
Ambient
conditions
conditions
Monge et al.73 ,
Humic acid
Limonene
1.6 × 10-4
1.6 × 10-4
This work
Aregahegn et al.50,
IC
Limonene
3.1 × 10-5
2.9 × 10-7
Tsui et al.83
Aregahegn et al.50,
IC
Isoprene
1.4 × 10-6
1.3 × 10-8
Tsui et al.83
Aregahegn et al.50,
IC
α-pinene
4.9 × 10-7
4.6 × 10-9
Tsui et al.83
Aregahegn et al.50,
IC
β-pinene
3.9 × 10-7
3.6 × 10-9
Tsui et al.83
Aregahegn et al.50,
IC
Toluene
1.3 × 10-8
1.2 × 10-10
Tsui et al.83
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Appendix C: Supporting Information for Chapter 4
Table C-1 shows conditions of the cloudwater portion of each simulation. Table C-2 shows the
initial concentrations of ammonium sulfate, based on E-AIM outputs. Table C-3 shows the initial
gas phase concentrations specified at the beginning of each GAMMA simulation considered in
this study.

Table C-1: Cloudwater simulation conditions
Temperature
Pressure
Relative humidity

286 K
847 hPa
80%

Table C-2: Initial concentrations of ammonium sulfate in GAMMA, following E-AIM
pH
[NH4+] (M)
[SO42-] (M)
[HSO4-] (M)
1
7.89
3.82
0.356
2
8.15
4.06
3.64e-2
3
8.18
4.09
3.13e-3
4
8.18
4.09
3.62e-4
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Table C-3: Gas phase initial number concentrations specified in GAMMA
Species
Initial concentration (molecules/cm3)
Isoprene
2.21e10
Isoprene hydroxyhydroperoxyl radical
8.97e7
HO2
1.95e8
Isoprene hydroxyhydroperoxide
6.83e8
Methacrolein
6.05e9
Methylvinylketone
2.42e9
Glycolaldehyde
9.17e9
Glyoxal
4.68e9
Methylglyoxal
4.08e9
CO
3.01e12
HOOH
2.58e10
OH
6.56e4
Formaldehyde
5.40e10
Formic acid
4.80e7
Hydroxyacetone
9.38e9
Acetic acid
4.25e9
SO2
3.22e9
Methacrolein peroxy radical
1.20e6
Acetylperoxy radical
7.42e6
Methylvinylketone peroxy radical
3.60e6
Methylperoxy radical
3.00e7
4-hydroxy-2-methyl-but-2-enal peroxy radical
1.00e6
NO
9.20e8
NO2
3.84e9
NO3
7.51e6
N2O5
1.03e7
HNO3
8.52e9
HNO6
1.90e8
O3
8.35e11
Acetaldehyde and higher aldehydes
8.78e9
Higher peroxides
4.81e8
Ketones
3.08e10
Methanol
7.30e10
Methylhydrogen peroxide
4.53e9
Peroxyacetyl nitrate
1.26e10
Higher acyl peroxy nitrates
1.54e9
C 2 H4
1.01e10
C 2 H6
1.81e10
C 3 H6
2.53e9
C 3 H8
3.05e9
CH4
3.97e13
CO2
8.49e15
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