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ABSTRACT

SMOKY SKIES AND POLAR AIR: AEROSOL MICROPHYSICS ACROSS SCALES

Atmospheric aerosol particles are important to understand as they have implications on
climate and human health. These particles may be emitted directly or form in the atmosphere
through secondary processes. In this dissertation, we focus on two systems of aerosol sources,

microphysics, and chemistry: 1) wildfires and 2) the springtime marine Arctic.

Biomass Burning Plume Injection Height: The magnitude of biomass burning impacts on
air quality and climate are altered by the biomass burning plume injection height (BB-PIH).
However, these alterations are not well-understood on a global scale. We present the novel
implementation of BB-PIH in global simulations with an atmospheric chemistry model (GEOS-
Chem) coupled with detailed TwO-Moment Aerosol Sectional (TOMAS) microphysics (GC-
TOMAS). We conduct BB-PIH simulations under three scenarios: 1) all smoke is well-mixed
into the boundary layer, and 2) and 3) smoke injection height is based on Global Fire
Assimilation System (GFAS) plume heights. Elevating BB-PIH increases the simulated global-
mean aerosol optical depth (10%) despite a global-mean decrease (1%) in near-surface PMa s.
Increasing the tropospheric column mass yields enhanced cooling by the global-mean clear-sky
biomass burning direct radiative effect. However, increasing BB-PIH places more smoke above
clouds in some regions; thus, the all-sky biomass burning direct radiative effect has weaker
cooling in these regions as a result of increasing the BB-PIH. Elevating the BB-PIH increases the
simulated global-mean cloud condensation nuclei concentrations at low-cloud altitudes,

strengthening the global-mean cooling of the biomass burning aerosol indirect effect with a more
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than doubling over marine areas. Elevating BB-PIH also generally improves model agreement
with the satellite-retrieved total and smoke extinction coefficient profiles. Our two-year global
simulations with new BB-PIH capability enable understanding of the global-scale impacts of
BB-PIH modeling on simulated air-quality and radiative effects, going beyond the current

understanding limited to specific biomass burning regions and seasons.

Aerosol Aging in Wildfire Smoke: The evolution of organic aerosol (OA) composition and
aerosol size distributions within smoke plumes are uncertain due to variability in the rates of OA
evaporation/condensation and coagulation within a plume. It remains unclear how the evolution
varies across different parts of individual plumes. We use a large eddy simulation model coupled
with aerosol-microphysics and radiation models to simulate the Williams Flats fire sampled
during the FIREX-AQ field campaign. At aircraft altitude, the model captures observed aerosol
changes through 4 hr of aging. The model evolution of primary OA (POA), oxidized POA
(OPOA), and secondary OA (SOA) shows that >90% of the SOA formation occurs before the
first transect (~40 min of aging). Lidar observations and the model show a significant amount of
smoke in the planetary boundary layer (PBL) and free troposphere (FT), with the model having
equal amounts of smoke in the PBL and FT. Due to faster initial dilution, PBL concentrations are
more than a factor of two lower than the FT concentrations, resulting in slower coagulational
growth in the PBL. A 20 K temperature decrease with height in the PBL influences faster POA
evaporation near the surface, while net OA evaporation in the FT is driven by continued dilution
after the first aircraft transect. Net OA condensation in the PBL after the first transect is the result
of areas with higher OH concentration leading to OPOA formation. Our results motivate the need
for systematic observations of the vertical gradients of aerosol size and composition within

smoke plumes.
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Springtime Marine Arctic Sulfur Chemistry: Dimethyl sulfide (DMS) and methanethiol
(MeSH) are important natural sources of sulfur to the atmosphere and influence the aerosol
populations in the marine atmosphere. We use GC-TOMAS and data from the ARTofMELT field
campaign to analyze sulfur chemistry in the Fram Strait during May and June 2023. We find that
updating the model to include the emission of DMS from regions of partial ice cover improves
model-observation agreement of DMS and MeSH by over half-an-order-of-magnitude. Model-
observation agreement of MeSH is less than that of DMS suggesting model biases in MeSH
emissions and/or lifetime. The model-observation agreement of DMS and MeSH varies
depending on the oceanic DMS concentration dataset. The monthly oceanic DMS climatology
has the lowest magnitude bias of atmospheric DMS during periods of ocean influence, while the
daily oceanic DMS prediction by an artificial neural network has the most consistent bias for
atmospheric DMS across the differing source regions. The primary DMS oxidation pathway in
the model is OH-addition with 64% of the DMS oxidation occurring through that pathway in the
campaign average; however, the model likely underestimates the importance of the BrO
oxidation pathway due to biases in halogen sources and chemistry. During fog, the aqueous
oxidation of DMS with O3 becomes important. The DMS oxidation product of DMSO is
underestimated in the model due to the biases in DMS, wet deposition of DMSO, and biases in
oxidants. Our results motivate the need for continued improvement of the representation of the

sulfur budget in the marine Arctic.

Aerosol Size and Composition in the Springtime Marine Arctic: Aerosol size and
composition are key to understanding aerosol radiative effects as they impact aerosol lifetime,
scattering and absorption properties, and ability to be cloud condensation nuclei. In this study,

we aim to understand GC-TOMAS biases of aerosol size and composition during ARTofMELT.
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We conduct several sensitivity model simulations to determine the impact of blowing snow
emissions, more vigorous wet-removal, a marine source of SOA precursor, and nucleation from
organics with sulfuric acid on model-observation agreement. We find that there is likely an
Arctic marine source of SOA precursor contributing to the OA mass and accumulation mode
number concentrations during the campaign. However, the model has a high bias in OA mass and
in the accumulation mode throughout the campaign, indicating the assumed model emission flux
of the marine SOA precursor is high. There is limited ammonia in the region of the ship, limiting
the new particle formation (NPF) through ternary nucleation. As a result, the simulations suggest
the importance of the organics with sulfuric acid nucleation mechanism to explaining the
observed NPF events. Lastly, we find that the removal of accumulation mode particles through
drizzle in marine Arctic low-level clouds helps to reduce the overestimate of the accumulation
mode, but increases the underestimate of the nucleation mode. Overall, despite continued efforts
to understand the aerosol population in the Arctic, there remain deficits in the ability of a

regional model to accurately represent the size and composition of aerosols.
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Chapter 1: Introduction

1.1 Background and Motivation

Aerosols are found throughout the atmosphere and have both direct and indirect effects
on climate (Bellouin et al., 2020; Boucher et al., 2013; Haywood and Boucher, 2000). The
aerosol direct radiative effect (DRE) is caused by particles scattering/absorbing incoming solar
radiation (Boucher et al., 2013; Charlson et al., 1991). The aerosol indirect effect (AIE) results
from aerosols altering the cloud drop number concentration (CDNC) which leads to changes in
cloud albedo, lifetime, and precipitation efficiency (Albrecht, 1989; Clement et al., 2009;
Gryspeerdt et al., 2014; Lee et al., 2013; Pierce and Adams, 2007; Twomey, 1974). Overall, the
combined climate effects of aerosols through the DRE and AIE remain one of the most uncertain
pieces in understanding past and future climate in part due to the uncertainty in the pre-industrial
state of aerosols and in part due to uncertainty in the emission and representation of aerosol

microphysics in models (Boucher et al., 2013).

Particle size and composition influence the magnitude of the DRE and AIE (Lee et al.,
2013; Seinfeld and Pandis, 2016; Spracklen et al., 2011; Twomey, 1974), as well as the possible
health implications of aerosols (Kodros et al., 2018a). Particles are deposited into different
locations in the respiratory tract based on particle size, with smaller particles being more harmful
because they can make it deeper into the lungs (Hinds, 1999; Kodros et al., 2018a). Additionally,
particle toxicity has been connected to particle size (Jalava et al., 2006; Johnston et al., 2019;
Leonard et al., 2007). The scattering and absorption efficiencies of aerosols influence the
magnitude and sign of the DRE and are determined by the composition and size of aerosols with
the efficiencies generally peaking between 100 nm and 1 pm in diameter dependent on

composition (Seinfeld and Pandis, 2016). Only particles that can act as cloud condensation
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nuclei (CCN) can influence CDNC to impact the AIE. Generally CCN have a size larger than 40-
100 nm; however, the supersaturation required for a CCN to activate into a cloud drop is altered
by its hygroscopicity parameter (k) (Petters and Kreidenweis, 2007). Particles with a higher «
require a lower critical supersaturation to activate, allowing for activation into cloud drops at
smaller diameters (Petters et al., 2009; Petters and Kreidenweis, 2007). Primary sources of
aerosol particles include emission from land, marine and ice surfaces (e.g. dust, sea spray, snow;
(Gong et al., 2023; Huang et al., 2020; Jaeglé¢ et al., 2011; Zender et al., 2003)), and combustion
sources (e.g. biomass burning, vehicles, power plants; (Akagi et al., 2011; Jathar et al., 2014; Jen
et al., 2019)). Particulate matter with a diameter smaller than 1 pm (PM1) can be comprised of
organic aerosol (OA), black carbon (BC), and inorganics (e.g. sulfate, chlorine, ammonium,
nitrate, and many trace metals) (Jimenez et al., 2009; Shrivastava et al., 2017; Sillanpia et al.,
2006). The exact composition and size of particulate matter (PM) varies depending on the
source. For example, in biomass burning smoke PM smaller than 1 pm in diameter tends to be
greater than 90% OA by mass (Bond et al., 2013; Hodshire et al., 2019a; June et al., 2022; Reid
et al., 2005b). In Arctic marine environments there can be more variable in composition with the
Aitken and accumulation modes being made up mostly of sulfate and organics, while particulate
larger than 1 pm in diameter is mostly sea salt (Barrett et al., 2015; Croft et al., 2016; Frossard et

al., 2011; Willis et al., 2018).

New particle formation and growth (NPF&G) is an important global source of aerosols
(Fanourgakis et al., 2019; Gordon et al., 2017; Kulmala and Kerminen, 2008; Zhao et al., 2024).
To survive and reach sizes that influence the DRE and AIE, particlees must avoid being
scavenged through coagulation by larger pre-existing particles and grow primarily through

condensation of low-volatility gases to larger sizes (Pierce and Adams, 2007; Wang et al., 2020;



Westervelt et al., 2014). There is spatial and temporal variability in NPF events, making them
difficult to accurately represent in large scale models that need to represent a diverse range of
environmental conditions (Lee et al., 2019). In models, NPF is often represented using
theoretical and empirical relationships often depending on sulfuric acid and some combination of
ammonia, iodine, amines, water vapor, and organic species (Allan et al., 2015; Baccarini et al.,
2020; Dunne et al., 2016; Lee et al., 2019; O’Donnell et al., 2023; Riccobono et al., 2014; Zhao

et al., 2024).

Organic aerosol (OA) is a large fraction of submicron particulate matter mass with much
of OA coming from secondary organic aerosol (SOA) formation (Akherati et al., 2020; Jimenez
et al., 2009; Pierce et al., 2011; Shrivastava et al., 2017). The atmosphere contains many volatile
organic compounds (VOCs), semi-volatile organic compounds (SVOCs), and low volatility
organic compounds (LVOCs), which can then react with compounds such as OH, O3, and NO; to
functionalize to form compounds with lower volatility and higher solubility (Jathar et al., 2014;
Jimenez et al., 2009; Robinson et al., 2007; Shrivastava et al., 2017). As a result of the reduced
volatility these particles have increased favorability of partitioning to the aerosol phase to form
SOA and helping to grow pre-existing particles through condensation (Jimenez et al., 2009;
Shrivastava et al., 2017). Additionally, OA may evaporate through gas-phase dilution or through
an increase in temperature, reducing the size of OA (Donahue et al., 2006; Hodshire et al., 2019a,

b; June et al., 2022; Pagonis et al., 2023).

In this dissertation, we first focus on biomass burning (landscape fires, including
wildfires) as it is a significant source of aerosols to the atmosphere, but the impacts and
evolution of smoke remain uncertain due to the complexities and variability between different

plumes and within the same plume (Akagi et al., 2011; Hodshire et al., 2019a; June et al., 2022).



The aerosols from biomass burning have climate (Hobbs et al., 1997; Hodshire et al., 2019a; Lee
et al., 2013; Ramnarine et al., 2019; Spracklen et al., 2011) and health (Chen et al., 2017;

McClure et al., 2020; O’Dell et al., 2019, 2021; Schill et al., 2020; Yue et al., 2013) impacts with
particle size, composition and abundance determining the magnitude of the effects (Kodros et al.,

2018b; Lee et al., 2013; Seinfeld and Pandis, 2016; Spracklen et al., 2011).

One uncertainty of biomass burning that we aim to address is the biomass burning plume
injection height (BB-PIH). While BB emissions are often emitted into the planetary boundary
layer (PBL), observations have shown emissions can be injected above the PBL (Heinold et al.,
2022; Jian and Fu, 2014; Ma et al., 2024; Val Martin et al., 2010, 2018; Wilkins et al., 2020; Ye
et al., 2022). BB-PIH has important impacts on smoke dispersion and long-range transport due to
faster winds in the free troposphere than in the boundary layer, more efficient removal processes
in the boundary layer, vertical sensitivities to chemical evolution, and vertical sensitivities to
smoke-cloud interactions (Boy et al., 2008; Damoah et al., 2004; Feng et al., 2024; Forster et al.,
2001; Li et al., 2023; Walter et al., 2016; Zhu et al., 2018). Therefore, it is important to
accurately represent the BB-PIH in models and understand the impact of BB-PIH on air quality
and radiative effects. However, prior studies have generally focused on specific regions during
their BB season, significant wildfire events, or specific field campaigns, rather than on the global

scale interannual impacts of BB-PIH.

Another uncertainty in wildfire smoke examined in this dissertation is the variability in
the horizontal and vertical evolution within a wildfire smoke plume. The processes driving aging
(coagulation, dilution, OA evaporation/condensation, photochemistry) can vary due to mixing
and gradients in concentration (Decker et al., 2021; Hodshire et al., 2021; June et al., 2022;

Pagonis et al., 2023; Peng et al., 2020; Wang et al., 2021; Xu et al., 2021). June et al. (2022)



found faster coagulation and faster evaporation in the concentrated centers of plumes sampled
during FIREX-AQ. Prior observational studies have typically focused on plume average
evolution and variability in evolution at a single height. While Wang et al. (2021) examined the
vertical gradient of ozone chemistry in a plume sampled during FIREX-AQ, they did not include

analysis of OA or aerosol size distributions.

The marine Arctic atmosphere is rapidly changing due to climate change, but large
uncertainties remain in the emission, and evolution of gas and aerosol phase species in the Arctic
(Holland and Bitz, 2003; Schmale et al., 2021; Willis et al., 2018, 2023). Dimethyl sulfide
(DMS) and methanethiol (MeSH) are emitted from the ocean to the atmosphere; however, there
remain uncertainties in the oceanic concentrations and air-sea flux calculations of DMS and
MeSH used in models, particularly in the Arctic. In the Arctic NPF&G is an important source of
CCN (Croft et al., 2016; Gordon et al., 2017); however, the representation of NPF mechanisms

and precursors in atmospheric chemistry models remains uncertain.

1.2 Scope of Dissertation

The focus of this dissertation is on the modeling of atmospheric aerosols at different
spatial and temporal scales in two different environments. The first half of research presented
focuses on wildfire smoke, while the second half looks at the springtime marine Arctic
atmosphere. The following paragraphs provide a brief overview of the chapters of this
dissertation. A more detailed introduction containing background and motivation for each chapter

can be found at the start of each respective chapter.

Chapter 2 presents a global study on the implications of adding biomass burning plume

injection height to a global atmospheric chemistry model coupled with a sectional aerosol



microphysics model. We first present the implications of including biomass burning plume
injection height as opposed to emitting all smoke at the surface on model observation agreement.
We then present the impacts on surface PM> s, column integrated aerosol mass, and the biomass
burning direct radiative effect. Last, we present results of biomass burning plume injection height

on CCN and the biomass burning aerosol indirect effect.

Chapter 3 is a case study of a single wildfire smoke plume sampled during the FIREX-
AQ field campaign to examine horizontal and vertical gradients in in-plume aerosol aging using
a high-resolution cloud resolving model. We first present model-observation comparisons for the
August 3, 2019, DC-8 aircraft sampling of the Williams Flats Fire. We then discuss the impacts
of horizontal and vertical in-plume concentration gradients on smoke plume evolution. Finally, in
the conclusions for the chapter, we suggest ideas for future field campaigns to further the

understanding of horizontal and vertical plume gradients observationally.

Chapter 4 examines the emission and oxidation of DMS and MeSH in the Arctic
atmosphere in May and June 2023 using regional simulations and ship-based field campaign
observations from ARTofMELT. We first discuss the implications of using different oceanic
DMS estimates and assumptions for the sea-air flux of oceanic DMS/MeSH on the atmospheric
concentrations along the ship track. We then discuss the model-observation comparisons for
DMSO and the oxidation pathways of DMS. Lastly, we show a case study that occurred during

fog at the onset of melt on June 10 to 12, 2023.

Chapter 5 focuses on understanding the aerosol size distribution and composition in the
springtime Arctic through combining regional simulations and field campaign observations. We
first show model-observation comparisons along the ship-track for aerosol mass under different

sensitivity simulations to understand the impacts of various model developments. We then focus
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on the aerosol size distribution both along the ship-track and at the long-term Arctic monitoring
site, Villum Research Station. We then present analysis of two case studies that had 48 h back
trajectories from the ship pass near Villum, providing the opportunity to understand the evolution

of aerosols in the Arctic.

Finally, in Chapter 6, we provide a synthesis and implications of the previous chapters.

We also make suggestions for future work.



Chapter 2: Inclusion of Biomass Burning Plume Injection Height in GEOS-Chem-

TOMAS: Global-Scale Implications for Atmospheric Aerosols and Radiative Forcing!

2.1 Introduction

Biomass burning (BB), which includes wildfires, prescribed burns, and agricultural fires,
is a significant source of aerosols, primarily organic aerosols, as well as black carbon, inorganic
matter, and volatile organic compounds to the global atmosphere (Andreae, 2019; Hecobian et
al., 2011; Jen et al., 2019; Reid et al., 2005b; Wiedinmyer et al., 2011). Aerosols from BB impact
the health and wellbeing of communities exposed to smoke due to associated impacts on
respiratory and cardiovascular health (Cascio, 2018; Chen et al., 2017; Ford et al., 2018; Gan et
al., 2017; Keywood et al., 2015; Kodros et al., 2018a; Liu et al., 2015; O’Dell et al., 2019, 2021;
Reid et al., 2016). Smoke can also cause reductions in visibility and impact the Earth’s radiative
budget and climate (Carrico et al., 2008; Chen et al., 2017; Ford et al., 2018; Keywood et al.,
2015; Petters et al., 2009; Ramnarine et al., 2019; Shrivastava et al., 2017; Wu et al., 2017). The
biomass burning direct radiative effect (BB-DRE) results from BB aerosols scattering and
absorbing shortwave radiation altering the planetary albedo (Alonso-Blanco et al., 2014;
Charlson et al., 1991; Haywood and Boucher, 2000; Jacobson, 2001; Ramnarine et al., 2019). BB
has been found to have a net cooling DRE globally (Alonso-Blanco et al., 2014; Ramnarine et
al., 2019). The BB cloud albedo aerosol indirect effect (BB-AIE) results from BB aerosols acting
as cloud condensation nuclei (CCN), which alters the albedo and lifetime of clouds (Albrecht,

1989; Lee et al., 2013; Pierce and Adams, 2007; Ramnarine et al., 2019; Spracklen et al., 2011;

! June, N. A., B. Ford, B. Croft, R. Y.-W. Chang, & J. R. Pierce (in press, 2025), Inclusion of Biomass
Burning Plume Injection Height in GEOS-Chem-TOMAS: Global Scale Implications for Atmospheric
Aerosols and Radiative Forcing. JAMES.



Twomey, 1974). Globally, the BB-AIE is a cooling effect due to BB increasing CCN

concentrations, (Lee et al., 2013; Li et al., 2022; Ramnarine et al., 2019; Spracklen et al., 2011).

Understanding the global-mean health and radiative effects of BB is important as
wildfires are changing and are predicted to increase in the future (Dennison et al., 2014; Ford et
al., 2018). In the United States, annual average surface PM2 5 concentrations have decreased in
recent years, but the contribution of BB to surface PM> s has increased (Burke et al., 2023;
Childs et al., 2022; O’Dell et al., 2019). These trends are expected to continue in the future due
to the potential for ongoing reduction of anthropogenic PM2 s emissions coupled with increasing
BB PM> 5 emissions (Ford et al., 2018). Global BB emissions are also projected to increase in the
future, which may lead to a net negative radiative forcing of BB on future climate (Daniau et al.,
2012; Di Virgilio et al., 2019; Dowdy et al., 2019; Ford et al., 2018; Jolly et al., 2015; Keywood

et al., 2013; Marlon et al., 2008; Moritz et al., 2012; Yu et al., 2022).

BB emissions are often emitted into the planetary boundary layer (PBL), close to the
surface; however, observations have shown emissions can be injected above the PBL (Heinold et
al., 2022; Jian and Fu, 2014; Ma et al., 2024; Val Martin et al., 2010, 2018; Wilkins et al., 2020;
Ye et al., 2022). BB emissions can make it into the free troposphere depending on the dynamical
heat flux of the fire, ambient atmospheric stability profile, and the entrainment of ambient air
into the plume (Kahn et al., 2007; Paugam et al., 2016). Using satellite plume heights, it has been
shown that the frequency at which smoke is injected into the free troposphere varies by region
and season (Val Martin et al., 2010, 2018). For example, in Indonesia and the Amazon, satellites
show most BB emissions are in the planetary boundary layer (Tosca et al., 2011; Val Martin et
al., 2018), while about 25 to 50% of boreal forest fires in the Northern Hemisphere have

significant injection into the free troposphere during summer, although with significant



interannual variability (Val Martin et al., 2010, 2018). Previous studies have shown that fires in
Australia can produce enough buoyancy to inject smoke into the upper troposphere and lower
stratosphere (Heinold et al., 2022; Mims et al., 2010). Stratospheric injections of smoke have
been observed elsewhere as a result of pyro-convection (Peterson et al., 2018; Trentmann et al.,
2006; Wilkins et al., 2020). However, the impacts of these regional differences in BB emissions
height on global air quality and climate are not well-quantified. Our study aims to address this

knowledge gap.

Biomass burning plume injection height (BB-PIH) has important impacts on smoke
dispersion and long-range transport due to faster winds in the free troposphere than in the
boundary layer, more efficient removal processes in the boundary layer, vertical sensitivities to
chemical evolution, and vertical sensitivities to smoke-cloud interactions (Boy et al., 2008;
Damoah et al., 2004; Forster et al., 2001; Freitas et al., 2006, 2007, 2010; Samset and Myhre,
2011). Therefore, it is important to accurately represent BB-PIH in global models. Some models
parameterize plume rise; others, such as GEOS-Chem, prescribe BB-PIH either through an
emissions inventory, assuming a single BB-PIH, or assuming a BB-PIH climatology based on
satellite observations to determine average of BB-PIHs for different land cover types (Heinold et
al., 2022; Jian and Fu, 2014; Leung et al., 2007; Li et al., 2023; Lu et al., 2024; Walter et al.,
2016; Ye et al., 2022; Zhu et al., 2018). Here we implement a state-of-the-science model of
plume rise in an aerosol-size resolved microphysics scheme coupled with GEOS-Chem to

examine the impact on global air quality and climate.

Previous studies with model-observation comparisons have shown that injecting smoke
above the PBL can offer constraints on the impacts of transported smoke on air quality; however,

these studies typically focused on regional or single fire plume impacts (Feng et al., 2024; Jian
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and Fu, 2014; Li et al., 2023; Walter et al., 2016; Zhu et al., 2018), rather than on the inter-annual
and global scale impacts we consider in this study. For example, a case study of the 2019-2020
Australian fires redistributed smoke in and above the PBL and found better model-observation
agreement on days with observed pyro-convection (Heinold et al., 2022). Including these
stratospheric injections of smoke increased the modeled aerosol optical thickness in the Southern
Hemisphere and altered the shortwave radiative forcings (Heinold et al., 2022). Furthermore,
Zhu et al. (2018) implemented a plume height climatology in GEOS-Chem and showed
improved agreement with observations. However, a climatology-based approach using average
satellite observed plume heights for each land-cover type cannot capture variability between fires
at the same location or potential interannual variability. Our study presents novel model
developments that enable representation of such variability in global simulations of size-resolved

aerosol microphysics.

Despite the known importance of BB-PIH on constraining simulations of the air quality
and climate impacts of BB, previous studies have been limited to specific regions during their
BB season, significant wildfire events, or specific field campaigns. In our study, we instead
quantify the global-scale impacts of BB-PIH with simulations of size-resolved aerosol
microphysics fusing plume heights from the GFAS emissions inventory for a two-year study
period (2019-2020), to allow for physically based interannual and fire-based variability in the
plume heights. The GFAS inventory is of particular use to the smoke-modeling community as it
uses a plume-rise model to calculate BB-PIH based on fire behavior, hence providing variable
plume heights for use in global models lacking the capability for an online plume rise
calculation. In this paper, we present the development of the new capability to include a

physically based BB-PIH in the GEOS-Chem-TOMAS atmospheric composition model with
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online size-resolved aerosol microphysics. We examine the global and regional impacts of BB-
PIH under this novel implementation of physically based plume rise in global simulations of
aerosol microphysics. We consider 3 scenarios 1) injection of all BB emissions into the planetary
boundary layer, and plume injection height based on 2) standard and 3) increased GFAS plume
rise. We first examine the impact of BB-PIH on comparisons to retrievals of AOD, extinction
coefficient vertical profiles, and PMb> s in Chapter 2.3.1. We then look at the simulated impacts of
BB-PIH on global-mean air quality and climate variables in Chapter 2.3.2, including impacts on
surface PM» s (Chapter 3.2.1), aerosol mass and BB-DRE (Chapter 2.3.2.2), and CCN and BB-
AIE (Chapter 2.3.2.3). To our knowledge, we present the first global-scale evaluation of GFAS
plume heights in a global model with size-resolved aerosol microphysics, as well as the first

analysis of the resultant global-mean air quality and radiative impacts of these heights.

2.2 Methods

2.2.1 Model Overview of GEOS-Chem-TOMAS

We conduct global simulations with the atmospheric composition model GEOS-Chem
version 13.3.3 in its classic configuration coupled with the TwO-Moment Aerosol Sectional
(TOMAS) microphysics model. In this study, we present novel updates to the TOMAS emissions
module within GEOS-Chem to allow GEOS-Chem-TOMAS to enable use of 3D BB emissions
modeling. All global simulations used in our study have a horizontal resolution of 4° x 5° with
47 vertical levels and use offline meteorology from the MERRA-2 reanalysis fields for 2019 and
2020. The coarse spatial resolution of GEOS-Chem-TOMAS limits the ability to examine
specific high concentration events; however, it is able to help us understand global and large-
scale features in the context of use of a detailed aerosol microphysics scheme (TOMAS). This

resolution has been used previously to study air quality and climate variables on the timescales
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we analyze in this study (e.g, AboEIl-Fetouh et al., 2022; Kodros et al., 2016; Ramnarine et al.
2019). Our updates to the GEOS-Chem-TOMAS model can be used with the nested grid
horizontal resolutions (e.g., 0.5°x0.625°). Due to computational burden, it was not feasible for us
to run that resolution globally for two years. However, we do conduct a nested grid simulation at
0.5°x0.625° over the United States for August and September 2020 to test the implementation of
the BB-PIH schemes in a high-resolution version of GEOS-Chem-TOMAS during an active
period of wildfires. We briefly compare the results of these fine- and coarse-resolution

simulations in this study.

We use the version of TOMAS with 15 aerosol size sections from about 3 nm to 10 um
and simulate size-resolved sulfate, sea salt, organic aerosol (OA), black carbon (BC), and dust,
and diagnose size-resolved aerosol ammonium, nitrate, and water. OA mass is assumed to be 1.8
times that of OC (Philip et al., 2014). TOMAS simulates aerosol number and mass in each size
section and includes the processes of aerosol nucleation, condensation, coagulation, dry and wet
deposition, and aqueous sulfur chemistry (Adams and Seinfeld, 2002; Kodros and Pierce, 2017).
Anthropogenic, dust, and sea salt emissions are consistent across all simulations in this study.
Anthropogenic emissions are from the Community Emissions Data System (CEDS). Dust
emissions follow the dust entrainment and deposition (DEAD) scheme (Zender et al., 2003) and
sea salt emissions follow the Jaegle scheme (Jaeglé et al., 2011). BB emissions come from the
Global Fire Assimilation System (GFAS), which assimilates fire radiative power measurements
from the Moderate Resolution Imaging Spectroradiometer (MODIS) to make daily estimates of
BB emissions for 41 species, burnt dry matter, and fire radiative power (FRP) at 0.5° x 0.5°

horizontal resolution globally (Kaiser et al., 2012). We assume the biomass burning emissions to

13



be lognormally distributed with a number median diameter of 100 nm and modal width of 2.0 to

distribute the emissions across the TOMAS size sections.

2.2.2 GEOS-Chem-TOMAS Radiative Transfer Calculations

We use an offline version of the Rapid Radiative Transfer Model for Global Climate
Models (RRTMG) to estimate the radiative impacts of the BB-PIH (Bilsback et al., 2020b;
Kodros et al., 2015, 2016). We use daily average aerosol concentrations from our simulations
and meteorological inputs in our calculations of aerosol radiative effects. For estimating AOD
and DRE, we assume a fully internal mixing state within each aerosol size section with a core-
shell morphology, where internally mixed BC is a spherical core, and other species (e.g., sulfate
and organics) are a homogeneously mixed shell around that core (Jacobson, 2001). The refractive
index is calculated for the shell using a volume weighted average, while the core has a refractive
index of pure BC. The Bohren and Huffman Mie code for concentric spheres is used to calculate
the scattering and absorption efficiencies and the asymmetry parameter. As a sensitivity test for
the DRE, we estimate the impact of absorbtive OA (brown carbon, BrC) on the imaginary
component of the OA refractive index using the modeled OA to BC ratio and the Saleh (2014)

parameterization (Kodros et al., 2016; Saleh et al., 2014).

For estimating the AIE, we assume all species, except fresh BC, are internally mixed
within each aerosol size section to calculate the hygroscopicity parameter (k) as a volume-
weighted average of the individual species (Petters and Kreidenweis, 2007). Fresh BC is
externally mixed with a k of 0. The fresh BC becomes internally mixed on a fixed e-folding
timescale of 1.5 days gradually becoming fully mixed with the other species in each size bin
(Pierce et al., 2007). The daily average mass and number concentrations from our GEOS-Chem-

TOMAS simulations and the activation parameterization of Abdul-Razzak & Ghan (2002) are
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used to calculate cloud drop number concentrations. Full details of the AOD, DRE, and AIE

calculations can be found in Kodros et al. (2015).

2.2.3 Addition of BB-PIH to GEOS-Chem-TOMAS

The GFAS plume-rise model calculates daily averaged plume heights governed by the
equations defined in Freitas et al. (2007, 2010) and updated in Paugam et al. (2015). The GFAS
plume-rise model includes: a 1-D cloud-resolving model forced by satellite-derived FRP,
convective heat flux and active fire area, and a bulk microphysical scheme. The plume-rise
model also uses ambient atmospheric profiles of temperature, wind and specific humidity from
European Centre for Medium-Range Forecasts (ECMWF) (Paugam et al., 2015; Rémy et al.,
2017). The altitudes of plume top (TOP) and plume bottom (BOT) are derived quantities in the
GFAS plume-rise model based on the entrainment and detrainment vertical profiles. Rémy et al.
(2017) showed GFAS plume heights agree well with the MISR plume height climatology except
for in cases with poor input data for the boundary layer height or for large fires with
underestimates in FRP. Walter et al. (2016) showed GFAS plume heights to have a low-bias due
to the use of a single daily value and use of FRP inputs from MODIS overpass times (10:30 and
13:30 LT), which do not always coincide with the peak in fire activity. Despite these limitations,
the GFAS plume heights are of value as the only global emissions inventory to include plume
heights, which can be used in global simulations of size-resolved aerosol microphysics (such as
with the model GEOS-Chem-TOMAS) that are unable to calculate online plume heights based

on fire behavior.

Since both our global and regional GEOS-Chem-TOMAS simulations are at a coarser
resolution than the GFAS inventory, we use an emissions weighted averaging to determine the

BOT, and TOP altitude in each grid box at each time step. In the GFAS inventory, emission rates
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of combustion species are calculated based on assimilated FRP; so, within the emitted species in
the inventory, all are positively related to FRP, which has been shown to be positively correlated
with plume height. Due to this relationship with FRP, any variable in the GFAS inventory could
be used to weight averages of the plume-heights; differences in averages only result when there
is more than one ecoregion within a gridbox. Any uncertainties resulting from this potential
variability are encapsulated in the three different BB-PIH scenarios we test. We use the organic
carbon emissions from the GFAS inventory to weight the averages. Equation 2.1 shows an

example of the equation to re-grid,

w1 Heightgpas; * OC;
?=10Ci

Heightcogrse = (2.1)

Where OC; is the organic carbon emissions in one GFAS grid box, n is the number of GFAS grid
boxes in the GEOS-Chem-TOMAS grid box. In this method, the BB-PIHs are weighted more
towards fires with more emissions, which are more likely to have higher BB-PIHs. We
acknowledge that this could potentially result in a lower fraction of emissions in the PBL in
cases with multiple fires of varying size in the gridbox. After emission weighting the heights to
4°x5° resolution, BOT is above the PBL for 5.3% of the annual emissions, and TOP is above the

PBL for 12.1% of annual emissions (Figure A.1).

We conduct four global GEOS-Chem-TOMAS simulations: No Biomass Burning (NBB)
and three BB-PIH scenarios (Table A.1, Figure 2.1). Simulations are for two years (2019 and
2020) with an additional six months of spin-up. We list the simulations in Table A.1 and provide
a visual representation of these scenarios in Figure 2.1. Figure A.3 shows the vertical distribution
of emissions in each of Earth’s biomass burning source regions (source regions defined in Figure

A.2). The ‘PBL’ simulation follows the default behavior of GEOS-Chem with TOMAS, where all
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STANDARD HIGHER

Figure 2.1: Visual representation of the three BB simulations used in our study as defined by
Table A.1. The horizontal dashed blue lines represent the altitude of plume bottom (BOT), and
altitude of plume top (TOP). Note that this schematic is not to scale vertically, and at times all
scenarios could overlap with the PBL scenario. For all simulations, emissions in the PBL are
well-mixed between the surface and top of the PBL.

BB emissions are injected into the surface layer and then well-mixed through the planetary
boundary layer. For the ‘STANDARD’ and ‘HIGHER’ simulations, we have developed the
TOMAS module in GEOS-Chem to allow for a 3D field of emissions, as opposed to emitting all
biomass burning emissions into a single layer at the surface, as the current version of the
standard model does. The STANDARD simulation is the standard height simulation in which BB
emissions are normally distributed from BOT to TOP, with the BOT and TOP placed at + 2
standard deviations from the mean altitude, with no smoke extending beyond these limits. To
examine the possibility that the GFAS-estimated injection heights are biased low (Rémy et al.,
2017; Walter et al., 2016), we perform a simulation where we have shifted the GFAS heights up.
In the HIGHER simulation, the BB-PIH is shifted up such that BB emissions are normally

distributed from TOP to TOP plus the plume depth (same depth as the STANDARD simulation).
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This specific configuration for higher heights (TOP to TOP+AZ) was selected because the
fraction of emissions placed above the PBL top in this scenario more closely matches those from
the Multi-angle Imaging SpectroRadiometer (MISR) plume height project as described in Val
Martin et al. (2018). The vertical BB emission distribution is normalized, so that total BB
emissions are conserved between all simulations with BB emissions. For the STANDARD and
HIGHER simulations, emissions within the PBL are well-mixed between the surface and PBL
top. The changes to the BB-PIH in HIGHER do not necessarily improve the BB-PIH
representation on a fire-by-fire basis; however, we evaluate each of the BB-PIH sensitivity cases
with Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) extinction
coefficient profiles to see if some model configurations perform better, in the global average,
than others. Additionally, the highest BB-PIH scenario (HIGHER) allows us to examine the
global-mean air quality and climate implications of higher BB-PIH, which may become more
frequent in the future due to changes in fire intensity (Spracklen et al., 2009; Wilmot et al.,

2022).

2.2.4 Nested Simulation Implications

These plume height configurations and weighted-averaging scheme are used for the
nested simulations at 0.5°%0.625° resolution over the United States (US) for August and
September 2020. These nested simulations show the functionality of using the GFAS plume
heights in GEOS-Chem-TOMAS at fine resolution. As shown in Figure A.4, the aerosol mass is
generally within 50% of that of the 4°x5° simulation within the nested domain. With changing
BB-PIH, the relative shifts in the amount of biomass burning aerosol in the planetary boundary
layer and free troposphere are similar between the nested and 4°x5° simulations particularly in

the eastern US. During the time frame simulated, the BB mass in the eastern US is mostly due to
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long-range-transport from the western US. The similar relative shifts in BB mass between the
two resolutions suggest that the 4°x5° simulation is well suited for understanding relative
impacts of BB-PIH on a global-scale. Additionally, the differences between changing resolution
are minimized in the HIGHER simulation, suggesting that the need for PIH is particularly
important at coarser resolutions, which do not allow for as much vertical transport (Yu et al.,
2018). We do not extensively discuss the nested simulation in the main results as our focus is to
examine the global-scale impacts of raising the BB-PIH and across several global regions

dominated by transported smoke.

2.2.5 Evaluation Data

We use the CALIPSO Lidar Tropospheric Profiles, Cloud-Free, Night, Version 4 at 532
nm (Kim et al., 2018) and make comparisons with simulated extinction coefficient profiles at a
wavelength of 532 nm. For quality screening of CALIPSO data, the following criteria are used
(Ford and Heald, 2012; Tackett et al., 2018). Profiles with a cloud-aerosol discrimination (CAD)
score outside of the range of -100 to -20 are excluded due to lack of confidence in discriminating
aerosol from cloud. Low-confidence extinction retrievals are removed by only including aerosol
layers with extinction QC flags equal to 0, 1, 16, or 18. Tackett et al. (2018) shows the frequency
of rejection based on quality control criterion and further describes the detection limit and quality
control parameters. Extinction coefficients below the detection limit are assumed to be 0 km™.
We make comparisons using monthly averaged CALIPSO extinction coefficient profiles re-
gridded to the GEOS-Chem 4°x5° with 47 vertical layers grid. Monthly average GEOS-Chem
extinction coefficients at 532 nm are calculated by averaging GEOS-Chem grid boxes with a
valid CALIPSO profile within 6-hours of the model time (model output is every 6-hours), using

the night-time overpass time of ~0130 local solar time. For consistency with the CALIPSO data,
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GEOS-Chem extinction coefficient values below CALIPSO’s detection limit are also assigned a
value of 0 km™!. Setting values below the detection limit to either the detection limit or half of the
detection limit makes little difference in the results for the impact of BB-PIH on observation

agreement.

The Aerosol Robotic Network (AERONET) provides direct-Sun measurements of
spectral AOD from surface-based columnar measurements around the globe. We use Version 3,
Level 1.5 cloud-screened and quality-controlled direct-Sun products. We make comparisons
between AEONET and simulated AOD at 440 nm for 2019 and 2020. The AERONET AOD is
compared to the GEOS-Chem AOD in the 4°x5° grid-box corresponding to the site location and
at the closest available time of observation. Model output is every 6-hours, so model and

observation comparisons are within 6-hours of each other.

We use the van Donkelaar et al. (2021) dataset of surface PM» s over land to make
comparisons to the GEOS-Chem modeled PM:s. This dataset combines retrievals from
satellites, ground measurements, and chemical-transport models to estimate monthly averaged
surface PM2s at 0.1°x0.1° resolution over land areas in 2019 and 2020 (van Donkelaar et al.,

2021). We re-grid these data to the same 4°x5° grid that is used for our simulations.

Additionally, over the contiguous US (CONUS), comparisons are made between the
PM2: s product developed in O’Dell et al. (2019) and our simulated total surface PM2 s, smoke-
attributed surface PM> 5, and non-smoke-attributed surface PM» s The O’Dell et al. (2019)
product combines interpolated surface observations and smoke extent from the Hazard Mapping
System to provide daily surface total PM> s and smoke-attributed PM> 5 estimates on a 15-km

grid over the CONUS. We make comparisons for monthly averages re-gridded to the 4°x5° grid
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used by our simulations. These additional comparisons allow us to examine the biases due to

non-smoke and smoke sources.

For model evaluation, comparisons are made for all available observations and
additionally at times designated as smoke-impacted. A model-column is designated as smoke-
impacted if there is a 50% increase of AOD in the PBL simulation compared to the NBB
simulation. This criterion is met about 5% of the time over the two years of our simulations,
globally, with higher frequencies in biomass burning source regions (Figure A.5). We use the
same set of profiles for smoke-impacted comparisons for all simulations. Globally there is an
increase in the frequency of samples designated as smoke-impacted as the BB-PIH increases.
However, we determined that our conclusions are not sensitive to which BB-simulation is used to

determine the set of smoke-impacted columns.

2.3 Results

2.3.1 Impact of BB-PIH on Model-Observation Agreement

To our knowledge there have been no previous evaluations of the impact of physically
based BB-PIH on global simulations with detailed size-resolved aerosol microphysics. To
address this knowledge gap, here we present such comparisons by using CALIPSO extinction
coefficient profiles, CALIPSO smoke-specific extinction coefficient profiles. Further evaluation
of the model against AERONET AOD and the global total surface PM> s dataset from van
Donkelaar et al. (2021) are given in Appendix A Text 1 and Figures A.6 to A.9. The comparisons
to surface PM» s and AOD are less directly connected to the vertical structure of smoke in the

atmosphere and BB-PIH has a smaller influence globally on reducing the bias of these variables.

As GEOS-Chem-TOMAS uses fixed meteorology (MERRA-2), all changes in model

biases are due to the isolated impact of the different BB-PIH scenarios on the simulated aerosols,
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and not due to any meteorological feedbacks. Despite the small model-measurement
improvements due to elevated BB-PIH shown in this section; these comparisons are an important
support of our novel quantification of the strong climate impacts of physically based BB-PIH

elevation in global simulations, which will be discussed in Chapter 2.3.2.

2.3.1.1 Comparison with CALIPSO Extinction Coefficient Profiles

We evaluate extinction coefficient profiles from our global size-resolved aerosol
microphysics simulations against CALIPSO during periods impacted by BB for six BB source
regions and globally (regions defined in Figure A.2). Overall, the global normalized mean bias
(NMB) in the vertical profile of the extinction coefficient (Figure 2.2) is improved by 1.9% and
9% for the STANDARD and HIGHER simulation respectively relative to the PBL simulation. In
general, the improvement in NMB is larger in the free troposphere than near the surface due to
there often being times where the TOP or/and BOT of the plume are located in the boundary
layer. Improving the representation of the vertical profile of smoke is important as it can
influence the atmospheric lifetime of smoke and its vertical location relative to clouds, which can
have implications for climate effects (Chapter 2.3.2.2 & 2.3.2.3). In CONUS, BB-PIH elevation
yields closer model-CALIPSO agreement within parts of the boundary layer and free troposphere
(Figure 2.2b.). In boreal North America, there are larger improvements in bias in the free
troposphere than near the surface (Figure 2.2c.). In boreal Asia, there is improved agreement
below about 4 km, but an increased high bias above 4 km. However, the NBB simulation also
overpredicts at these altitudes suggesting a high bias due to non-BB sources influencing this
region at higher altitudes (Figure 2.2d.). Over our entire two-year simulation, the biases in the
CALIPSO extinction coefficient profile are consistent with prior studies without physically

based BB-PIH and detailed size-resolved aerosol microphysics (Ford and Heald, 2012, 2013;
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Generoso et al., 2008; Li et al., 2019; Ma and Yu, 2015). Here, we also expand on prior
evaluations of GEOS-Chem by focusing on times impacted by BB. During these specific periods

of BB, raising the BB-PIH improves agreement with CALIPSO extinction coefficient profiles

(Figure 2.2).
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Figure 2.2: Extinction coefficient (bext) at 532 nm vertical profiles for CALIPSO (black) and
each plume injection height (PIH) scenario (described in Table A.1 and Figure 2.1): PBL (green),
STANDARD (orange), HIGHER (blue) in each of the different regions shown in Figure A.2. The
simulation with no biomass burning emissions (NBB) is shown in gray. Each panel shows the
average of profiles from 2019 and 2020 that are designated as smoke-impacted (50 % increase in
AOD due to BB in the PBL simulation). The NMB over the column is shown for each simulation
and each region.

Further evidence that our elevated BB-PIH global simulations are putting smoke closer to
the correct altitude in the global average is provided by comparisons between simulated and
observed smoke-specific extinction coefficients (also a CALIPSO product, Figure 2.3). For our
global simulations, the smoke-specific extinction coefficient is determined by subtracting the

extinction coefficient for the NBB simulation from each of the three simulations that included
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smoke emissions. It should be noted that comparisons between GEOS-Chem smoke extinction
coefficients and the CALIPSO smoke-extinction coefficients are complicated by smoke layers
needing to be elevated (extend beyond 2.5 km agl) in CALIPSO to not be classified as polluted
continental or polluted dust (Ford and Heald, 2012; Omar et al., 2009). The HIGHER simulation
has the lowest bias of the three BB simulations in all regions for times designated as smoke-
impacted and above 2.5 km (Figure 2.3a.). Our 4° x 5° resolution simulation may have weaker
vertical transport than finer resolution simulations (Yu et al., 2018). The improvements in
observation agreement of extinction coefficient due to increasing BB-PIH may also compensate
for some of this vertical transport bias; but less so in our nested case study (Figure A.4). The
general improvement in the CALIPSO profile comparisons in the HIGHER simulation compared
to the STANDARD simulation agrees with previous studies suggesting that there may be low
biases in the GFAS plume heights. These biases may be due to the lack of a diurnal cycle (Walter
et al., 2016), and/or underestimated fire radiative power by satellites for the largest fires (Freitas
et al., 2007). The vertical profile comparisons shown in Figures 2.2 and 2.3 also indicate that the
performance of the BB-PIH scheme based on GFAS heights varies by region, suggesting that our
crude approach to increasing GFAS injection heights likely needs future physically based

refinement.

2.3.2 Global Effects of BB-PIH

Figure 2.4 provides global- and 2-year average and individual-year averages of the
impacts of BB-PIH on aerosol and their radiative forcing (separated by land and ocean regions)
that will be discussed in this section. We also explore associated geographic distributions. We
consider both of the elevated BB-PIH simulations as there are times when either outperforms the

other compared to observations; additionally, the HIGHER simulation allows us to consider the
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Figure 2.3: Average smoke extinction coefficient (bextsmoke) at 532 nm as a function of altitude in
2019 and 2020 by region during times designated as influenced by smoke. The CALIPSO
observations of the elevated smoke type (top of layer > 2.5 km) are in black. Model simulations
are co-located to time and location of CALIPSO observations and are in different colors for each
BB PIH scenario: PBL (green), STANDARD (orange), HIGHER (blue). For the model
simulations, the bexsmoke 1S determined by subtracting the NBB bex at 532 nm from the bex¢ from
the four BB simulations. The NMB over the column above 2.5 km is shown for each simulation
and each region.

potential impacts of future fires, which are expected to have elevated BB-PIH as a result of
increased intensity from climate change. Raising the BB-PIH has varying impacts on BB PM2 s,
BB AOD, and BB N80 (CCN sized particles from BB); and therefore, on BB-DRE and BB-AIE
over land and ocean areas. The figure also shows that despite differences in BB emissions
between the two-years, the impacts of BB-PIH are consistent between 2019 and 2020, suggesting

that our results are robust for our model’s response to the changes in BB-PIH.
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Figure 2.4: Two-year averages (bars) of the percent differences for the two BB-PIH simulations
relative to the PBL simulation for surface PM; 5 from biomass burning (BB PM2 5), the biomass
burning AOD at 440 nm (BB AOD), the biomass burning concentration of N>80 nm (BB N&0),
the all-sky and clear-sky biomass burning direct radiative effect (BB-DRE), and the biomass
burning aerosol indirect effect (BB-AIE) in the BB-PIH scenarios relative to the PBL simulation.
The points indicate the 2019 (square) and 2020 (pentagon) averages as an indicator of the
variability in the quantities on a global scale. The percent changes for the radiative effects are
reversed in sign from the mathematical definition such that a negative (positive) percent change
indicates a more cooling (warming) effect.

2.3.2.1 Predicted Impact of BB-PIH on Surface PM> s

In the two-year average, raising the BB-PIH reduced simulated BB PM 5 in BB source
regions and increases in BB PMz 5 away from source regions, primarily in marine areas,
Greenland, and Antarctica (Figure 2.5a-2.5¢). The global average percent decreases in BB PM3 5
relative to the PBL simulation are 7.2% and 15.4% in the STANDARD and HIGHER BB-PIH
simulations, respectively (Figure 2.4). The decreases in BB PM2 s in source regions are due to
aerosol mass being moved vertically away from the surface, an unsurprising result that has also
been shown in previous studies (Jian and Fu, 2014; Leung et al., 2007; Menut et al., 2018; Zhu et

al., 2018). As BB-PIH increases, there are decreases in BB PM» 5 in the Southern Pacific Ocean
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downwind of Australia. These decreases in surface concentrations are due to the increase in
smoke in the free troposphere and westerlies moving the BB aerosols out of the region (Heinold
et al., 2022). The regions with increases in BB PM; 5 are primarily in regions away from source
fires and with sinking motion resulting in smoke aloft descending towards the surface (see Figure
A.10 for context of vertical and horizontal winds from the MERRA-2 Reanalysis used in all
simulations). The largest percent increases in BB PM; 5 are in areas of the Pacific Ocean where
concentrations of surface BB PM> 5 are the lowest in the PBL simulation. The largest absolute

increases in BB PM s are in the eastern Indian Ocean (Figure A.11).
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Figure 2.5: (a.) Average Surface PM; s from biomass burning (BB PM> 5) for 2019 and 2020 in
the PBL simulation. Percent difference in surface average BB PM2 5 from 2019 and 2020 relative
to the PBL simulation for (b.) STANDARD, (c.) HIGHER. Figure A.11 shows the absolute
changes in BB PM: 5. The complimentary figure showing percent differences for total surface
PM; 5 is shown in Figure A.12.

2.3.2.2 Predicted Impact of BB-PIH on Aerosol Mass and Direct Radiative Effect

As BB-PIH increases, the global-mean lifetime of BB BC and BB OA increases (Table 1)
due to increases in BB mass in the free troposphere (Figure 2.6, Figure A.13), where dry and wet
deposition tend to be less efficient. Due to these increases in lifetime, the global 2-year average
BB OA column mass increases by 2.6% and 15.2% for the STANDARD and HIGHER BB-PIH
simulations relative to the PBL simulation (Figure A.12a-A.12c), while the percent changes in

BB BC column mass are 1.7% and 10.5% in the STANDARD and HIGHER BB-PIH simulations
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relative to the PBL simulation (Figure A.12d-A.12f). The larger increases in the BB OA lifetime
compared to the BB BC lifetime are likely due to OA being more susceptible to wet deposition,
such that the OA lifetime increases more when BB aerosol is moved at or above cloud levels and
away from precipitation. The differences in the impact of BB-PIH on BB OA and BB BC column

mass are consistent with an increase seen in the BB OA to BB BC ratio (Figure A.12g-A.121).

Table 2.1: The global two-year average atmospheric lifetime of biomass burning OA and
biomass burning BC in each BB-PIH scenario.

Simulation BB OA Lifetime [days] BB BC Lifetime [days]
PBL 5.23 5.84
STANDARD 5.37 5.94
HIGHER 6.03 6.45

As a result of the increased lifetime of BB aerosol, BB-specific AOD at 440 nm (BB
AOD) has global percent increases of 2.0% and 9.9% in the STANDARD and HIGHER BB-PIH
simulations relative to the PBL simulation with variability between BB source and remote
regions (Figure 2.7b-2.7¢c). BB source regions have slight decreases in BB AOD, and transport
regions have increases in BB AOD. The magnitude of increase in BB AOD at 440 nm is
somewhat lower than that for both BB OA and BB BC column mass (Figure A.14). A
contributing factor is that the increases in BB mass in the BB-PIH scenarios tend to be in vertical
layers of the atmosphere with lower relative humidity (e.g., free troposphere rather than
boundary layer, Figure A.16), which decreases the water content of the aerosols and hence AOD.
The decreases in BB AOD near the southeast coast of Australia with corresponding increases in
BB AOD in the Pacific Ocean towards Chile, which are enhanced as the BB-PIH increases, are
likely due to the stronger free tropospheric winds than in the planetary boundary layer leading to
greater transport of smoke (Figure A.10) (Chang et al., 2021; Heinold et al., 2022; Sellitto et al.,

2022). The large BB AOD increases in the Indian Ocean are associated with increases in the BB-
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Figure 2.6: Average BC from BB concentration in 2019 and 2020 as a function of longitude and
altitude in the PBL simulation in the (a.) Northern Hemisphere Extratropics (24°N to 90°N), (d.)
Tropics (24°S to 24°N), and (g.) Southern Hemisphere Extratropics (90°S to 24°S). Percent
difference in BC from BB relative to the PBL simulation in the Northern Hemisphere
Extratropics for the BB-PIH scenarios (b.) STANDARD and (c.) HIGHER. Percent difference in
BC from BB relative to the PBL simulation in the Tropics for the BB-PIH scenarios (e.)
STANDARD and (f.) HIGHER. Percent difference in BC from BB relative to the PBL
simulation in the Southern Hemisphere Extratropics for the BB-PIH scenarios (h.) STANDARD
and (i.) HIGHER. The same figure as this, but for BB OA is shown in Figure A.13.

PIH in SE Asia and, potentially, atmospheric circulation patterns keeping the smoke in that area

rather than transporting smoke away. The increases in AOD in the Indian Ocean and in the

29



Pacific Ocean in the SE Asia region as BB-PIH increases are consistent with efforts of prior
studies to improve the forecasts of smoke transport in this region through raising the BB-PIH
(Ooi et al., 2021). Over the northwestern Pacific Ocean, southeast of China, the patterns of BB
AQOD and magnitude of column mass increase with BB-PIH are consistent with a previous
modeling study in the area for fires in March 2001 (Jian and Fu, 2014) in which they attributed
the changes in total column and vertical distribution of BC mass as BB-PIH increased to
March/April transport of pollutants through the Pacific subtropical high pressure system and
subsiding flow. The March/April circulation pattern in this part of the Pacific (Figure A.10) in
our simulations follows the same pattern in March/April of 2019 and 2020, with the smoke
coming from Indonesian biomass burning in both years leading to increased BB AOD as BB-PIH
increased (Figure A.17). The monthly BB AOD time series (Figure A.17) further complements

the 2-year averages by showing the seasonal and interannual variability between regions.
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Figure 2.7: (a.) Average AOD from biomass burning (BB AOD) for 2019 and 2020 in the PBL
simulation. Percent difference in surface average BB AOD from 2019 and 2020 relative to the
PBL simulation for (b.) STANDARD and (c.) HIGHER. The complimentary figure for AOD is
shown in Figure A.15.

The BB-DRE cooling is stronger as the BB-PIH increases due to the increase in aerosol
mass loading from BB (Figure 2.8a-2.8h). The global average clear-sky BB-DRE is -164.3 mW
m in the PBL simulation and -183.0 mW m™ in the HIGHER simulation, an increase in cooling

of over 10% (Figure 2.4). In general, the clear-sky BB-DRE increases in magnitude as BB-PIH
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increases (Figure 2.8d-2.8f), with more warming over high-albedo surfaces such as Greenland
and Antarctica and more cooling over low-albedo surfaces such as oceans and darker land areas
(e.g., forests). The stronger clear-sky BB-DRE as BB-PIH increases is consistent with the
geographic distribution of changes in BB AOD (Figure 2.7b-2.7¢). Regions with an increase in
column mass have an increase in clear-sky BB-DRE magnitude (sign determined by surface
albedo), and regions with a decrease in column mass have a decrease in clear-sky BB-DRE

magnitude.

In the all-sky BB-DRE (Figure 2.8a-2.8c), the global average BB-DRE is -123.1 mW m™
for the PBL simulation and decreases in the HIGHER simulation to -133.8 mW m™, a slightly
smaller percent change than in the clear-sky BB-DRE (Figure 2.4). The smaller relative increase
is due to more aerosol mass from biomass burning above clouds in all regions in the three BB-
PIH simulations (Figure 2.9, Figure A.19) whereas in the PBL simulation, most BB mass is

below clouds.

If we consider the potential role of brown carbon (BrC) in our calculation of the BB-

DRE, the all-sky BB-DRE cooling increases less than if we ignore the impact of BrC, due to an
increase in the effect of the now-more-absorbtive smoke going above clouds as BB-PIH
increases (Figure 2.8g-2.81). Including this BrC absorption results in a clear-sky BB-DRE of -
126.7 mW m™ in the PBL simulation and -85.9 mW m™ all-sky BB-DRE. Both BB OA and BB
BC have an absorbing component in the BrC BB-DRE calculations. Since the smoke is darker
with the BrC BB-DRE calculation than in the non-BrC calculation, the warming impact of the
aerosol being a lower albedo than the clouds is larger (Figure 2.9). As a result, with increasing

BB-PIH the global all-sky BB-DRE cooling increases by 1.2 mW m™ and 4.6 mW m™ in the
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STANDARD and HIGHER simulations compared to the PBL simulation when including the

impact of BrC.
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Figure 2.8: (a.) Average all-sky BB-DRE in the PBL simulation for 2019 and 2020. Average
difference in all-sky BB-DRE in 2019 and 2020 relative to the PBL simulation for (b.)
STANDARD and (c.) HIGHER. (d.) Average clear-sky BB-DRE in the PBL simulation for 2019
and 2020. Average difference in clear-sky BB-DRE in 2019 and 2020 relative to the PBL
simulation for (e.) STANDARD and (f.) HIGHER. (g.) Two-year (2019-2020) mean all-sky BB-
DRE including the impact of BrC in the PBL simulation. Average difference in two-year mean
all-sky BB-DRE with BrC relative to the PBL simulation for (h.) STANDARD and (i.) HIGHER.
(j.) Two-year (2019-2020) mean clear-sky BB-DRE including the impact of BrC in the PBL
simulation. The average difference in two-year mean clear-sky BB-DRE with BrC relative to the
PBL simulation for (k.) STANDARD, (1.) HIGHER. For the panels showing the difference
relative to the PBL simulation, the BB-DRE is obtained by adding these values to the PBL
values. The BB-DRE for all four BB simulations is shown in Figure A.18.
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Figure 2.9: Percent difference in black carbon from biomass burning (BB BC) on the bottom
horizontal axis from the PBL simulation as a function of altitude for STANDARD (orange) and
HIGHER (blue). On the top horizontal axis, MERRA-2 (reanalysis used in all simulations) cloud
fraction as a function of altitude in gray. Each panel is a different source region (Figure A.2)
indicated by the text in black bold font above each panel. The same figure for BB OA is shown
in Figure A.19.

2.3.2.2 Predicted Impacts of BB-PIH on CCN and the Aerosol Indirect Effect

At typical low-cloud levels (n = 0.9 to n = 0.7), in the PBL simulation BB increases the
number concentration of particles larger than 80 nm (N80) (Figure 2.10a.) compared to the NBB
simulation. The terrain-following n coordinate is used in modeling. For a grid box with a surface
at sea-level, this low-cloud altitude range corresponds to pressure levels from 900 hPa to 700

hPa. These levels are relevant for understanding the impact of BB as cloud condensation nuclei,
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which we represent as N80. In the PBL simulation at low cloud levels, BB increases N80 in
source regions and downwind of source regions; some marine areas and Antarctica have
decreases in N80 in the simulations with BB compared to the NBB simulation as a result of the
enhanced condensation sink and suppressed new particle formation. In parts of the upper
troposphere in all regions and near the surface in marine areas, BB decreases N80 in the PBL

simulation compared to the NBB simulation due to these feedbacks on nucleation (Figure A.20).

a. PBL b. STANDARD C. HIGHER
90°N 90°N 90°N
N 45°N 45°N
0° o 0° 0°
Lo 3
45°s S 45°S - 45°S
90°s | AVG:I 3.8% | 90°s : : AVG:|0.7 % 90°S : : AVG;I1.6 %
180° 90°W  0°  90°E  180° 180° 90°W 0° 90°E 180° 180° 90°W  0°  90°E  180°
a2 22 - ] . [ =
-20 -10 0 10 20 -10 -5 0 5 10
Percent Change in N80 Difference in Percent Change in N80 Due to Biomass Burning
Due to Biomass Burning [%] Relative to PBL Simulation [%]

Figure 2.10: (a.) Average percent change in the number of particles larger than 80 nm (N80) at
the low cloud levels (= 0.9 to = 0.7) due to biomass burning in the PBL simulation in 2019
and 2020. Difference in the percent change in the number of particles larger than 80 nm (N80) at
the low cloud levels due to biomass burning in 2019 and 2020 relative to the PBL simulation for
(b.) STANDARD and (c.) HIGHER.

As the BB-PIH increases, low-cloud levels have an increase in N80 from BB, except for
some BB source regions with decreases (Figure 2.10b-2.10c). The increase in N80 is 1.6%
globally in the HIGHER simulation compared to the PBL simulation, with greater increases over
marine areas (2.7%) than land areas (0.5%) (Figure 2.4). As BB-PIH increases, there is a
decrease in N80 from BB near the Earth surface, with the strongest increases being at low cloud
levels (Figure A.20). Most of the Southern Hemisphere Pacific Ocean has a positive percent
increase in N80 from BB in the HIGHER simulation. These changes indicate that as BB-PTH
increases, the effect of increased BB aerosol loading aloft/longer lifetimes can dominate over the

effects of new particle formation suppression by this loading i.e., while BB emissions can cause
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a percent decrease in N80 in the PBL simulation relative to the NBB simulation, N80 can

increase due to BB for higher BB-PIH simulations.

Raising the BB-PIH increases the cooling due to the BB-AIE (Figure 2.11). In the PBL
simulation, the global two-year-average BB-AIE in the PBL simulation is -15.6 mW m. The
BB-AIE cooling increases by 5.3 mW m™ and 17.4 mW m in the STANDARD and HIGHER
simulation, respectively relative to the PBL simulation. There are, however, regions with
weakening of BB-AIE cooling, such as over and downwind of Australia, parts of boreal North
America, and boreal Asia. This weakening is spatially consistent with decreases in N80. Over the
Pacific Ocean, there are regions that had a warming BB-AIE in the PBL simulation that have a
cooling BB-AIE in the STANDARD and HIGHER simulations. The spatial extent of the sign
change increases as BB-PIH increases, which contributes to the BB-AIE more than doubling in
the HIGHER simulation (Figure 2.11). These regions of sign change in the BB-AIE also have

sign changes in the percent change of N80 from BB at low-cloud levels (Figure 2.10).
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Figure 2.11: (a.) Average BB-AIE in the PBL simulation for 2019 and 2020. Average difference
in BB-AIE in 2019 and 2020 relative to the PBL simulation for (b.) STANDARD and (c.)
HIGHER. In panels (b.) and (c.), the BB-AIE is obtained by adding these values to the PBL
values. The BB-AIE for all three BB simulations are shown in Figure A.21.
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2.4 Conclusions

In this study, we presented the novel implementation of 3-dimensional biomass burning

emissions in global simulations with detailed size-resolved aerosol microphysics. We developed

this capability in the GEOS-Chem-TOMAS model. We conducted a two-year simulation (2019

and 2020) with GFAS-model plume heights, which enabled us to present the first global-scale

analysis of effects of using GFAS-model plume heights in size-resolved aerosol microphysics

simulations. We explored the impacts of elevated plume heights on model-observation

agreement, air quality, the biomass burning direct radiative effect (BB-DRE), and the biomass

burning aerosol indirect effect (BB-AIE). The following conclusions were the main results of

this analysis:

. Relative to injecting all BB emissions into the planetary boundary layer near to

the Earth surface, raising the BB-PIH decreased the global-and two-year-mean
surface BB PM» 5 by 7% to 15% (for the two BB-PIH scenarios tested, standard
and further elevated GFAS-model plume heights, respectively) with large
decreases in BB source regions and slight increases in some remote land regions

and marine regions.

The atmospheric global mean lifetime of BB aerosol increased by over 0.5 d in
our highest BB-PIH scenario relative to injecting all the BB emissions into the
planetary boundary layer near the Earth’s surface. Global- and annual-mean BB-

specific AOD increased by 10% globally in this scenario.

Elevating the BB-PIH increased the global- and annual- mean cooling of the

clear-sky BB-DRE. These BB-DREs were -164.3 mW m™ all BB emissions at the

36



surface), -168.1 mW m™, (using GFAS BB-PIH) and -183.0 mW m (further
upward shift of GFAS BB-PIH). Due to the effect of injecting BB emissions
above high albedo surfaces (eg., ice, clouds), there were regions with a decrease

in the cooling all-sky BB-DRE in the elevated BB-PIH scenarios.

The global-average BB-AIE were -15.6 mW m™ (all BB emissions at the surface),
-20.9 mW m (using GFAS BB-PIH), and -32.9 mW m (further upward shift of
GFAS BB-PIH). The large increase in cooling as BB-PIH increases resulted from

increased CCN at low-cloud levels as BB-PIH increased.

The BB-AIE over the ocean is the most sensitive to BB-PIH, while BB PM3 s,

BB-DRE, and BB-AIE over land have relative changes of similar magnitude.

Our results show robust and consistent global averages and spatial patterns of the
impacts of BB-PIH in each of the two-years analyzed. Additionally, the shown
impacts of BB-PIH on air quality and radiative effects are supported by
improvements in model-satellite agreement of aerosol extinction coefficient
profiles when using GFAS plume heights to inject BB emissions relative to

emitting all BB at the surface.

Our results suggest that future global-model studies of aerosols and their impacts on

climate and air quality, should give consideration to the careful inclusion of the biomass burning

plume injection height. This is particularly relevant in the understanding of long-range transport

of size-resolved aerosols. We acknowledge that there are limitations to this study including

coarse model resolution and potential biases in the biomass burning emissions and plume

heights. Our BB-PIH sensitivity simulation with injections above the standard GFAS values uses
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crude adjustments to GFAS plume heights and is not meant to improve agreement with model-
observation agreement for any specific BB plume but to reduce the systematic bias of heights
being underestimated. Continued work on improving BB-PIH in emission inventories and
simulations is needed, and exciting new opportunities are arising through various satellite
applications (Cheeseman et al., 2020; Chen et al., 2021b; Lyapustin et al., 2020). The process of
systematically elevating the BB-PIH with some constraints based on GFAS and its association
with observed plume heights allows us to understand the impacts of higher plume heights on
global air quality and climate. Our findings are of relevance for consideration of future fire
impacts since fires may become more intense in the future with climate change, which would
favor increases in BB-PIH. Our results also are relevant for the communities looking at historical
and current fire impacts on aerosols and climate on a global scale. We have shown a strong

sensitivity of global-mean aerosol-climate effects to biomass burning plume injection height.

2.5 Data Availability

This research has been supported by the National Science Foundation (grant no. AGS-1950327)
and National Aeronautics and Space Administration (NASA) Health and Air Quality Applied

Sciences Team Grant Number 8ONSSC21K0429.

GEOS-Chem-TOMAS source code [FORTRAN] used in this study are available

(https://doi.org/10.5281/zenodo.5748260). GEOS-Chem-TOMAS analysis code [Python and

Fortran] are available (https://doi.org/10.5281/zenodo.14164744). Emissions and meteorology

data are publicly available through the Washington University in St. Louis data server

(http://geoschemdata.wustl.edu/). AERONET is available for download at

https://aeronet.gsfc.nasa.gov/new_web/download_all_v3_inversions.html. CALIPSO data is

available for download at
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https://doi.org/10.5067/CALIOP/CALIPSO/CAL LID L3 Tropospheric APro CloudFree-

Standard-V4-20. The van Donkelaar et al. 2021 PMz s data is available through the Washington

University in St. Louis (https://sites.wustl.edu/acag/datasets/surface-pm2-5/). The O’Dell et al.

2021 PM; 5 data is publicly available (http://doi.org/10.25675/10217/233962).
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Chapter 3: Look Within: Intraplume Differences on Smoke Aerosol Aging Driven by

Concentration Gradients?

3.1 Introduction

Wildfires, which span orders of magnitude in size, are an important source of aerosol and
gas-phase aerosol precursors to the atmosphere (Akagi et al., 2011; Andreae, 2019; Andreae and
Merlet, 2001; Capes et al., 2008; Garofalo et al., 2019; Reid et al., 2005a; Wiedinmyer et al.,
2011). Biomass burning aerosol is predominantly in the accumulation mode (100-1000 nm mode
diameters) with a variable but often less abundant coarse mode (Adachi et al., 2022; Hodshire et
al., 2019b; Janhill et al., 2010; Reid et al., 2005a). The submicron mass in wildfire smoke is
predominantly (>90%) organic aerosol (OA), with additional minor contributions from black
carbon and inorganic species (Bond et al., 2013; Capes et al., 2008; Carrico et al., 2008; Cubison
et al., 2011; Garofalo et al., 2019; Hecobian et al., 2011; Mardi et al., 2018; Reid et al., 2005a).
This OA has been shown to impact the Earth’s radiative budget (Hobbs et al., 1997; Ramnarine
et al., 2019), air quality (McClure et al., 2020; O’Dell et al., 2019; Schill et al., 2020; Yue et al.,
2013), and human health (Chen et al., 2017; Ford et al., 2018; O’Dell et al., 2021) with aerosol
size, composition, and abundance determining the magnitude of the effects (Kodros et al., 2018a;
Lee et al., 2013; Seinfeld and Pandis, 2016; Spracklen et al., 2011). However, uncertainties still
remain surrounding OA emissions, evolution, and composition from wildfire smoke, particularly
in how these processes vary as a result of vertical and horizontal concentration gradients within

smoke plumes.

2 June, N. A., Wiggins, E. B., Winstead, E. L., Robinson, C. E., Thornhill, K. L., Sanchez, K. J., et al.
(2025). Look within: Intraplume differences on smoke aerosol aging driven by concentration
gradients. Journal of Geophysical Research: Atmospheres, 130,

€2024JD042359. https://doi.org/10.1029/2024JD042359
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Wildfires directly emit primary organic aerosol (POA), much of which is semi-volatile
and evaporates as smoke dilutes (Hatch et al., 2018; Huffman et al., 2009; May et al., 2013). The
POA emissions from individual fires span orders of magnitude as a result of varying fire sizes,
fuel types, and combustion properties (Bian et al., 2017; Gkatzelis et al., 2024; Hodshire et al.,
2019b, a). Dilution rates of fires also tend to span orders of magnitude (Bian et al., 2017;
Hodshire et al., 2019b). The dilution and emission variabilities, as well as measurement
uncertainties lead to high uncertainty in OA emission ratios used in models. Aircraft field
campaigns tend to sample larger wildfires and often miss the first half-hour of aging, due to
flying risks, meaning there is still an observational gap in understanding evolution (Hodshire et

al., 2019a).

POA and the vapors in equilibrium with the POA (semivolatile organic compounds,
SVOC) react to produce oxidized primary organic aerosol (OPOA), although some refer to this
material as SOA and reserve the term OPOA for that formed by particle-phase oxidation of POA
(Dzepina et al., 2009; Hatch et al., 2018; Hennigan et al., 2010; Jen et al., 2019). Additionally,
wildfires emit important OA precursor vapors with higher volatility, including oxygenated and
non-oxygenated aromatics, heterocyclic organic compounds, and biogenic VOCs which can
oxidize in the atmosphere to form secondary organic aerosol (SOA) (Gkatzelis et al., 2024;
Hatch et al., 2015, 2017; Jathar et al., 2014; Koss et al., 2018; Palm et al., 2020; Sekimoto et al.,
2018; Smith et al., 2014; Stockwell et al., 2015). Despite fires being a large source of VOCs to
the atmosphere, the contribution of biomass burning to SOA/OPOA is uncertain (Granier et al.,
2011; Lamarque et al., 2010; Reid et al., 2005a; Shrivastava et al., 2017). Since the processes
accounting for SOA and OPOA in models are typically parameterized due to uncertainties and

computational limitations of simulating a large number of VOC species individually (Bilsback et
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al., 2023; Charan et al., 2019), the evolution of OPOA and SOA in wildfire smoke needs to be

well understood to improve estimates of biomass burning on climate and health impacts.

Further complicating the understanding of OA, the evolution of the OA enhancement
ratio (OAER; AOA/ACO) as smoke ages has been observed to either increase, decrease, or
remain constant (Akagi et al., 2012; Cubison et al., 2011; Hecobian et al., 2011; Hobbs et al.,
2003; Jolleys et al., 2015; May et al., 2015; Pagonis et al., 2023; Sakamoto et al., 2015; Vakkari
et al., 2014; Yokelson et al., 2009; Zhou et al., 2017). The AOA/ACO corrects for dilution,
showing the net change in OA as smoke ages due to the effects of POA evaporation and
OPOA/SOA formation (Akagi et al., 2012). Field studies have suggested that OPOA/SOA
condensation and POA evaporation balance each other in the wildfire plume leading to little net
change in OA during the first few hours of aging (Akherati et al., 2022; Hodshire et al., 2019a,
2021; May et al., 2015; Palm et al., 2020). This hypothesis was supported by simulations of
wildfire plumes measured during the WE-CAN field campaign that showed dilution-driven
evaporation of POA and simultaneous production of SOA explain the lack of change in OA
enhancement ratios observed during the first 2 to 8 hr of physical aging (Akherati et al., 2022).
At approximately 4 hours of aging, the OA in these plumes was 65% POA, 25% OPOA, and
10% SOA according to the simulations (Akherati et al., 2022). The variability in AOA/ACO
evolution may also be influenced by the concentration of the plume (Bian et al., 2017; Hodshire
et al., 2021; June et al., 2022). For example, plumes sampled during the Fire Influence on
Regional to Global Environments and Air Quality (FIREX-AQ) campaign tended to have an
observed AOA/ACO decrease in more concentrated plumes and an AOA/ACO increase in less
concentrated plumes after the first transect (June et al., 2022; Pagonis et al., 2023). Prior to the

first transect, there is observational evidence for rapid evaporation in less concentrated plumes
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evidenced by the AOA/ACO at the first transect tending to be lowest in the most dilute plumes

sampled during FIREX-AQ (June et al., 2022).

Aerosol size distributions generally shift toward larger sizes as smoke ages, which is
predominantly due to coagulation with slight impacts due to net condensation or evaporation of
OA (Hodshire et al., 2019a; June et al., 2022; Sakamoto et al., 2016). Coagulation reduces the
particle number concentration, shifts the distribution to larger sizes, and narrows the modal width
of the size distribution as a result of collisions resulting in faster loss of smaller particles, while
the larger particles grow in size slightly (Hodshire et al., 2019a; Janhéll et al., 2010; June et al.,
2022; Sakamoto et al., 2016). Number median diameters have been observed to increase from 40
to 150 nm in fresh smoke (<1 hr aging) to 175 nm to 290 nm in smoke that has aged for 3 to 6
hours (Hodshire et al., 2021; Janhéll et al., 2010; June et al., 2022; Reid and Hobbs, 1998). The
coagulation rate is proportional to the square of the number concentration (when the sizes are
fixed), meaning that more concentrated plumes have more rapid coagulation (Seinfeld and
Pandis, 2016). The dilution rate of the plume also has an impact, since a plume mixing into the
clean background air at a slower rate will have a slower decrease in number concentration

allowing for sustained coagulation (June et al., 2022; Sakamoto et al., 2016).

Within a single smoke plume, the processes driving aging can vary due to mixing and
gradients in concentration (differences in concentrations in different regions of the plume)
(Decker et al., 2021; Hodshire et al., 2021; June et al., 2022; Pagonis et al., 2023; Peng et al.,
2020; Wang et al., 2021; Xu et al., 2021). Studies using observational data from the Biomass
Burning Observation Project (BBOP) and FIREX-AQ have shown there to be differences in
coagulation and net OA evaporation/condensation between the edge and core of a plume

(Hodshire et al., 2021; June et al., 2022). June et al. 2022 found faster coagulation and faster
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evaporation in the concentrated centers of plumes sampled during FIREX-AQ; however, there
was also evidence of rapid changes in AOA/ACO before the first transect. Studies examining the
composition of AOA/ACO evolution, specifically looking at POA, OPOA, and SOA in smoke
plumes have often focused on either the plume average at the altitude of an aircraft or horizontal,
cross-wind variability at that altitude (Akherati et al., 2022; Hodshire et al., 2021; June et al.,
2022; Palm et al., 2020, 2021). There is less understanding of how smoke ages at varying heights
in a smoke plume, and improving this understanding would be beneficial to understanding
impacts on air quality at the surface and aloft (Pagonis et al., 2023). Pagonis et al. (2023)
compared AOA/ACO measurements from recent field campaigns sampled at aircraft altitude and
in smoke plumes sampled at the ground, finding that the ground measurements had an
AOA/ACO a third of that at the aircraft measurements. These findings are explained by
temperature differences: at aircraft altitude (270 K) the semi-volatile organic compounds
(SVOC) favor the particle phase, while the surface (310 K) SVOC partitioning favors the gas
phase (Pagonis et al., 2023). For example, the Sheridan Fire sampled under a range of
temperatures during FIREX-AQ showed a decrease in AOA/ACO with increasing temperature
consistent with the plume-by-plume analysis (Pagonis et al., 2023). The vertical variances in
plume evolution are likely influenced by the initial smoke injection height and environmental
conditions that a plume is emitted into, such as a deep planetary boundary layer (PBL) versus a
shallow one, or into the free troposphere (FT). Despite recent field campaigns improving the
sampling of smoke plumes and the gradients within them, studies have typically focused on
plume average evolution and variability in evolution at a single height. Additionally,
understanding the evolution of smoke prior to the first transect remains an ongoing field of

research.
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Simulations of heterogeneity within smoke plumes have been done before with models
such as SAM-ASP (Lonsdale et al., 2020), WRF-LES-Chemistry (Wang et al., 2021), SAM-
TOMAS (Sakamoto et al., 2016), CRM6 (Alvarado et al., 2009). Lonsdale et al. (2020) used the
SAM-ASP 2D Lagrangian model to simulate gas and aerosol chemistry in a wildfire smoke
plume. Although the model showed strong intraplume gradients in CO, gradients were less
pronounced in OA and O3 due to the impact of the plume not being included in the photolysis
rates. Additionally, this study did not include evaluation of simulated aerosol size distributions
due to a lack of measurements (Lonsdale et al., 2020). Wang et al. (2021) examined ozone and
NOx chemistry using a large eddy simulation (LES) of a plume sampled during FIREX-AQ in
the WRF-LES-Chemistry model. They found chemistry to be suppressed at the center of the
plume as well as below the concentrated free tropospheric plume (Wang et al., 2021). This study

did not include analysis of OA or aerosol size distributions.

In this study, we use a 2D Lagrangian model (SAM-ASP) coupled with the tropospheric
ultraviolet and visible model to further the understanding of vertical variability of OA and
aerosol size distributions in near-term (first 4 hours) aging of a wildfire plume sampled during
FIREX-AQ that had emissions into both the FT and PBL. In Chapter 3.2, we describe the
observational data and model setup. In Chapter 3.3, we first analyze the model performance
against observations at the aircraft altitude. We then analyze the impacts of in-plume

concentration gradients on differences in aging between the boundary layer and free troposphere.

3.2 Materials and Methods

3.2.1 FIREX-AQ Field Campaign Data

The FIREX-AQ campaign sampled wildfire smoke in the western United States in July-

August 2019 (Warneke et al., 2023). In our study, we use data from the first sampling of the

45



Williams Flats Fire around 22 UTC on August 3, 2019. It should be noted that the aircraft moved
downwind 4 times faster than the smoke, meaning that the smoke sampled farther from the fire
generally had been emitted by the fire earlier in the day than the smoke sampled close to the fire.
For this reason, transects used for model-observation comparison are limited to those identified
as the most Lagrangian: transects in the vertically densest section of the plume as identified by
lidar measurements with fairly consistent modified combustion efficiency (0.89 to 0.92)
suggesting relatively constant burning conditions (June et al., 2022; Wang et al., 2021).
Additionally, we also limit our analysis to the first 4 hours of physical aging due to the limits of
the pseudo-Lagrangian sampling pattern (aircraft moving downwind faster than the plume). The
FIREX-AQ campaign also included a mobile laboratory truck; however, for this day and fire, the
analysis measurements of aerosol size smaller than 500 nm and aerosol mass spectrometer

measurements are not available.

The TSI laser aerosol spectrometer (LAS) measured the aerosol size distribution between
0.1 and 5 pum at 1 Hz resolution (Moore et al., 2021). The LAS uses a helium-neon laser to detect
particles across this size range with 20% uncertainty across all sizes. The LAS was calibrated
using size-classified ammonium sulfate aerosols. More detailed information on the LAS
calibration and performance during FIREX-AQ can be found in the work of Moore et al. (2021).
As described by June et al. (2022), we apply corrections to the LAS measurements for

evaporation due to heating in the sampling lines and optical saturation of the LAS sensor.

The Aerodyne high-resolution time-of-flight aerosol mass spectrometer (AMS) measured
OA at 1 or 5 Hz resolution (Pagonis et al., 2021; Warneke et al., 2023). The uncertainty for OA
measured by the AMS has been estimated to be 38% (2 sigma), mostly due to uncertainties in

collection efficiency and the relative ionization energy of OA (Bahreini et al., 2005, 2009; Guo et
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al., 2021). An evaporation correction is applied to the AMS measurements to account for

evaporation due to heating in the sampling lines (Pagonis et al., 2023).

The NASA Langley Research Center’s airborne Differential Absorption Lidar and High
Spectral Resolution Lidar (DIAL-HSRL) provides measurements of 180-degree aerosol
backscatter at 532 nm. It is used here to provide qualitative comparisons to the model of the

vertical distribution of aerosol particles throughout the smoke plume.

Gas phase measurements include CO, O3, NOy, as well as photolysis rates. CO was
measured by the NOAA LGR at 5 Hz resolution and averaged to 1 Hz. The instrument operated
with 2% uncertainty during FIREX-AQ (Bourgeois et al., 2022). The O3 and NOx measurements
were made by the NOAA NOyO3 4-channel chemiluminescence instrument (Ryerson et al.,
2000). The photolysis frequencies were measured by the NCAR CCD Actinic Flux

Spectroradiometers (CAFS) instrument (Shetter and Miiller, 1999).

3.2.2 SAM-ASP-TUV Model

We use a version of the System for Atmospheric Modeling coupled to the Aerosol
Simulation Program (SAM-ASP) model now coupled with the Tropospheric Ultraviolet and
Visible (TUV) model. Lonsdale et al. (2020) introduces the coupling of SAM v6.10 to ASP v2.1;
we briefly describe the details here. In SAM-ASP, SAM is the Large-Eddy Simulation (LES)
component that is configured as a moving, 2D Lagrangian wall, oriented perpendicular to the
mean wind in the layer of smoke injection (1320 m to 2200 m). Due to the use of the mean wind,
one limitation of the model is the inability to capture differences in physical age that occur
between the edge and core of the plume, as well as between the FT and PBL. The grid boxes in
the 2D moving wall have a 500 m x 500 m horizontal resolution with the total domain width

being 120 km in the perpendicular to the wind direction (and 500 m in the with-wind direction).
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The vertical resolution is 40 m with a total vertical extent of 3.2 km. One limitation of the model
is that it does not include the topography. We acknowledge that this means the model may have
biases in turbulence due to the roll of terrain on boundary layer dynamics; however, prior studies
have shown that these simulations with no terrain can be valuable in understanding the evolution
seen in smoke plumes (Lonsdale et al., 2020; Wang et al., 2021). The meteorological conditions
used in the model use the 3 hr, 32 km resolution North American Regional Reanalysis from the
time of the flight (August 3, 2019, 21:00 UTC to August 4, 2019, 00:00 UTC). SAM allows
various configurations for the advection scheme, turbulence parameterization, radiation and
cloud microphysics. The configuration used here is as described by Lonsdale et al. (2020),
including the use of a positive definite monotonic advection scheme with a non-oscillatory
option, the 1.5-order turbulent kinetic energy closure for subgrid-scale turbulence, and the cloud
microphysics scheme of Morrison et al. (2005) (although clouds are not predicted nor were
observed in the domain on our investigated day). Initial turbulence in the model is spun up for 3
hours using a warm bubble to allow for repeatable turbulence between sensitivity simulations.
The turbulence is nudged to the reanalysis fields on a timescale of three hours. SAM transports
all of the gas-phase and aerosol species calculated by ASP (Lonsdale et al., 2020). ASP is used to
simulate the chemical and physical aging of biomass-burning plumes (Alvarado et al., 2015;
Alvarado and Prinn, 2009). A sectional aerosol size distribution with 10 bins (0.025 pm to >1
pum) is used to represent the aerosol size distribution in ASP, which also includes inorganic and
organic aerosol thermodynamics, condensation and evaporation, coagulation of aerosol particles,

and aerosol optical properties (Alvarado et al., 2016).

In this version of SAM-ASP-TUYV, we couple SAM-ASP v1.0 to the TUV model (Bais et

al., 2003; Lonsdale et al., 2020). The coupling of SAM-ASP to TUV allows for online
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calculations of photolysis rates including the impact of aerosols. Aerosol optical depth, single
scattering, and asymmetry parameter are sent from SAM-ASP to TUV. TUV predicts the
photolysis rates across each column for 48 reactions (Table B.1), which are sent back to ASP for

chemistry.

We made updates to the SAM-ASP-TUV representation of OA chemistry to better
represent SOA precursors and processes from recent field campaigns and modeling studies of
wildfire plumes. The previous version of SAM-ASP used nine volatility bins spanning from
saturation concentrations (C*) of 10 to 10° pg m™ at 298 K (each bin covering 1 order of
magnitude) tracking POA, OPOA, and SOA together. To track POA/OPOA and SOA separately
in our simulations, without adding additional species, we use four volatility bins (each covering 2
orders of magnitude) from 102 to 10° pg m for POA/OPOA and a second set of four volatility
bins from 10 to 10° ug m™ for SOA. POA emissions are split into the 4 POA/OPOA volatility
bins as shown in Figure B.1 (Akherati et al., 2020, 2022; Bilsback et al., 2023; May et al., 2013).
This range of C* bins spans from low-volatile organic compounds (LVOC) to intermediate-
volatile organic compounds (IVOC). For POA/OPOA, these C* have previously been shown to
be the range observed in fresh wildfire smoke (Bian et al., 2017; Hatch et al., 2017; May et al.,
2013). Using the configuration described here allows the POA/OPOA bins to have the same
spacing and C* as the SOA bins for which we have updated information for the SOA processes
in smoke. Kinetic partitioning is used to determine the amount of organics in the particle/gas
phase in each of these bins. Based on Shrivastava et al. (2024), we use a reduced scheme for
SOA precursors using two lumped precursor classes, OXARO and OTHER. OXARO represents
all oxygenated aromatic precursors and OTHER represents all remaining SOA precursors

including heterocyclics, aromatic hydrocarbons, biogenics, and acyclic VOCs (Shrivastava et al.,

49



2024). The use of these two SOA precursor classes was based on previous biomass-burning work
(Akherati et al., 2020, 2022; Bilsback et al., 2023), which showed that these precursor classes
can capture the majority of the SOA potential in wildfire plumes. The sum of OXARO and
OTHER represents the total amount of SOA precursors in our simulations (SOApre). OXARO
and OTHER each react with OH into the SOA volatility bins with yields and reaction rates
shown in Figure B.1 (Shrivastava et al., 2024). Once SOA products are in the volatility bins, they
do not react with OH to change volatility after formation; the parameterized volatilities already

include multi-general aging representative of the first several hours in the plume.

Since OPOA is not tracked explicitly, we run five simulations with different POA/OPOA
aging schemes (Table B.2). A no-aging case, where the POA/OPOA volatility bins do not react
with OH is used to estimate the OPOA fraction in the other four simulations, by using the
difference between POA between a simulation with an aging scheme and the no-aging case. For
the simulations with POA aging, the POA/OPOA volatility bins react with OH to form lower-
volatile VOC and higher-volatile VOC. The total yield of these reactions is 1.075 based on
Robinson et al. (2007) and Ahmadov et al. (2012). Each sensitivity simulation tests a different
fraction of fragmentation from 0% to 50% (Table B.2). All of the POA aging scheme simulations
are run twice, once with a base case SOA precursor emission rate and once with a doubling of
the SOA precursor emission rate. We primarily discuss results for the configuration with the base
case SOApre emissions, with the POA following the 0.825 functionalization mass yield and 0.25
fragmentation mass yield. However, we also discuss the sensitivity of model-observation

agreement due to the assumptions made for OA aging.

Emissions to SAM-ASP-TUV occur after turbulence spin-up over a time period of 1 hour

while the 2D wall passes over the fire area. During this hour chemistry does not happen in the

50



plume, but mixing occurs. Emissions ratios, initial CO, and aerosol size distribution initial
conditions are determined following the methodology of Lonsdale et al. (2020). Some emissions
ratios were updated using the Gkatzelis et al. (2024) study which gives emission ratios and
emission factors for US wildfires based on FIREX-AQ measurements. Emissions ratios for the
SOA precursor classes, OXARO and OTHER, are from Shrivastava et al. (2024). A scaling
factor is used to adjust total emissions in order to yield agreement in CO, OA, and total aerosol
number concentration at the time of the first transect. Although the emissions ratios used are
consistent with estimates for Western US wildfires; the process of adjusting to match the model
and observations at the first transect likely impacts our conclusions on processes prior to the first
transect where there is no observational constraint. The emitted aerosol median diameter and
modal width, 110 nm and 1.5, respectively, was selected to yield agreement in modeled and
observed diameter at the first transect assuming a lognormal mode. This selection was done
through an iterative process of adjusting emitted aerosol median diameter and modal width
within the range of prior studies (eg. Grieshop et al. 2009) until there was a match in the median
diameter at the first transect. Other than the SOA precursor emission rate, which is adjusted for

some sensitivity simulations, all emissions are fixed between the sensitivity simulations.

3.2.3 Derived Quantities

In the observations, flags provided in the FIREX-AQ dataset are used to determine
measurements in background air and in-plume. The enhancement of species X due to the
presence of smoke (AX) is determined by subtracting the average background concentration
(Xbackground) from the in-plume concentration (Xinplume). The minimum observed ACO was 135
ppbv. For the model, we use ACO greater than 135 ppbv as the threshold for determining if a

model grid box is considered in-plume. Enhancement ratios (AX/ACO) are used to evaluate the
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dilution-corrected evolution of a species. Lastly, averages within the plume are concentration
weighted such that the more concentrated parts of the plume contribute more to the averaged

quantity.

For the observations, the number median diameter (Dpm) and number concentration (N)
are calculated using the same methodology as June et al. (2022) by fitting a lognormal
distribution from 50 nm to 2 um to the binned dN/dlogD, measurements from the LAS. A single
mode is enough to describe the size distributions sampled in this plume (June et al., 2022; Moore
et al., 2021). For the model, the N and Dyn are calculated using the same methodology as for the
model output, also limiting the model to the size ranges from 50 nm to 2 um. In the 4 hours of
aging used in our study, few particles in the model and observations grow outside of this size

range.

For model evaluation against the DIAL-HSRL observations, we calculate an estimate of
the backscatter at 532 nm. We use Mie Code to calculate the backscatter at 532 nm (Bohren and
Huffman, 2008). We use an assumed ambient particle refractive index (1.47 + 0.0071) in our
backscatter calculations based on Moore et al. (2021), which calculated refractive indices for
different FIREX-AQ plumes. Although this assumption for a refractive index introduces some
uncertainties, it allows for a qualitative comparison of the vertical distribution of the modeled

and observed plume.

We additionally define a quantity of ACOioading to understand the total amount of smoke

in the PBL and FT for any vertical/cross-wind cross-section of the plume (Eq. 3.1).

ACOLOading = E E ACOM_«%'boxAZgTidAxgridUwall (31)
m
Z X
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Where Azg,.4 1s equal to 40 m, Ax ;4 is equal to 500 m, and U,,qy; is equal to the speed that the
2D Lagrangian wall is advected downwind. We sum over the entire plume, the plume in the PBL,
and the plume in the FT to determine the fraction of ACO\oading in the FT and the PBL. We use a
PBL height of 1880 m above ground level (AGL), based on the reanalysis meteorology vertical
profiles of temperature used in the model and the height to which ACO is well mixed in the
model after 1 hr of aging. The plume above this height is considered to be FT. In reality the PBL
height likely evolves slightly during our 4 hr simulation, but given that the aircraft samples the
plane in about 2 hr, these effects would be difficult to disentangle from other observational
uncertainties. This quantity is not directly input into the model and does not influence the model
output; it is used to aid in interpretation of the model results. The model is rather spinning up
turbulence and creating a PBL like environment, and being nudged to the re-analysis on 3 hr

timescales.

3.3 Results

3.3.1 Model-Observation Comparisons

Both the DIAL-HSRL observations (Figure 3.1a-c) and the model (Figure 3.1 d-f)
backscatter at 532 nm show a plume located in the free troposphere and in the PBL. We have not
removed the background backscatter from either the observations or the model. Therefore, there
are horizontal discrepancies outside of the plume due to the model having an assumed constant
background everywhere. On the observation panels (3.1a-c), there is a level of white where data
are not reported for approximately 500 m around the aircraft level. Additionally, data are not
reported when attenuation in the plume is too large, or near the surface due to the impacts of the
ground. Data not being reported due to plume attenuation is the primary cause of missing data in

3.1a and 3.1b, while 3.1c is more affected by the terrain. Our model does not include topography,
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Figure 3.1: (a.)-(c.) Observed DIAL-HSRL backscatter at 532 nm for three transects observed
during the August 3, 2019, sampling of the Williams Flats Fire. (d.)-(f.) The corresponding
backscatter at 532 nm for the SAM-ASP-TUV model. Note that the alignment horizontally

Distance from center [km]

Backscatter 532 nm [Mm~*! sr™1]

between the top and bottom rows may differ as the center in (a.)-(c.) is based on the time it took
the aircraft to complete the transect, while the center in (d.)-(f.) is the center of the model. In the

observed panels, there are areas of white where data are not reported at the altitude of the

aircraft, as well as topography effects near the surface or from in-plume attenuation. Topography

is not included in the model. The vertical axes limits are set such that the vertical extent is
approximately equal between the model and observation in units of m above sea level (m asl).
The solid black horizontal line is the height of the PBL determined from the reanalysis used in

the model. The dashed gray line is the height of the aircraft that sampled the plume. The ground

altitude is plotted in green.

and therefore, cannot represent these topographical features. The mixing to the surface pattern is

similar to that shown for the same sampling of the Williams Flats Fire simulated with WRF-LES

by Wang et al. (2021). At the time of the first transect (Figure 3.1a. and 3.1d.), the plume has yet

to disperse much horizontally, but has mixed to the surface in both the model and observation.

After 2 hr of aging (Figure 3.1b. and 3.1e.), the free tropospheric plume has dispersed

horizontally, with one side of the plume showing stronger mixing to the surface due to the

Ekman spiral (Wallace and Hobbs, 2006). At 2 hr, the model has the most concentrated part of

the plume just above the aircraft, while the observations suggest that the aircraft sampled directly

at the most concentrated part of the plume. At 3.2 hr of aging (Figure 3.1c. and 3.1f.), both the
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model and observations continue to show a free tropospheric plume and stronger mixing on one
side of the plume to the surface. At this time both the model and observations have a
concentrated smoke layer above the aircraft. Although there is generally qualitative agreement
between the DIAL-HSRL and the simulated backscatter, there are some discrepancies,
potentially due to both the pseudo-Lagrangian sampling and topographical effects on dispersion
and PBL dynamics. Differences between the model and observations in terms of the amount of
entrainment that occurs between the FT and the PBL could exist as a result of the observational
limitation of pseudo-Lagrangian sampling and the model limitation of not including topography.
However, without truly lagrangian observations, we cannot quantify how much of the model
biases are due to lacking terrain, or potential biases in turbulence. Although not a direct
comparison, these backscatter comparisons suggest that the SAM-ASP-TUV qualitatively

represents both the horizontal and vertical dispersion of the plume in the near-term aging.

The aircraft only sampled the free tropospheric portion of the plume, so our quantitative
model evaluation (Figure 3.2) is for this portion of the plume only. The model captures the
observed CO concentration dilution rate at the altitude of the aircraft and ACO concentrations
throughout the first 4 hours of aging. Although there are higher ACO values just above the
aircraft (blue lines) and lower ACO values just below (green lines) (Figure 3.2a). The model
representation of dilution at the aircraft altitude gives further confidence (beyond the DIAL-

HSRL comparisons) that the model represents the dispersion of the plume.

The model generally captures the evolution of the plume average AN/ACO (Figure 3.2b.)
and Dpm (Figure 3.2c.) measured by the aircraft within the variability of the transect. There are
sensitivities to the altitude of comparison with faster coagulation above the aircraft and slower

coagulation below. Prior to the first transect, the changes in AN/ACO and Dpnm are due to rapid
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Figure 3.2: The transect average evolution of (a.) ACO, (b.) AN/ACO, (c.) Dpm, (d.) OH, (e.)
AOA/ACO, (f.) POA fraction, (g.) OPOA fraction, (h.) SOA fraction, and (i.) SOAp/ACO. The
solid-colored lines are the model plume average at five heights with the 1980.0 m AGL line
being the altitude closest to the height of the aircraft. The transect-average aircraft observations
for the August 3, 2019 sampling of the Williams Flats Fire are shown as black squares for panels
(a.)-(d.) with the error bars showing the standard deviation of the measurements.

coagulation resulting in a factor-of-3 drop in number and a 30-50% increase in Dpm. After 1 hr of
aging, the coagulation rate slows as seen by the slower rate of decrease in AN/ACO. The slower
increase in Dpm after 1 hr of aging is due to the slower coagulation rate; however, there are minor
effects of evaporation due to the net decrease in AOA/ACO. The net decrease in AOA/ACO
results in approximately 5% smaller particles at 4 hours of aging compared to if there was no net

change in AOA/ACO (Figure B.2).

The model and observations suggest net OA evaporation with a decrease in AOA/ACO
from 0.7 to 0.58 ug sm™ ppb! at approximately 3 hours of aging (Figure 3.2¢.). The final
observation transect has a lower AOA/ACO than the model; however, this point does not follow

the trend of the prior observation transects. In the model levels surrounding the aircraft, there are
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only slight impacts of the altitude on the AOA/ACO comparison. However, the comparisons
reveal that the more concentrated levels above (2060 m to 2140 m) had faster evaporation than
the layers below (1820 m to 1900 m), likely due to effects of there being more semi-volatile OA
to evaporate at higher concentrations. The OA evaporation primarily occurs in the C*(298 K) 10*
ug m™ bin, with some evaporation in the C*(298 K) 10% ug m™ bin (Figure B.3). The evaporation
in the volatility bin space is consistent with the approximately 280 K temperature at the aircraft
altitude and the modeled AOA concentrations decreasing from 5870 pg sm™ to 607 pg sm™ at
3.2 hours. The reduction in AOA/ACO is the result of POA evaporation being greater than the
increases in OPOA and SOA (Figure 3.2e-h). We acknowledge that there is likely some
uncertainty induced by the selection of volatility bins used in the model. However, given the
consistency with observations at the aircraft altitude and the volatility bin setup being consistent
with recent studies (e.g., Bian et al., 2017; Bilsback et al., 2017), we believe the setup used here
to be reasonable within the uncertainties of current knowledge. After 4 hours of aging, the
combined fraction of OPOA and SOA is about 21%, which is similar to the fractions of OPOA
and SOA seen in simulations of wildfire plumes sampled during the WE-CAN field campaign
(Akherati et al., 2022). The increases in SOA and OPOA are largest prior to the first transect (0.8
hr); after that point in time the SOA fraction remains approximately constant, while the OPOA
continues to increase. The SOA fraction stops increasing due to the lack of SOA precursors
remaining in the plume after 1 hour of aging (Figure 3.21). The rapid changes in AOA/ACO
before first measurement are consistent with prior studies which have suggested the need to
understand processes controlling the evolution in the first half hour of wildfire aging (Akherati et

al., 2022; Bian et al., 2017; Cubison et al., 2011; Hodshire et al., 2019a).
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The OA aging sensitivity simulations (Table B.2) all show net OA evaporation in
agreement with the observations (Figure B.4); however, there are minor impacts on AOA/ACO
and Dpm observation agreement as well as the amounts of OPOA and SOA (Figure B.4). For the
scenarios with 2x SOApr. emissions, the main difference is AOA/ACO is higher at all times
relative to the 1x SOAp emissions due to the increase in SOAp;. increasing the amount of SOA
formed in the first hour of aging. However, nearly all of the differences in ASOA/ACO come
prior to the first transect, meaning it is difficult to tell which SOAp. scenario agrees best with
observations. The SOA fraction at 4 hours is around 15% in the higher emissions scenario and
around 8% in the lower (Figure B.5). The rapid formation of SOA in fresh smoke (<1 h) has been
noted in prior studies (eg. Akherati et al., 2022; Bian et al., 2017), and the lack of observations in
this range has been noted as a potential explanation for discrepancies in OA evolution between
lab and field studies. Our study supports these prior claims. The OPOA Off simulation has the
lowest amount of A(POA+OPOA)/ACO as it only represents evaporated POA. As the
fragmentation fraction (F) decreases, the A(POA+OPOA)/ACO is higher throughout the
simulation due to the oxidation reaction of the POA volatility bins yielding a higher fraction in
lower volatility bins, which favors the aerosol phase leading to less of a net decrease in AOA/
ACO. The impact of the fragmentation fraction on observation agreement is minor through the
first four transects, where all simulations have AOA/ACO within the error bars of the
observations (Figure B.4e). At the last transect, the simulations with less fragmentation (more
functionalization) have AOA/ACO slightly above the uncertainty of the observations; however,
the observed AOA/ACO at the final transect does not seem consistent with the trend of the prior
transects. The OPOA fraction increases ranging from around 5% up to 15%. The fraction of POA

remaining at 4 hours in the highest fragmentation cases is high compared to that suggested by
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recent studies, while the fraction of POA remaining in simulations with fragmentation less than
or equal to 0.25 is comparable to recent studies (Akherati et al., 2020, 2022). There are some
impacts on the Dy as the scenarios with more evaporation tend to have smaller particles.
However, the impact of the OA aging sensitivity simulations on Dpm (Figure B.4) is smaller than

the near aircraft altitude impact on Dpm (Figure 3.2).

We are focused on the evolution of aerosols in the smoke plume; however, the model
does capture some of the observed evolution of O3, NOx, and jaono, prior to 2 hours of aging
(Figure B.6). Additionally, the OH concentrations in the model are consistent with Wang et al.
(2021) and Liao et al. (2021). After 2 hours of aging, there are discrepancies in the trend in juono
as a result of the sun setting in the model, but due to the non-Lagrangian sampling, the sun has
not set at that smoke age in the observations. This effect of the solar zenith angle is also seen in
the decrease in OH (Figure 3.2d.). Gas-phase evolution in this wildfire plume was the focus of
the Wang et al. (2021) study; at the aircraft altitude the results of our study are similar in the
near- term aging, suggesting that the new coupling of TUV in our simulations is working as

expected.

3.3.2 Simulated Vertical and Horizontal Variability in In-Plume Evolution

As discussed for the DIAL-HSRL comparisons, both the simulated plume and the
observed plume have a concentrated portion in the FT with a less concentrated portion that mixes
down to the surface (Figure 3.1). There are no measurements at altitudes other than the aircraft
altitude, besides the DIAL-HSRL, available for this smoke plume. The ability of the model to
represent the DIAL-HSRL measurements and the aerosol evolution at aircraft level (as was
discussed in Chapter 3.3.1) leads us to believe there is credibility to the model in both the FT

(where the aircraft sampled) and in the PBL. In Chapter 3.4, we discuss suggestions for future
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field campaigns to improve the vertical sampling of smoke plumes. According to the model, at 0
hr of aging, the total ACO burden in the FT and the PBL are roughly equal at 0 hr of aging with a
slight increase in the PBL fraction as the plume ages due to dilution differences and entrainment
between the FT and PBL (Figure 3.3). Due to the equal amounts of smoke present in the FT and
PBL, we make comparisons between the evolution of the PBL and FT portions of the plume and

discuss implications of the horizontal and vertical structure on the modeled evolution.

o o o -
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Figure 3.3: The fraction of total ACO loading in the free troposphere (blue) and in the PBL
(green) as a function of smoke age. The ACO loading is defined in equation 3.1.

The ACO structure in the plume (Figure 3.4a) illustrates the concentration gradients
between the FT and PBL portions of the plume. At 0 hr of aging, the plume is not yet well mixed
in the PBL, with concentrations generally being lowest (ACO < 1000 ppbv) near the surface and
increasing with height until peaking around 2100 m AGL at a ACO of around 8000 ppbv (Figure
B.7a). By 0.8 hr, the ACO in the PBL is well-mixed vertically, with horizontally average
concentrations around 1100 ppbv throughout, while horizontally average concentrations in the
FT are above 6000 ppbv. From 0.8 hr aging (first observation transect) to 3.2 hr aging (last

observation transect), the in-plume ACO mean in the PBL decreases from 1000 ppbv to 720 ppbv
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while the FT in-plume mean decreases from 8000 ppbv to 3000 ppbv in the FT. Additionally,
near the top of the PBL ACO tends to be greater than near the surface of the PBL, due to
entrainment from the more concentrated PBL into the FT. There is also movement from the PBL
into the FT, as shown by the top left side of the plume increasing in altitude from 0.8 hr to 2.0 hr.
In terms of horizontal variability, the FT plume generally has larger variations in ACO than the
PBL plume. Overall, after the initial fast dilution vertically in the PBL (creating the lower overall

mixing ratios), the subsequent dilution tends to be slower in the PBL than in the FT.
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Figure 3.4: (a.)-(d.) ACO, (e.)-(h.) modeled Dpm, (i.)-(1.) modeled AN/ACO as a function of
distance from center and altitude above ground level (AGL) at four smoke ages downwind. The
solid black horizontal line is the height of the PBL. The dashed gray line is the height of the
aircraft that sampled the plume. Plume-average vertical profiles of these quantities are located in
Figure B.7.

Coagulation is faster in the FT than in the less concentrated PBL portion (Figure 3.4e-

3.41). At the time of the last transect (3.2 hr aging), this vertical gradient in coagulation results in
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a Dpm 0of 300 nm in the most concentrated portion of the FT and 200 nm at the surface, meaning
aerosol diameter increased more in the FT than the PBL relative to the initial diameter of 110
nm. AN/ACO is initially around 125 scm™ ppbv™! throughout all altitudes of the plume. At 3.2 hr
of aging, the faster coagulation in the FT has decreased the AN/ACO to 15 scm™ ppbv!, while
the AN/ACO in the PBL is approximately 50 scm™ ppbv™!. An important limitation of our study
is the lack of ground observations with size distribution measurements in this size range; we
believe that future field campaigns should plan to take measurements at multiple altitudes at
similar times to better understand the vertical gradients in plumes. At the aircraft altitude, we can
understand some of the horizontal gradients in the diameter. At 0.8 hr, there is a 10 nm difference
between Dpn at the edge of the plume (215 nm) and the core of the plume (225 nm) for the
model and the observations. At 3.2 hr of aging, the observed difference in Dpm between the edge
(245 nm) and core (280 nm) of the plume was about 35 nm (June et al., 2022), whereas the
model has 40 nm difference between the edge (240 nm) and core (280 nm) of the plume at the
same time. These results confirm that the mixing throughout the plume influences particle size
on the dilute edges of the plume, as the SAM-ASP-TUYV simulation more closely represents the
gradients in Dpm growth than a box model simulation which assumes no mixing (June et al.,
2022). Although coagulation dominates the changes in Dpm, there are also effects on the Dym due

to gradients in AOA/ACO, which will be discussed below.

Figure 3.5 shows the cross sections through the plume at four smoke ages of OA-relevant
properties. AOA/ACO (Figure 3.5a-3.5d) shows slight net OA condensation in the PBL and net
OA evaporation in the FT with horizontal gradients at each altitude. At 0.8 hr of aging, the more
concentrated parts of the plume at each altitude horizontally tend to have higher AOA/ACO.

Prior studies have also tended to see that at the time of the first transect, the most concentrated
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Figure 3.5: Modeled (a.)-(d.) AOA/ACO, (e.)-(h.) POA fraction, (i.)-(1.) OPOA fraction, (m.)-
(p.) SOA fraction, (q.)-(t.) SOAp/ACO, and (u.)-(x.) OH as a function of distance from center
and height at four times downwind. The solid black horizontal line is the height of the PBL. The
dashed gray line is the height of the aircraft that sampled the plume. Plume-average vertical
profiles of these quantities are located in Figure B.7. The enhancement ratios for POA, OPOA
and SOA (rather than fractions) are shown in Figure B.8.
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plumes or parts of the plume have higher AOA/ACO (Akherati et al., 2022; Bian et al., 2017,
Hodshire et al., 2019a, 2021; June et al., 2022; Peng et al., 2020). Vertically at 0.8 hr of aging,
the AOA/ACO increases from 0.49 pg sm= ppbv! at the surface to 0.62 pg sm™ ppbv! at the
PBL top, while the AOA/ACO in the FT is around 0.70 + 0.06 pg sm™ ppbv'!. By 3.2 hr of aging,
the AOA/ACO in the PBL ranges from 0.51 ug sm™ ppbv™! at the surface to 0.60 pg sm™ ppbv’!
at the PBL top. In the FT at 3.2 hr of aging, the AOA/ACO has decreased by around 0.05 pg sm™
ppbv!, except for near the top of the plume which experienced close to a net-zero change. The
differences in the AOA/ACO evolution between the PBL and the FT can be explained using

differences in dilution, concentration, temperature, and oxidation throughout the plume.

At all altitudes, dilution is contributing to the evaporation of POA (Figure 3.5e-3.5h).
Initially, all of the OA mass is POA, at 0.8 hr of aging the POA fraction is 0.86 at the surface,
0.88 at the PBL top, and 0.91 in the FT. Then at 3.2 hr of aging the POA fraction is 0.76 at the
surface, 0.78 at the PBL top, and 0.84 in the FT. At 0.0 hr aging, due to faster dilution in the PBL
than the FT during emissions, there is a lower APOA/ACO ratio in the PBL than in the FT
(Figure B.8), explaining the lower initial AOA/ACO in the PBL. After emissions are complete
(and chemistry turns on), slower dilution in the PBL favors slower evaporation of POA in the
PBL than in the FT. However, the vertical temperature gradient is also influential in the POA
evaporation in the plume. At the surface, the temperature is 300 K, while at the PBL top, the
temperature is 280 K. Temperatures in the FT plume range from 280 K to 278 K (Figure B.7e).
Within the PBL, where dilution is fairly constant with height, the lower remaining POA fraction
at the surface than at the PBL top is explained by the warmer temperature at the surface. The
warmer temperature favors more organic matter (OM) partitioning to vapors at the surface. In the

FT, the temperature is lower than in the PBL, but dilution (after the initial fast PBL dilution) is
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faster, which leads to steady POA evaporation in the FT throughout the simulation. The
temperature effect on AOA/ACO suggested by our modeling work is consistent with an
observational study that showed ground measurements having an OA normalized excess mixing
ratio that was two-thirds of that measured at aircraft altitudes with this effect being shown for
samplings of wildfire smoke and agriculture smoke in multiple field campaigns in the United
States (Pagonis et al., 2023). This study also showed substantial evaporation for descending
smoke and in an onboard thermal denuder with ~30 K of heating (Pagonis et al., 2023).
Additionally, the temperature effect contributing to more evaporation at the surface than at the
top of the PBL affects Dpm. At each age, the Dpm is around 5 to 10% smaller at the surface than at

the top of the PBL.

Differences in chemistry within the plume explain the remaining FT/PBL differences in
the AOA/ACO evolution and help to explain the horizontal variability throughout the plume. In
the PBL, the OPOA fraction ranges from 0.09 to 0.06 at 0.8 hr, and 0.16 to 0.14 at 3.2 hr. In the
FT, the OPOA fraction is 0.005 and 0.08 at 0.8 hr and 3.2 hr respectively (Figure 3.5i-1). The
SOA fraction in the PBL is 0.05 at 0.8 hr of aging and 0.06 at 3.2 hr. In the FT, the SOA fraction
15 0.09 and 0.08 at 0.8 hr and 3.2 hr respectively (Figure 3.5m-p). In terms of absolute
enhancement ratios, the FT tends to have higher ASOA/ACO at all ages than the PBL, while the
PBL tends to have a higher AOPOA/ACO than the FT due to POA evaporation driving OPOA
formation in the PBL (Figure B.8). Prior to the first transect, the SOA formation is faster in the
FT than in the PBL due to having more SOA precursors (Figure 3.5g-t). After the first transect,
SOA formation slows in the FT (no more SOA precursor), while some SOA precursor remains in

the PBL allowing for some additional SOA formation there. However, SOA and OPOA
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formation in the PBL is impacted by the concentrated FT plume above resulting in lower OH

concentrations in parts of the PBL (Figure 3.5u-x).

Impacts of OH are also seen in the horizontal gradients of OPOA and SOA at each
altitude. OH suppression in much of the plume is driven by attenuation of solar radiation, while
OH enhancement in dilute parts of the plume results from rapid HONO photolysis being the
dominant source of OH in wildfire plumes (Wang et al. 2021). In dilute, sunnier portions of the
plume (highest OH concentrations), the OPOA fraction exceeds 20% by the end of the
simulation. But in darker parts of the plume (lowest OH), such as the concentrated levels of the
FT and the right side of the PBL plume, OPOA formation is slow, with the fraction of OA that is
OPOA never exceeding 7% in parts of the FT and just reaching 10% in parts of the PBL. For
SOA, the sunnier portions of the PBL have lower concentrations of SOA precursor than the FT
and the non-sunny parts of the PBL, limiting the SOA formation. The gradients in light in the
plume are evident in the horizontal and vertical gradients of AO3/ACO and juono, where regions
of high OH tend to have faster photolysis and faster O3 formation (Figure B.9). In addition to
photolysis gradients due to the concentration of the plume, the plume was oriented west-east,
resulting in gradients in photolysis due to the position of the sun. Overall, the concentration and
temperature gradients result in a higher SOA fraction in the FT due to the colder temperatures
and higher SOAp, and a higher OPOA fraction in the PBL due to more POA evaporation as a
result of warmer temperatures. The assumed volatility distribution of POA/OPOA and SOA
likely influences these results (May et al., 2015; Pagonis et al., 2023); however, the volatility
distribution assumed in our study is consistent with prior studies (Jen et al., 2019; May et al.,
2013; Shrivastava et al., 2024) and results are in agreement with the observed AOA/ACO at

aircraft altitude.
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3.4 Conclusions, Implications, and Future Work

In this study we evaluate the SAM-ASP model coupled with TUV at the aircraft altitude
and examine differences in free tropospheric and planetary boundary layer evolution seen in the
Williams Flats Fire sampled by the FIREX-AQ field campaign on August 3, 2019. At the aircraft
altitude, the model explains the observed dilution, coagulation, and net OA evaporation. After 4
hours of aging, the AOA/ACO at the aircraft altitude is 15% OPOA, 6% SOA and 79% POA;
however, nearly all of the SOA formation occurred prior to the first transect (45 minutes
downwind). Vertically, in agreement with DIAL-HSRL lidar observations, a significant portion
of the plume was present in the FT and PBL, with near equal distribution between the FT and
PBL in the model. Generally, there was a lower AOA/ACO in the PBL as a result of warmer
temperatures. Additionally, the lower concentrations throughout the simulation in the PBL leads
to slower coagulation. Shading of the PBL due to the concentrated plume above lowers the OH

concentration of non-sunny parts of the PBL, slowing the SOA formation there.

There are several implications and needs for future work as a result of the differences in
smoke plume evolution between the PBL and FT. The first is coarse global and regional models
cannot capture these plume-scale effects, even with current parameterizations. One such
parameterization is a parameterization for biomass burning coagulation (Sakamoto et al., 2016).
This parameterization can be used in coarse resolution models to increase the size of emitted
biomass burning aerosols due to the effects of coagulation (Ramnarine et al., 2019). However,
this parameterization calculates one growth rate for a plume. The Sakamoto et al. (2016)
parameterization would not capture the faster coagulation in the FT and the slower coagulation in
the PBL seen in our study. Additionally, this specific parameterization does not include effects of

OA evaporation/condensation on particle size, so it would not capture the evaporation driven size
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differences within the PBL. Future versions of parameterizations should include considerations
of variability of aging within a plume. For coagulation, this would mean having higher
coagulation rates in the core of the plume with slower rates on the edges or in faster diluting
regions (e.g., PBL). For subgrid plume processing of OA, we suggest having a temperature
dependent parameterization for POA evolution and consideration of vertical gradients in OH for

SOA/OPOA formation.

The second implication is effects on air quality due to the temperature driven evaporation
of OA near the surface. Since typically, there are higher temperatures at the surface than aloft,
this would tend to increase the amount of reactive organic carbon in the gas phase, rather than in
the particulate phase. Pagonis et al., (2023) showed that including observationally constrained
volatility information in a one-day simulation using High Resolution Rapid Refresh Smoke

(HRRR-Smoke) model reduced surface smoke concentrations by 30%.

Overall, these implications suggest the need for more precise plume injection heights
(including multiple potential detrainment levels for the same fire) in models as the aging of the
plume will be different at different levels. Even if better parameterizations for these subgrid
processes such as coagulation, rapid early production, and evaporation are developed, accurately
representing plumes in global and regional models requires accurate plume injection heights at
multiple potential detrainment levels. The GFAS biomass burning emissions inventory includes
estimates of plume injection height (Rémy et al., 2017); however, it includes one estimate per
day and may be biased low (Walter et al., 2016), and it does not include multiple peak levels of
detrainment. Plume rise models coupled with atmospheric models may allow for better
representation of plume dynamics (Walter et al., 2016), but at a higher computational expense,

which is likely already increased due to the added parameterizations needed to represent the OA
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evaporation/condensation and coagulation processes. Therefore, continued work on improving
plume injection height in emission inventories and simulations is needed (Cheeseman et al.,

2020; Chen et al., 2021b; Lyapustin et al., 2020).

Finally, to develop the parameterizations that would be needed to represent the
differences between FT and PBL smoke plume evolution, additional observational evidence is
needed to support the simulated impacts shown in this study and to reduce the limitations
induced by the observational uncertainty. At the altitude sampled by the aircraft, our model-
observation comparisons are limited in that our model is a Lagrangian model moving with the
mean wind speed of the plume injection, while the airplane moved more than two-times faster
than this wind speed. Therefore, it is difficult to discern if biases are the result of model biases in
emissions or processes, or if it is the result of the observations being influenced by changing fire
and environmental conditions. Additionally, we were unable to evaluate the particle size and OA
evolution at heights other than the single aircraft altitude located in the FT. From these
limitations, we suggest future field campaigns work to remedy these limitations through changes
to sampling design through increased use of sampling designs like those used with the Twin
Otter aircraft during FIREX-AQ or those used during the California Fire Dynamics Experiment
(Carroll et al., 2024; Washenfelder et al., 2022). For example, we recommend having a mobile
laboratory with the same instrumentation as the aircraft, and when possible, sample the same
fires as the aircraft. Future campaigns should continue to work towards lowering the age of the
first transect downind. The first transect used in this study was nearly an hour downwind,
sampling late in the plume limits the ability to use OA factors from the AMS to look at the early
SOA formation. We also recommend having the aircraft sample at multiple heights (when

allowed) at every transect downwind (perhaps lowering the age of the oldest smoke sampled to
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keep the same flight time), which would decrease the speed that the aircraft moves downwind,
moving closer to Lagrangian sampling, while also improving the quantity of vertical

measurements.

3.5 Data Availability

This work is supported by the US NOAA, an Office of Science, Office of Atmospheric
Chemistry, Carbon Cycle, and Climate program, under the cooperative agreement award
NA210AR4310128; and the US NSF Atmospheric Chemistry program, under grants AGS-

1950327 and AGS-2211153.

All observation data used in this study are publicly available in the NASA FIREX-AQ
data archive (FIREX-AQ Science Team, 2019). Version 1.0.0 of SAM-ASP-TUV used in this

study, as well as the input files are publicly available (June & Alvarado, 2024).
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Chapter 4: Exploring Sulfur Chemistry in the North Atlantic Arctic Spring?

4.1 Introduction

Dimethyl sulfide (DMS) and methanethiol (MeSH) are emitted from sea water to the
atmosphere (Gros et al., 2023; Kettle et al., 2001; Lana et al., 2011; Novak et al., 2022; Scholz et
al., 2023; Zhou et al., 2024). On a global scale, DMS is a dominant natural source of sulfur to the
atmosphere (Andreae, 1990; Bates et al., 1992; Carpenter et al., 2012). In the atmosphere, DMS
reacts to form sulfur dioxide (SOz) and methanesulfonic acid (MSA) (Barnes et al., 2006; Chen
et al., 2016; Faloona, 2009; Hoffmann et al., 2016; Tashmim et al., 2024). The SO, and MSA can
then be further oxidized to influence the aerosol size distribution and cloud microphysics
(Leaitch et al., 2013; Tashmim et al., 2024; Wollesen de Jonge et al., 2021). As a result of their
contribution to marine particles, DMS and MeSH are important contributors to the Earth’s
radiative budget. Croft et al. (2021) found the May and June average direct radiative effect
(DRE) due to DMS over the North Atlantic to be -0.1 W m™ and the aerosol indirect effect (AIE)
to be -3.37 W m™2. Wohl et al. (2024) found that MeSH increases the DRE of sulfate aerosol in
the Arctic by 5 to 10% and also increases the lifetime of DMS. Therefore, understanding the
atmospheric oxidation of DMS and MeSH is important to understanding the contribution of these
species to marine sulfate aerosol and cloud condensation nuclei (CCN), which determines their
DRE and AIE (Carslaw et al., 2013; Croft et al., 2021; Hodshire et al., 2019¢; Quinn et al., 2017;

Reddington et al., 2017; Tashmim et al., 2024; Thomas et al., 2010; Wohl et al., 2024).

DMS and MeSH are produced in seawater by dimethylsulfoniopropionate (DMSP),

which is synthesized mainly by phytoplankton (McParland and Levine, 2019; Stefels, 2000;

3 June, N. A., C. Zang, S. E. O’Donnell, B. Croft, R. Y.-W. Chang, J. Kojoj, F. Mattsson, P. Zieger, L.
Tashmim, W. C. Porter, S. H. Jathar, M. D. Willis, & J. R. Pierce (in preparation): Exploring Sulfur
Chemistry in the North Atlantic Arctic Spring.
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Zhang et al., 2019). Oceanic DMS has been extensively observed and has a monthly global
climatology with DMS seawater concentrations having a maximum in early summer and a
minimum during the winter (Hulswar et al., 2022; Lana et al., 2011). Recent advances have been
made in estimating oceanic DMS at finer temporal and spatial scales (Hayashida et al., 2017,
2020; Zhou et al., 2024). Zhou et al. (2024) uses an artificial neural network to estimate daily
oceanic DMS at 1°x1°. In the global 20-year annual average, the Zhou et al. (2024) oceanic
DMS is 42% lower than the Lana et al. (2011) dataset. Hayashida et al. (2020) uses a sea ice-
ocean coupled general circulation to simulate various oceanic variables including DMS for the
Arctic, North Atlantic, and North Pacific Oceans at 10-14.5 km horizontal resolution. The
Hayashida et al. (2020) estimates oceanic DMS to be approximately 30% lower than Lana et al.
(2011) in May and June over the Arctic study area. These new datasets offer the potential to
capture interannual variability in oceanic DMS; however, the impact of these new datasets on

simulating atmospheric sulfur chemistry in the Arctic has not been examined.

Compared to oceanic DMS, there are less observations of oceanic MeSH leading to
additional uncertainties on the importance of MeSH (Gros et al., 2023; Kettle et al., 2001; Leck
and Rodhe, 1991; Novak et al., 2022). Oceanic MeSH has been suggested to be on average 20%
of oceanic DMS by Kettle et al. (2001) and 10% of oceanic DMS by Leck & Rodhe (1991),
although both those studies observed significant variability in DMS-to-MeSH ratios in seawater.
Gros et al. (2023) also suggested an average ratio of 20% (but with values up to 50%).
Additionally, Gros et al. (2023) showed latitudinal variability in seawater DMS-to-MeSH ratios
with higher MeSH percentages in the marginal ice zone. Another study showed the seawater

DMS-to-MeSH ratio to be dependent on sea surface temperature (SST) with colder SST resulting
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in higher ratios (Wohl et al., 2024). These studies suggest that there is a need to better understand

the uncertainties of MeSH emission.

DMS and MeSH are emitted to the atmosphere through gas exchange processes with
estimates showing annual DMS flux being between 9 and 35 Tg S y™' depending on the
parameterization used for sea-air gas-exchange and oceanic DMS dataset (Hulswar et al., 2022;
Kettle et al., 2001; Woodhouse et al., 2010; Zhou et al., 2024). The uncertainty in DMS emission
flux from the ocean to the atmosphere is a large contributor to the uncertainty in the aerosol
radiative forcing of natural aerosols (Carslaw et al., 2013). In contrast to oceanic DMS
concentrations which show a decreasing or zero trend with climate change, the DMS emission
fluxes show an increasing trend with climate change due to loss of sea ice and changes in the gas
transfer velocity (Hayashida et al., 2017, 2020; Zhou et al., 2024). Wohl et al. (2024) showed
MeSH to contribute between 20% to 40% of the volatile marine sulfur emission fluxes with
higher values in polar regions. Observations have shown DMS/MeSH can be emitted through
cracks, leads, and during melt of sea ice (Hayashida et al., 2017, 2020; Lizotte et al., 2020; Loose
et al., 2011; Willis et al., 2023; Wohl et al., 2022). Given evidence that bottom-ice processes
produce DMS under the sea-ice (Hayashida et al., 2017, 2020), understanding the emission of
DMS through breaks in sea-ice is important; however, most models treat sea ice as a cap to DMS

emissions (Willis et al., 2023).

In the atmosphere DMS reacts with OH, NOs, O3, and various halogens to primarily form
SO; and MSA (Barnes et al., 2006; Chen et al., 2016; Faloona, 2009; Hoffmann et al., 2016;
Tashmim et al., 2024). Tashmim et al. (2024) found that globally the OH addition and OH
abstraction reactions contribute the highest fraction of DMS oxidation at 27.6% and 38.6%

respectively. Debromination of sea salt contributes to DMS reacting with BrO to have a larger
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fraction of the total DMS oxidation in some marine areas including the Arctic (Tashmim et al.,
2024). MeSH has known rate constants with OH, BrO, NO3 and Cl and can go through a series
of reactions to produce SO> (Barnes et al., 2006; Butkovskaya and Setser, 1999; Tyndall and

Ravishankara, 1989, 1991).

SO2, H2SO4, and MSA are important contributors to the Earth’s climate system through
both direct and indirect radiative effects (Carslaw et al., 2013; Hodshire et al., 2019¢; Quinn et
al., 2017; Reddington et al., 2017; Tashmim et al., 2024; Thomas et al., 2010). The low volatility
of sulfuric acid in the troposphere allows sulfuric acid to condense onto pre-existing particles and
in the presence of vapor molecules of other species (ammonia/amines, low-volatility
organics, iodine oxoacids) participate in new particle formation (NPF) (Allan et al., 2015;
Baccarini et al., 2020; Bianchi et al., 2019; Dunne et al., 2016; He et al., 2023; Kulmala, 2003;
Marti et al., 1997; Napari et al., 2002; Riccobono et al., 2014; Vehkamaki et al., 2002; Zhao et
al., 2024). The equilibrium vapor pressure of MSA depends on free ammonia, relative humidity,
and temperature (Hodshire et al., 2019¢). MSA can grow pre-existing particles through
condensation (Hodshire et al., 2019c; Leaitch et al., 2013; Legrand et al., 2017; Preunkert et al.,
2008). The role of MSA to participate in nucleation is uncertain but has been suggested to have
played a role in observed events near Greenland (Dall Osto et al., 2018) and investigated in
modeling studies (Bork et al., 2014; Hodshire et al., 2019¢; Wollesen de Jonge et al., 2021).
Recent studies show the uncertainty in DMS emission and oxidation contribute significantly to
the uncertainty in the global natural aerosol burden and aerosol radiative forcing (Carslaw et al.,
2013; Fung et al., 2022; Novak et al., 2021, 2022; Rosati et al., 2022). Therefore, there is a need
to continue to improve the representation of DMS and MeSH oxidation in the atmosphere and

understand their influence on atmospheric aerosol.
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The evaluation of DMS in atmospheric chemical transport models is the focus of several
prior studies (Barnes et al., 2006; Chen et al., 2018; Croft et al., 2021; Fung et al., 2022;
Hoffmann et al., 2016, 2021; Tashmim et al., 2024). Croft et al. (2021) evaluated GEOS-Chem-
TOMAS with a simplified DMS oxidation mechanism with gas phase reactions of DMS with OH
and NOj3 to produce SO; and MSA in fixed ratios during the The North Atlantic Aerosol and
Marine Ecosystem Study (NAAMES) field campaign. This study found that GEOS-Chem-
TOMAS was generally able to simulate the near surface vertical profiles of DMS, and the
inclusion of DMS emissions improved the low bias of 0-2 km sulfate aerosol by 30% (Croft et
al., 2021). Tashmim et al. (2024) evaluated the implications of an expanded DMS oxidation
scheme on GEOS-Chem-TOMAS simulations for two island surface observation sites located at
35°N and 38°S, and for the AToM-4 campaign. The expanded DMS oxidation scheme reduced
the biases of DMS, but was unable to evaluate the model biases of dimethyl sulfide oxidized
(DMSO), one of the added intermediate compounds of DMS oxidation, due to lack of
observations (Tashmim et al., 2024). Additionally, neither of these studies focused on the
evaluation of atmospheric DMS in the transition region between pack ice and open ocean: the

marginal ice zone.

Previous atmospheric measurements of MeSH are limited compared to measurements of
DMS (Gros et al., 2023; Lawson et al., 2020; Novak et al., 2022; Willis et al., 2023). Lawson et
al. (2020) measured DMS and MeSH during the Surface Ocean Aerosol Production near New
Zealand in austral summer finding campaign average atmospheric DMS concentrations of 208
ppt with a lifetime of 1 d, while MeSH had an average atmospheric concentration of 18 ppt with
a lifetime of 0.4 d. Wohl et al. (2024) evaluated the impact of including MeSH emission globally

using the Community Atmosphere Model with interactive chemistry (CAM-Chem), but did not
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compare the simulated atmospheric MeSH to observations. In that study, MeSH contributed the
largest impact on tropospheric sulfate burden over the Southern Ocean (30 to 70%), but also
increased the tropospheric sulfate burden over the North Atlantic through the inclusion of MeSH
(Wohl et al., 2024). Therefore, there is a need to evaluate the ability of models to simulate the

emission and atmospheric oxidation of MeSH particularly in marine polar environments.

Here we aim to reduce some of the uncertainties of emission of DMS/MeSH associated
with oceanic DMS inventories and emissions near sea ice, and understand uncertainties
atmospheric fates of DMS/MeSH associated with oxidants and deposition in the marine Arctic
atmosphere through a modeling study using expanded DMS and MeSH oxidation and
measurements from the 2023 Atmospheric Rivers and the onset of sea ice melt (ARTofMELT)
field campaign. This modeling study focuses on the important springtime transition period in the
Arctic, specifically looking at mid-May to mid-June. In Chapter 4.2, we present an overview of
the measurements collected during the ARTofMELT field campaign and detail the configuration
of our GEOS-Chem-TOMAS simulations. The measurements taken of sulfur species during
ARTofMELT are more detailed than prior studies, along for a more complete evaluation of
GEOS-Chem-TOMAS. In Chapter 4.3.1, we evaluate the model-observation agreement of the
primary emissions of DMS and MeSH. Then in Chapter 4.3.2 we examine the model simulation
of DMS and MeSH atmospheric oxidation, including model-observation comparisons of DMSO
and sulfate aerosol. In Chapter 4.3.3, we look at a case study of the elevated atmospheric
DMS/MeSH that was observed during the onset of sea ice melt on June 10, 2023. In Chapter 4.4,
we summarize our findings and make recommendations for future studies of marine sulfur

chemistry in the Arctic.
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4.2 Methods

4.2.1 Measurements During the ARTofMELT Field Campaign

The Atmospheric Rivers and the onset of sea ice melt (ARTofMELT) field campaign took
place in the Fram Strait from May 9 to June 13, 2023 on the Swedish Icebreaker I/B Oden

(Figure 4.1b).
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Oden Ship Track During ARTofMELT

Figure 4.1: (a.) Ship track of Oden during ARTofMELT colored by the date. The gridded
background shows the frequency of 48 h HYSPLIT back trajectories started from Oden s
location once per hour during the campaign. The blue outline shows the nested simulation model
domain. (b.) A zoomed in view of the ship track of Oden during ARTofMELT with the
background showing the campaign average sea ice fraction. The yellow plus on both (a.) and (b.)
shows the location of Villum Research Station.

We use measurements of atmospheric DMS, MeSH, and DMSO that were collected using
the Vocus-CI-ToFMS. The dual-reagent Vocus-CI-ToFMS uses the chemically general proton-

transfer ionization (H30" ) with adduct-formation ionization (NH4") to measure directly emitted,
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less-oxygenated VOCs, and their early-generation oxidation products (Hansel et al., 2018;
Mungall et al., 2016; Zang and Willis, 2025; Zaytsev et al., 2019). The limit of detection (LOD)
of the instrument varied throughout the campaign, but was generally around 1 ppt for DMS,
MeSH, and DMSO (Figure C.1). We use hourly average values for all the analysis, so we adjust
the LOD that was calculated at 0.1 Hz by dividing by 360%°. Even after the hourly averaging
some concentrations in the model and/or observations were still below the LOD, therefore, these
values are substituted with 0.5*LOD (Dadashazar et al., 2019; O’Donnell et al., 2023; Polissar et

al., 1998, 2001).

We use data of non-refractory aerosol mass smaller than 1 um collected using a soot
particle aerosol mass spectrometer (SP-AMS) (Freitas et al., 2024; Onasch et al., 2012). The SP-
AMS alternated between running in laser-on mode to vaporize soot particles and laser-off mode
to measure non-refractory particles. In this work we only use the non-size resolved
measurements of sulfate particles. Further technical details of the SP-AMS can be found in
Onasch et al. (2012), while further details on the data processing and quality control of these data

can be found in Freitas et al. (2024).

Both the Vocus-CI-ToFMS and SP-AMS datasets exclude remove time periods when the
measurements were influenced by emissions from Oden. Additionally, both instruments are

missing measurements during additional periods due to issues with the instrumentation.

Additionally, we use some of the meteorological data collected on board the ship to
support the analysis. Visibility, precipitation intensity, wind, temperature, relative humidity,
cloud cover, and radiation are measured at a weather station on Oden located ~25 m above sea

level.
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4.2.2 GEOS-Chem-TOMAS Model Description

We use the global atmospheric chemistry model (GEOS-Chem) coupled with the TwO-
Moment Aerosol Sectional (TOMAS) model v12.9.3 (GC-TOMAS) to simulate the atmospheric
DMS (Adams and Seinfeld, 2002; Kodros and Pierce, 2017). The TOMAS aerosol microphysics
scheme used in our simulations has 15 size bins from 3 nm to 10 um. We simulate size-resolved
sulfate, sea salt, organic aerosol (OA), black carbon (BC), and dust, and diagnose size-resolved
aerosol ammonium, nitrate, and water. Our GC-TOMAS configuration uses 47 vertical layers
and is first run at 4°x5° horizontal resolution globally to obtain boundary conditions. We then run
a nested simulation for a domain around the ARTofMELT campaign at 0.5°x0.625° horizontal

resolution (Figure 4.1a).

The model is run using reanalysis meteorology from MERRA-2 which has fair agreement
with the on-ship meteorological observations with the exception of precipitation (Figure C.2).
Generally, the precipitation field in the reanalysis meteorology tends to have fewer hours with no

precipitation than was actually observed on the ship.

4.2.2.1 Emissions

Anthropogenic and biomass burning emissions are consistent across all simulations in
this study. Anthropogenic emissions are from the Community Emissions Data System (CEDS).
Biomass burning emissions are from the GFAS inventory. BB emissions come from the Global
Fire Assimilation System (GFAS), which assimilates fire radiative power measurements from the
Moderate Resolution Imaging Spectroradiometer (MODIS) to make daily estimates of BB
emissions for 41 species, burnt dry matter, and fire radiative power (FRP) at 0.5° x 0.5°
horizontal resolution globally (Kaiser et al., 2012). For this study, we assume BB emissions to be

well-mixed in the PBL. We assume the biomass burning emissions to be lognormally distributed
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with a number median diameter of 100 nm and modal width of 2.0 to distribute the emissions

across the GC-TOMAS size sections (Janhill et al., 2010; Ramnarine et al., 2019).

The model includes several natural emissions sources including sea spray, dust,
DMS/MeSH, and ammonia from sea birds. The DMS/MeSH emissions are a focus of the
sensitivity simulations in our study, and will be discussed further in Chapter 4.2.2.4. Dust
emissions follow the Dust Entrainment and Deposition scheme (Fairlie et al., 2007; Zender et al.,
2003). Open-ocean sea-salt emissions are a function of wind speed and sea surface temperature
(SST) with updates to include the effect of cold waters (SST < 5°C) (Huang and Jaeglé, 2017;
Jaeglé et al., 2011). Sea-salt Br is emitted assuming a ratio of 2.11x107 kg Br per kg dry sea-salt

(Huang et al., 2020; Sander et al., 2003).

Prior studies have shown blowing-snow sea-salt to be important to the aerosol size
distribution and BrO in the Arctic during the winter; those updates are included in these
simulations (Gong et al., 2023; Huang et al., 2020). The blowing-snow sea-salt emissions are a
function of wind-speed, relative humidity, temperature, the age of the snow, and surface snow
salinity (Yang et al., 2008, 2010). Assumptions of first-year-ice, multi-year-ice, and snow surface
salinity follow Huang et al. (2020). We use a number of sea salt particles produced by each
sublimated snow particle of 1, rather than the value of 5 used in Huang et al. (2020) and Gong et
al. (2023), as this parameter is highly uncertain and using a value of 1 yields results more
consistent with the size-distributions observed during ARTofMELT. The Br™ ratio of the blowing-
snow sea-salt is assumed to be a factor of 5 higher than sea-water consistent with prior modeling
studies and limited observations (Domine et al., 2004; Huang et al., 2020; Huang and Jaeglé,
2017). The blowing-snow sea-salt is distributed to the GC-TOMAS size bins assuming a gamma

distribution following the parameters of Gong et al. (2023).

80



4.2.2.2 TOMAS Aerosol Microphysics

The TOMAS aerosol microphysics scheme used in our simulations has 15 size bins from
3 nm to 10 um. All simulations couple MSA to the TOMAS microphysics scheme to include the
effects of MSA on aerosol growth (Hodshire et al., 2019c¢). The size resolved MSA is included in
the size resolved sulfate through condensation. All simulations include inorganic new particle
formation through the Dunne et al. (2016) mechanism. Organics participate in new particle
formation following Riccobono et al. (2014). Both of these updated NPF mechanisms are

described in detail in O’Donnell et al. (2025) and in Chapter 5.

Secondary Organic Aerosol (SOA) is treated using the simple SOA scheme that is used in
GC-TOMAS (Pai et al., 2020). This scheme uses two SOA classes, a gas-phase SOA precursor,
and a SOA tracer that immediately condenses on the preexisting particles. The gas-phase SOA
precursor oxidizes to form the immediately condensed SOA tracer on a fixed time scale of 1 day.
SOA precursors from non-marine sources associated with terrestrial biogenic, fossil fuel, biofuel,
and biomass burning emissions, as well as the uncharacterized Arctic marine source of SOA
precursors in the Arctic are included in all simulations. Unlike prior studies which have emitted
these precursors as a 50/50 split to the two precursor classes (Croft et al., 2019; Pai et al., 2020),

we emit all biogenic sources to the gas-phase precursor class only.

Removal of simulated aerosol mass and number occurs through wet and dry deposition.
All simulations include updates for coagulation of interstitial aerosol particles with cloud
droplets (Croft et al., 2016; Pierce et al., 2015). Prior modeling studies, primarily focused on the
Canadian Arctic, have suggested a need for more vigorous wet removal from Arctic low-level
clouds (Browse et al., 2012; Croft et al., 2016). We make modifications to the previous

implementation, which introduced a constant “drizzle” rate in low-level clouds in all grid boxes
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North of 65°N (Croft et al., 2016), to only include the drizzle rate in low-level clouds North of
65°N and over grid boxes with an ocean fraction greater than 0.8. The drizzle rate is scaled by

both the ocean fraction and the cloud fraction.

4.2.2.3 Sulfur Chemical Mechanism

All simulations use the expanded DMS oxidation scheme for GC-TOMAS (Tashmim et
al., 2024). We briefly describe the mechanism here, for the full details refer to Figure 1 and
Tables 2 to 4 of Tashmim et al. (2024). The oxygenaddition pathway includes gas-phase
reactions of DMS with OH and BrO, and an aqueous-phase reaction of DMS with Os. These
reactions lead to the formation of DMSO, which further oxidizes to form MSA. The H-
abstraction pathway includes gas-phase reactions of DMS with OH, Cl, and NOs leading to the
eventual formation (through multiple steps) of either MSA or hydroperoxymethyl thioformate
(HPMTF). HPMTF can then react to contribute to SO formation. DMS and O3 may react in the
gas-phase to directly form SO.. The importance of the different DMS reactions is discussed in

Chapter 4.3.2.

Building upon those updates all simulations presented here include MeSH emissions and
atmospheric oxidation in GC-TOMAS (Tashmim et al., 2025). The GC-TOMAS MeSH
oxidation scheme follows the configuration of Novak et al. (2022). This scheme includes MeSH
reactions with OH, BrO, NO3, and CI. In the box model case study of Novak et al. (2022), their
scheme produced a model yield of SO> from MeSH of 0.99, which is similar to another modeling
study that obtained a value of 0.98 (Chen et al., 2021a). We include the full MeSH oxidation
scheme here as this scheme has not been studied in the Arctic where BrO chemistry may be more

influential (Saiz-Lopez et al., 2006, 2008; Tashmim et al., 2024).
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We also updated the Henry’s law coefficient for DMSO, MSA, and MSIA (Table C.1) for
all simulations. These are thermodynamically estimated Henry’s law values that are consistent
with measurements (Wollesen de Jonge et al., 2021). The updates to the Henry’s law coefticient
make the wet removal less efficient, which helps to reduce the low bias of DMSO in the model

simulations.

4.2.2.4 Oceanic DMS and MeSH

We test three oceanic DMS inventories as inputs to our simulations: the Lana et al. (2011)
climatology, an estimate using a biogenic ocean model (Hayashida et al., 2020), and an estimate
using the machine learning model developed in Zhou et al. (2024) (Table 4.1). The Lana et al.
(2011) DMS climatology is the standard source of oceanic DMS in GC-TOMAS. The Lana et al.
(2011) climatology is a monthly climatology of oceanic DMS developed through the use of
interpolating and extrapolating world-wide observations. However, as this dataset is a
climatology, it cannot be used to capture interannual variability, or capture the potential long-
term trends in oceanic DMS (Zhou et al., 2024). The second DMS dataset we use comes from a
pan-Arctic sea- ice-ocean physical-biogeochemical model (Hayashida et al., 2020). This model
offers higher temporal and spatial resolution than the Lana et al. (2011), as well as being
simulated specifically for the time-period of the ARTofMELT field campaign. However, this
oceanic data set is limited by its simulation of sea-ice, as it simulates too much sea ice in the
Fram Strait near the ARTofMELT field campaign (Figure C.3). Due to this over estimation of
sea-ice, the biogenic model likely underestimates oceanic DMS. The final oceanic DMS dataset
we use is oceanic DMS estimated using the artificial neural network ensemble model (ANN)

developed in Zhou et al. (2024). The ANN uses nine environmental variables as inputs:
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chlorophyll-a, SST, sea-surface concentrations of nitrate, phosphate, silicate, and dissolved

oxygen, ocean mixed-layer depth, downward shortwave radiation flux, and sea surface salinity.

Table 4.1: Table summarizing oceanic DMS inventories used in this study.

Source Horizontal Resolution =~ Temporal Resolution Data Years
Lana et al. (2011) 1°x1° Monthly Climatology 1972-2009
Climatology

Hayashida et al. (2020) 0.5°x0.625° Daily 2023
Biogenic Model

Zhou et al. (2024) 1°x1° Daily 2023
ANN

Figure C.4 shows the May and June campaign average percent difference for the oceanic
DMS in the Hayashida et al. (2020) model and the Zhou et al. (2024) ANN relative to the Lana et
al. (2011) monthly climatology. Overall, there is generally a decrease in the oceanic DMS for
both the Hayashida et al. (2020) model and Zhou et al. (2024) ANN relative to the Lana et al.
(2011) climatology. However, the Hayashida et al. (2020) model has enhancement in oceanic
DMS relative to the Lana et al. (2011) along its incorrectly simulated ice edge. Similarly, the
ANN has enhanced DMS relative to the Lana et al. (2011) climatology along its ice edge which

is in the observed location, due to the use of satellite constrained sea-ice data.

The variability in the relation of oceanic DMS to MeSH is uncertain; however, here we
use results of recent observational studies to assume a ratio of MeSH to DMS in the ocean that
varies with latitude as described in Table C.1 (Gros et al., 2023; Novak et al., 2022). Our model-
observation comparisons are sensitive to this assumption. However, we hope that the importance
of MeSH to the sulfur budget shown in this study points to the need to develop oceanic datasets

that include both DMS and MeSH.
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Sea-air flux in GEOS-Chem is calculated based on Johnson (2010). The emission flux is
controlled by the gas transfer velocity, which is a function of wind speed and SST (Johnson,
2010). The standard implementation of this in GEOS-Chem only calculates the sea-air flux of
DMS/MeSH if the model gridbox is entirely ocean. One of our simulations (see Chapter 4.2.3)
follow the standard implementation, while the rest include updates to the DMS/MeSH emissions
to be scaled by the ocean fraction (FO). This scaling allows for emissions throughout the
marginal ice zone, which observationally has been shown to have DMS emissions (Hayashida et
al., 2017; Lizotte et al., 2020; Loose et al., 2011; Willis et al., 2023; Wohl et al., 2022). However,
the influence of marginal ice zone DMS/MeSH emissions on model-observation agreement have

not been previously shown.

4.2.3 Summary of GEOS-Chem-TOMAS Simulations

We conduct four primary simulations to test the different DMS inventories and sea-air
flux assumptions in GC-TOMAS (Table 4.2). The L11 simulation uses the standard GC-TOMAS
seaflux calculation, where no emissions are assumed if there is any sea ice. While the L11*FO,
BIO*FO, and ANN*FO simulations include the updates to scale the seaflux by the ocean

fraction.

Two additional simulations are used to aid in the discussion of DMSO. The purpose of
the L11InoprizzLe simulation is to show the sensitivity of DMSO (which can be taken up into
clouds and lost through wet deposition) to the wet deposition updates for more vigorous wet
removal from Arctic low-level clouds implemented in our study. The L11nosnow simulation is
used to show the influence of BrO from blowing snow on DMS oxidation, and to help to

understand if missing bromine is a source of model bias in our study.
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Table 4.2: Brief summary of GEOS-Chem-TOMAS simulations used in this study and their
corresponding abbreviations. FO is ocean fraction.

Simulation | Description

L11 Uses the monthly temporal resolution Lana et al. oceanic DMS climatology
and the standard GC-TOMAS seaflux calculation where seafluxes are assumed
to be 0 if FO<I

L11*FO Uses the monthly temporal resolution Lana et al. oceanic DMS climatology
and multiples the seaflux by FO

BIO*FO Uses the daily temporal resolution oceanic DMS estimate for 2023 from the

Hayashida et al. (2020) biogenic ocean model and multiples the seaflux by FO

ANN*FO Uses the daily temporal resolution oceanic DMS estimate for 2023 from the
Zhou et al. (2024) ANN and multiplies the seaflux by FO

L11noprizzLe | Same as L11, but with the model updates for more vigorous wet removal from
Arctic low-level clouds turned off

L1llnosnow | Same as L11, but with the blowing snow emissions turned off

4.2.4 Use of HYSPLIT and Definition of Source Regions

To assess source regions during the campaign, we use the HYbrid Single-Particle
Lagrangian Integrated Trajectory (HYSPLIT) model (Rolph et al., 2017; Stein et al., 2015).
HYSPLIT represents the forward or backward transport of a particle starting at a point and
advects that particle based on the mean of the 3D velocity vectors provided by reanalysis
meteorology. We run 48-h HY SPLIT back trajectories for every hour of the campaign using the
same MERRA-2 reanalysis that is used in the model. Given that the atmospheric lifetime of
DMS/MeSH is on the order of 1 d or less (Kloster et al., 2006; Lawson et al., 2020; Scholz et al.,
2023; Wohl et al., 2024), we believe this to be sufficient to access the source region for the
purposes of our analysis. Each HYSPLIT back trajectory is initiated at the location of Oden and
at an altitude of 30 m above sea level (the approximate observation height). In our analysis, we
use single HYSPLIT trajectories, rather than ensemble trajectories, which is a limitation.
However, the single trajectories assign source region in a manner that is comparable to those

assigned with FLEXPART back trajectories during ARTofMELT.
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Using the back trajectories, we assign every hour of the campaign a source region as
defined in Table 4.3. Currently, the altitude of the back trajectory is not used to further segregate
the source region classifications. Figure C.4a shows the time series of the ICE, MIZ, and
OCEAN source regions as well as the source region > 66% definition. ICE is the most frequent

source region with 436 h. MIZ has 172 h; OCEAN has 82 h; NONE has 174 h.

Table 4.3: Definition of source regions using HY SPLIT back trajectories and the MERRA-2
reanalysis used in GEOS-Chem.

SOURCE REGION > 66% | DEFINITION

ICE At least 32 h in 48 h back trajectory is over sea ice
(sea ice > 80%)

MIZ At least 32 h in 48 h back trajectory is over the marginal ice
zone (sea ice between 10% and 80%)

OCEAN At least 32 h in 48 h back trajectory is over ocean
(sea ice < 10%)

NONE 48 h back trajectory is not over sea ice, the marginal ice zone,
or ocean for at least 32 h, meaning no source region is a super
majority

4.2.5 Definition of Fog

We also compare DMS oxidation pathways during periods of fog, recent fog and no fog
at Oden (Figure C.4b). We define fog using observations of visibility and liquid water content
(LWCQ). In our study, we define fog as the observed visibility being less than 1.5 km and the
observed LWC being greater than 0.02 kg m™. Prior studies in the Arctic have found this
visibility and LWC threshold to accurately classify fog events (Tjernstrom et al., 2015). Recent
fog is defined as periods with fog in the previous 8 h. We compare this observed definition of fog
to the MERRA-2 reanalysis low-cloud fraction (vertically averaged cloud fraction in the five
lowest vertical layers). The MERRA-2 reanalysis generally agrees with the model in terms of

fog; however, there are times of disagreement (Figure C.5). The reanalysis-observation
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disagreement in fog is often in the timing of either the start of the fog, or in the dissipation of the
fog. A limitation of this fog classification method is that it only defines fog at the location of the

ship, some periods could be influenced by fog upwind of the ship.

4.3 Results

4.3.1 Directly Emitted Species (DMS and MeSH)

The inclusion of emissions from regions with sea ice improves the ability of GC-TOMAS
to simulate the atmospheric DMS concentrations during ARTofMELT. The L11 simulation
overall has a logio mean bias (LMB) of -0.88, while the L11*FO simulation has a LMB of 0.24
for hourly averaged DMS during ARTofMELT (Figure 4.2a-b). The L11*FO reduces the LMB
for all source regions. For the ICE source region, the L11 simulation underestimates DMS by an
order of magnitude, often having values below the LOD (~1 ppt, Figure C.1) of the observation,
despite the observed values being above the LOD. In the L11*FO simulation, the simulated
DMS is always above the LOD when observations are also above the LOD. For the MIZ source
region, the LMB is -0.78 in the L11 simulation and 0.32 in the L11*FO simulation. The
reduction of magnitude of the LMB for the ICE and MIZ source regions shows the importance of

DMS emissions in regions with sea ice cover.

There is variability in the DMS biases depending on which dataset is used for oceanic
DMS (Figure 4.2b-d). The ANN*FO simulation overall has a LMB of -0.47, and the BIO*FO
simulation has a LMB of 0.02. Of the three simulations with emissions scaled by ocean fraction,
the ANN*FO simulation has the most consistent bias across all source regions, ranging from -
0.53 to -0.37 and a best fit slope of 1.04. The ANN dataset was shown to have a low bias
compared to observations of oceanic DMS in the Arctic for the years (1998-2017) included in

Zhou et al. (2024), but represented the spatial and temporal variability of oceanic DMS, possibly
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Figure 4.2: Scatter plot comparing the Observed and Modeled DMS from (a.) L11, (b.) L11*FO,
(c.) ANN*FO, and (d.) BIO*FO. The dashed black lines are the 10:1, 1:1, and 1:10 lines. The

solid black line is the best fit with the equation included in black on each panel. The colored

numbers on the panel correspond to the LMB colored by source region. Simulations are defined

in Table 4.2, while source regions are defined in Table 4.3.

explaining the low bias present in the atmospheric DMS when using the ANN oceanic DMS

dataset. For the BIO*FO simulation, the low bias in atmospheric DMS for the OCEAN source

region (LMB of -0.79) is possibly related to the BIO dataset having too much sea ice in the Fram
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Strait near ARTofMELT potentially resulting in an underestimate of oceanic DMS in the BIO
dataset. The BIO*FO simulation has the lowest magnitude of LMB for the other three source
regions. The emissions of DMS in L11*FO, ANN*FO, and BIO*FO may also be influenced by
the decision to scale the emissions linearly by the ocean fraction. There are uncertainties in how
sea ice influences the gas transfer velocity. One study suggested that the exchange velocity could
be either enhanced or diminished depending on the speed of sea ice drift and the effective fetch
(Bigdeli et al., 2018).

Similar to DMS, the inclusion of MeSH emissions in oceanic regions with sea ice cover
improves the LMB (Figure 4.3a-b). The campaign average LMBs for MeSH are: -0.93 for L11,
0.09 for L11*FO, -0.6 for ANN*FO, and -0.1 for BIO*FO. For all simulations, the slope of the
MeSH best fit line is greater than 1 and steeper than the slope for DMS, which suggests possible
biases in the assumed latitudinal dependence of the oceanic DMS:MeSH ratio or in the
atmospheric lifetime of MeSH. For all simulations, the MeSH LMB for the ICE source region is
more negative than that for DMS, suggesting that the oceanic DMS scalar for the higher latitudes
could be too small. The biases for the MIZ source region are similar between MeSH and DMS
for each respective source region. For the OCEAN source region, the MeSH biases are less
negative than those for DMS, suggesting that the oceanic DMS scalar for lower latitudes may be
too high. Model biases in the atmospheric lifetime of MeSH could also impact the more negative
LMB for the ICE source region. The atmospheric lifetime for MeSH in our simulations is about
0.9 d (Table C.3), which is shorter than the atmospheric lifetime of 1.5 d reported by Wohl et al.
(2024), but longer than the 3 h lifetime reported in Novak et al. (2022). Therefore, biases in both
the assumed latitudinal dependence of the oceanic DMS:MeSH ratio and the MeSH atmospheric

lifetime could contribute to the biases in MeSH during ARTofMELT.
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Figure 4.3: Scatter plot comparing the Observed and Modeled MeSH from (a.) L11, (b.)
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lines. The solid black line is the best fit with the equation included in black on each panel. The
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defined in Table 4.2, while source regions are defined in Table 4.3.

4.3.2 Atmospheric Oxidation of DMS and MeSH

In the campaign average, the OH addition pathway is the most dominant DMS oxidation
pathway representing approximately 64% of the total DMS oxidation for all simulations (Figure

4.4a-d). The DMS-BrO pathway represents 13%, 6%, and 13% of total DMS oxidation in the
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Figure 4.4: Pie chart showing the campaign average DMS oxidation pathways from
(a.),(e.),(i.),(m.) L11, (b.),(f.),(j.),(n.) L11*FO, (c.),(g.),(k.),(0.) ANN*FO, and (d.),(h.),(1.),(p.)
BIO*FO. (a.) to (d.) represent the campaign average. (e.) to (h.) represent the average during fog.
(i.) to (1.) represent the average during hours when fog occurred in the previous 8 h. (m.) to (p.)
represent the average during no fog.

L11*FO, ANN*FO, and BIO*FO simulations, compared to 2% in the L11 simulations,
suggesting BrO is important to DMS oxidation in regions of partial sea-ice cover. The BrO
pathway is important to elevated DMS and DMSO events that occurred earlier in the campaign
where there was typically more influence from the ICE source region (Figure C.7). However, our
simulations likely underestimate BrO concentrations throughout the campaign, so the importance

of the DMS-BrO oxidation pathway is also likely underestimated. In periods of fog, although the
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OH addition pathway is still the largest contributor to DMS oxidation (57% during fog), the
aqueous phase reaction of DMS with O3 also becomes important (15% during fog compared to
less than 2% outside of fog; Figure 4.4e-h). Periods of recent fog are similar to no fog; however,
relative to periods with no fog, the H-abstraction pathway is more important by 6% during

periods of recent fog compared to periods with no fog, due to slightly higher temperatures

(Figure 4.4i-p).

MeSH oxidation is dominated by the reaction with OH with over 97% of the MeSH
oxidation occurring through the MeSH+OH oxidation ppathway (Figure C.8). There is also less
variability in the MeSH oxidation pathways between different simulations and different periods
of the campaign. The dominance of the OH pathway has been suggested by prior studies (Novak
et al., 2022). However, similar to DMS oxidation, the importance of the BrO pathway may be

underestimated due to the biases in BrO.

DMSO model-observation agreement is worse than both DMS and MeSH, with an
underestimate by more than an order of magnitude in all simulations (Figure 4.5). The DMSO
biases are lowest for the OCEAN source region for all simulations. The underestimate of DMSO
for the OCEAN source region in all simulations and all source regions in the L11 and ANN*FO
simulation is in part due to the underestimate of DMS for those source regions and simulations.
However, for the ICE source region the DMSO is always underestimated by more than an order
of magnitude for all simulations, even though DMS was overestimated for the ICE source region
in the L11*FO and BIO*FO simulations. We hypothesize two potential sources of the additional

DMSO bias here: biases in DMSO loss and biases in DMS oxidants that react to form DMSO.
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Figure 4.5: Scatter plot comparing the Observed and Modeled DMSO from (a.) L11, (b.)
L11*FO, (c.) ANN*FO, and (d.) BIO*FO. The numbers on the panel correspond to the LMB
colored by source region.

The DMSO underestimate may be associated with too rapid loss either through chemical

reactions or wet removal. In terms of chemical DMSO loss pathways, our study has 84% of

DMSO being lost to the DMSO(g+OHg) and 16% being lost to the DMSO(aqyt+OHaq) which is

comparable to the percentages for this region of the Arctic in Chen et al. (2018). The atmospheric

chemical lifetime of DMSO in our simulations is on the order of hours (Table C.3), which is

comparable to the lifetime reported by Scholz et al. (2023), but shorter than the 11 h lifetime in
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Chen et al. (2018). The inclusion of more vigorous removal through a drizzle parameterization in
Arctic low-level clouds may contribute to the underestimate of DMSO in our simulations (Figure
C.9a). Turning of the DRIZZLE updates (which have more vigorous removal above 65°N over
the open ocean) as is done in the L11noprizziLe reduces the LMB to -0.3 for the OCEAN source
region compared to the LMB of -1.21 for the L11 simulation. These effects on biases for the
OCEAN source region suggest that the assumed drizzle rate is too high for springtime clouds in
this region of the Arctic, or potential biases in the low cloud cover, or biases in the aqueous
chemistry. For the ICE and MIZ source regions, the L11noprizzLe only slightly improves the
DMSO LMB (-1.51 and -1.42 respectively for ICE and MIZ for L11noprizzLg). The differences
in the L11 and L11InoprizzLE simulations make sense as the implementation of the DRIZZLE

updates should primarily affect points assigned to the OCEAN source region.

The DMSO underestimate may additionally be associated with biases in the species that
react with DMS to form DMSO. The DMSO chemical sources are: DMS+OH (80%), DMS+BrO
(16%) and DMS(aq) + O3(aq) (4%). In Chen et al. (2018), the DMS+OH and DMS+BrO pathways
were the most dominant sources of DMSO contributing roughly equal percentages. We do not
have direct observations of OH or BrO; however, we use prior studies and other observations
during ARTofMELT to infer potential biases. There is a positive correlation (R? of 0.59) between
the simulated OH and the observed downwelling shortwave radiation (Figure C.10a). Although,
OH is determined by more than just the presence of shortwave radiation, it has been shown to be
correlated (Rohrer and Berresheim, 2006; Souri et al., 2024), so the correlation between OH and
shortwave radiation in our study is a positive indicator. Additionally, prior studies have shown
GEOS-Chem to simulate OH similar to other chemical transport models and reasonably

represent observational estimates of OH (Christian et al., 2017, 2018; Lin et al., 2024). The
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correlation of OH with SW radiation and prior studies of GEOS-Chem representation in OH
suggest that the production of DMSO through the OH addition pathway should be reasonably

estimated.

As mentioned previously, 16% of DMSO in our modeling study forms via the DMS+BrO
oxidation pathway, which is lower than the percentages found in this region in prior studies
(Chen et al., 2018). An understimate bias in BrO could contribute to both the low bias of DMSO
and the underestimate in the importance of the DMS+BrO oxidation pathway. Prior studies have
shown elevated BrO leads to surface ozone depletion events in the Arctic spring (Huang et al.,
2020; Yang et al., 2010). However, our simulations, despite including the blowing snow
emissions of BrO, do not capture the observed ozone during ARTofMELT (Figure C.10b)
suggesting biases in halogen chemistry. In Huang et al. (2020), the blowing snow emissions of
BrO improved agreement with satellite tropospheric BrO columns and surface ozone in March
and April, but were not able to capture ozone depletion events in May (consistent with our
simulations; Figure C.11). Huang et al. (2020) hypothesized the lack of ability to capture ozone
depletion events in May was related to deposition of bromine on snow enhancing the emission of
Br™ later in the spring compared to the assumptions made in the parameterization. Turning off the
blowing snow emissions (L11nosnow) only slightly worsens the LMB of DMSO for all source
regions (Figure C.9b), consistent with the slight impacts the blowing snow emissions had on the
ozone in our simulations and Huang et al. (2020). Both the ozone and DMSO comparisons with
observations suggest a potential underestimate in BrO. Assuming a higher value for the
enrichment of Br™ in snow compared to sea water would increase the BrO concentration and also
be more consistent with other studies in late spring in the Arctic (Huang et al., 2020; Macdonald

et al., 2017; Toom-Sauntry and Barrie, 2002). Additionally, following Huang et al. (2020) we
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assumed the salinity of the snow on first-year ice to be 0.1 psu and 0.05 psu on multi-year ice,
while measurements during the ARTofMELT campaign measured higher salinities in snow for 6
of the 8 samples (Rush et al., 2024), assuming a higher salinity value would also enhance the
BrO. Lastly, there may be unaccounted emissions of bromine directly from now on sea ice in our
simulations (Pratt et al., 2013; Swanson et al., 2022; Wales et al., 2023). Swanson et al. (2022)
showed that in May the bromine emissions from the sea ice were lower in magnitude than those
from blowing snow, but in June the bromine emissions from the sea ice were greater in
magnitude than those from blowing snow. Revising the assumptions of the blowing snow
parameterization from Huang et al. (2020) to better match conditions during ARTofMELT and
including bromine emissions from sea ice could improve the DMSO model-observation

agreement by enhancing the production of DMS through the DMS+BrO pathway.

The model observation comparison of sulfate is improved particularly in the MIZ through
the inclusion of DMS/MeSH emissions when FO <1 as shown by the L11*FO and BIO*FO
simulation (Figure 4.6a). There is a low bias in sulfate for the ICE source region potentially
connected to the DMS oxidation biases discussed previously, as well as missing sulfate sources,

biases in deposition, and biases in long range transport in the model.

Additionally, the amount of SO> and MSA is increased in the L11*FO and B23*FO
simulations (Figure 4.6b-c) consistent with the increase in DMS and MeSH in the L11*FO and
BIO*FO simulations. We do not have observations of these species for model validation. The
lower SO, and MSA concentrations in the ANN*FO simulation is consistent with the lower DMS
values in that simulation. The SOz and MSA from DMS influence new particle formation and

growth as indicated by prior modeling and field campaigns (Croft et al., 2021; Hodshire et al.,
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2019c; Park et al., 2021; Tashmim et al., 2024). Aerosol size and composition during

ARTofMELT is the focus of Chapter 5.
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Figure 4.6: (a.) Sulfate grouped by source region for each simulation and the observations. (b.)
Simulated SO2 grouped by source region. (c.) Simulated gas-phase MSA grouped by source
region.

4.3.3 Case Study: End of Campaign Warm Period

To further understand the spatial and temporal variability of sulfur chemistry during
ARTofMELT, we conduct a case study during a period of elevated DMS near the end of the

campaign from 06/10/2023 at 08 UTC to 06/12/2023 at 08 UTC. This period had strong ocean
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influence, temperatures above freezing, consistent fog, and marked the onset of sea ice melt for
the 2023 season in the region (Figure C.2 & C.5). The back trajectories during this time are all

generally from the south with a shift to more southeast influence on June 12 (Figure C.12).

The highest DMS and MeSH concentrations of the campaign in the model and
observations occur during this time period from June 10" to 12 (Figure 4.7a-b). For both DMS
and MeSH, the peak concentrations in the observations occur on June 11 at 00 UTC and a second
maximum at 06 UTC, while the model simulations all have a singular peak at 04 UTC. The
timing of the maximum concentrations in the simulations correspond to a minimum in the
observations. The biases in the timing of the maximum concentration could be related to biases
in advection, or biases in aqueous chemistry. Both the MERRA-2 and observed meteorology
suggest the presence of fog on the morning of June 11; however, around 04 UTC (the maxima in
DMS/MeSH in the simulations), the MERRA-2 reanalysis has a decrease in the RH that is not
present in the observations. The low bias in RH could slow the rate at which DMS is being lost
to the aqueous-phase reaction in the model contributing to the increase in modeled DMS
concentration. Another possibility is biases in the transport of DMS to the ship. At 04 UTC, the
observed wind direction at Oden changes to be from the East (whereas the previous hours and
hours after are from the south), while the MERRA-2 wind direction is from the South throughout
(Figure C.13). Depending on the spatial distribution of DMS concentrations these biases in the
timing of the wind direction shifts could contribute to the biases in the timing of the maximum
concentration of DMS/MeSH. The peak DMS concentrations in the model are biased low
compared to the observations, while the peak MeSH concentrations are biased high for all
simulations except BIO*FO. The BIO*FO simulation yields the lowest concentrations of DMS

and MeSH of the four simulations as a result of too much sea ice in the biogenic ocean model
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(Figure C.14), which lowers its estimation of oceanic DMS. It is possible that the other
simulations are also biased low in oceanic DMS; however, spatial variability likely also
influences the model biases in the magnitude of the peak concentration during this time period.
The biases in MeSH could be the result of the potential biases in MeSH oxidation, or they could

be the result of biases in the assumed oceanic DM S:MeSH ratio.
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Figure 4.7: Time series of (a.) DMS, (b.) MeSH, and (c.) DMSO for the end of campaign melt
onset from June 10 to June 12.

For DMSO, the observations have missing data during this time period; however, the
model has a low bias when there are observations available (Figure 4.7c¢). Since the simulations

are biased low in DMS; it is expected that the model would also be biased low in DMSO.

100



However, biases in DMS oxidation could also contribute to the low bias in DMSO. The O3
model-observation agreement on 06/10 to 06/12 is better than it is during most of the campaign
(Figure C.11), which could potentially result in a better model representation of the DMS
oxidation with Os3. At Oden and in the surrounding areas, the chemical production of DMSO is
larger than the chemical loss of DMSO at this time (Figure C.15¢). Due to the presence of fog
(both in the model and observations), the aqueous phase reaction is more important during this
event relative to the campaign average at Oden (Figure C.16). The fog event in the model lasts
longer than it did in the observations, which could contribute to the model having too fast DMSO
wet deposition from 06/11 at 10 UTC to 06/12 at 03 UTC, which could contribute to the low
DMSO bias in the model. The H-abstraction pathway (which doesn’t produce DMSO) also has a
higher percentage during this time period compared to the rest of the campaign due to the
warmer temperatures. On 06/11, the MERRA-2 reanalysis temperatures agree with the observed
temperatures, but on 06/12 the MERRA-2 reanalysis has a warm temperature bias (Figure C.2).
The temperature biases could contribute to an overestimate in the H-abstraction pathway and an

underestimate in DMSO production contributing to the negative DMSO bias of DMSO on 06/12.

The L11*FO, ANN*FO, and BIO*FO simulations have similar spatial gradients of DMS
and MeSH to each other with the ship being located on the edge of a gradient with higher
concentrations to the north and east, and lower concentrations to the west (Figure 4.8). The
spatial patterns of DMS/MeSH in the model seem somewhat connected to the MERRA-2
meteorology around the ship at this time (particularly the low cloud cover; Figure C.17). The
previously discussed biases of too fast winds from the South in the MERRA-2 reanalysis could
contribute to the simulations having the highest concentrations too far to the north of Oden. The

biases in atmospheric oxidation/lifetime could contribute to spatial biases in DMS and MeSH,
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while the assumed oceanic DMS:MeSH ratio could contribute to MeSH spatial biases. The

model may be biased in where it spatially has the highest concentrations of DMS and MeSH

concentrations during this case study; however, as we only have observations at Oden, we have

no way of knowing the actual model biases in the spatial variability

06/11/2023 07 UTC

82°N

80°N

T8°N | %

82°N

80°N

= 78°N

82°N

80°N

# 78°N

82°N

80°N

78°N | fo

82°N

80°N

23 78°N

15°E

82°N

80°N

@ 78°N

82°N

80°N

78°N

82°N

80°N

78°N

82°N

80°N

78°N

15°W 0°

15°E

0 250 500 750 1000

DMS [ppt]
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MeSH, and (i.) DMSO from the BIO*FO simulation. All maps are from 06/11/2023 07 UTC.
The diamond point on each panel is colored by the corresponding observed value from

06/11/2023 07 UTC.

The spatial patterns to the north and west of the ship are similar for DMSO and DMS, but

to the south and east of the ship, there is relatively little DMSO (Figure 4.8). In the region to the

south and east of the ship, the ratio of DMSO chemical production to chemical loss is higher than
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the regional average (Figure C.15¢), but also a higher low-cloud fraction and RH (Figure C.17),
which results in faster wet deposition of DMSO, lowering the DMSO concentrations. The region
of the highest simulated DMSO concentrations to the west of the ship corresponds to high DMS
concentrations and DMSO production primarily through the OH-addition pathway (Figure
C.15a). Similar to DMS and MeSH, we have no way of knowing the true spatial patterns of
DMSO. However, the ability of the model to represent the DMSO spatial patterns is likely

connected to DMS, oxidation, and meteorology.

4.4 Conclusions

We used the GC-TOMAS model and the ARTofMELT field campaign data to analyze the
marine sulfur chemistry present during the spring-to-summer transition in the Fram Strait. Our

main conclusions are as follows:

1. The emission of oceanic DMS/MeSH in grid boxes with ocean fractions less than 1 is
important to being able to represent the atmospheric DMS and MeSH concentrations
along the ship-track. During periods of mostly sea ice influence these near-ice emissions
improve the atmospheric DMS LMB from -1.12 to 0.36 and from -0.78 to 0.32 for times
with mostly marginal ice zone influence when using the Lana et al. (2011) oceanic DMS

climatology.

2. Using higher spatial and temporal resolution oceanic datasets for the specific year of the
campaign offers an opportunity to potentially better capture interannual variability in
Arctic sulfur chemistry; however, these datasets come with their own limitations and
biases. The simulation using oceanic DMS from the biogenic model and emissions from
the sea ice zone has the lowest magnitude of bias for all source regions, except for the

ocean where it performs the worst as a result of biases in the biogenic ocean models
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representation of sea ice. The ANN with emissions from the sea ice zone simulation has a
low bias of DMS for all source regions, but has the most consistent bias over the entirety
of the campaign indicative of the ANN oceanic DMS dataset having a low bias of oceanic

DMS in the Arctic regions.

3. DMSO is underestimated along the ship track generally by more than an order of
magnitude due to both the biases in DMS, and likely biases in DMS oxidation and

DMSO wet removal.

4. The OH-addition oxidation pathway of DMS is the most dominant throughout the
campaign; however, the aqueous pathway becomes important during periods of fog. The
model is also potentially biased low in the importance of the BrO DMS oxidation

pathway.

Future work should be done to address the biases of DMSO. The DMSO biases,
particularly during sea ice and marginal ice zone influence, are likely connected to the bromine
sources from snow and sea ice. Therefore, there should be continued work to improve the
bromine emissions and assumptions of present parameterizations in GC-TOMAS. There are also
likely biases in the wet deposition of DMSO as a result of the wet deposition scheme in GC-
TOMAS needing further refinement to adequately represent the Arctic. Additionally, the value of

the Henry’s Law Coefficient of DMSO is uncertain.

Additional future work should work on understanding both the emission and oxidation of
MeSH. For emissions, a first step could be testing different spatial gradients in the assumed

oceanic DMS:MeSH scalar to see if this yields agreement more consistent with the DMS biases.
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Beyond the scope of this project, there could also be progress towards developing gridded

oceanic MeSH datasets similar to those that exist for oceanic DMS.

4.5 Data Availability

This work was funded by the U.S. National Science Foundation grant number 2211153. This
work is part of the ARTofMELT (Atmospheric rivers and the onset of Arctic melt) project. The
ARTofMELT expedition was supported and organized by the Swedish Polar Research Secretariat
(SPRS) on the Swedish research icebreaker Oden in spring under the SWEDARCTIC program.
Observation data from Oden used in this study will be made available on the Bolin Centre

Database once it is finalized (https://bolin.su.se/data/oden-artofmelt-2023/).
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Chapter 5: Processes Governing Atmospheric Aerosol in the North Atlantic Arctic Spring*

5.1 Introduction

Atmospheric marine particles in the marine and Arctic atmosphere have important
impacts on the climate system (Charlson et al., 1987; Croft et al., 2019; Hodshire et al., 2019c;
Tashmim et al., 2024; Yang et al., 2014; Yu et al., 2006). These aerosol particles influence the
climate directly through scattering (Bond et al., 2013; Charlson et al., 1987, 1991) and indirectly
by modifying cloud albedo and lifetime (Albrecht, 1989; Charlson et al., 1987; Twomey, 1974).
The scattering and absorption of aerosols is dependent on their size and composition with peak
efficiencies generally being between 100 nm and 1 pm in diameter (Bond et al., 2006, 2013;
Seinfeld and Pandis, 2016). Aerosols influence cloud properties through acting as cloud
condensation nuclei (CCN), and their ability to act as CCN is dependent on size and
hygroscopicity (Petters and Kreidenweis, 2007; Twomey, 1974). The radiative effects in the
Arctic, as well as global radiative forcing estimates, are very sensitive to aerosols and clouds in
the Arctic which have large modeling uncertainties due to complex aerosol feedbacks and strong
seasonal cycles (Browse et al., 2012, 2014; Sand et al., 2016; Schmale et al., 2021; Willis et al.,
2018). Therefore, improving understanding of aerosol size distributions and composition, and
reducing aerosol modeling biases in the Arctic is crucial to the understanding of the overall

climate system.

Aerosols in the Arctic have a strong seasonal cycle in concentration, size, and
composition (Boyer et al., 2023, 2024; Croft et al., 2016; Schmale et al., 2021; Willis et al.,

2023). Measurements of aerosol size distributions at stationary Arctic sites show that the

*June, N. A,, C. Zang, S. E. O’Donnell, B. Croft, R. Y.-W. Chang, J. Kojoj, F. Mattsson, P. Zieger, D.
Fellin, L. Heikkinen, A. Massling, L. Tashmim, W. C. Porter, S. H. Jathar, M. D. Willis, & J. R. Pierce (in
preparation): Processes Governing Atmospheric Aerosol in the North Atlantic Arctic Spring.
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observed annual cycle has two maxima in aerosol number: one in March-April and one in July
(Croft et al., 2016; Engvall et al., 2008; Leaitch et al., 2013; Tunved et al., 2013). The springtime
peak tends to be associated with accumulation mode particles due to the presence of Arctic haze,
while the summertime peak is associated with less transport from lower latitudes, efficient wet
removal, and new particle formation (Croft et al., 2016). The May-June period that is the focus
of this study is important to understanding the transition between these two maxima. In this
transition period, transport patterns change and wet removal becomes more efficient to limit
advection from lower latitudes (Bozem et al., 2019; Garrett et al., 2010; Korhonen et al., 2008;
Moschos et al., 2022b, a; Stohl, 2006). As a result, the influence of anthropogenic pollution
becomes less common and the importance of local natural aerosols increases (Croft et al., 2016,
2019; Moschos et al., 2022b, a). Additionally, secondary organic aerosol formation and new
particle formation are more important in the summer due to emissions from enhanced oceanic
biological activity and increased photochemistry (Burkart et al., 2017a, b; Croft et al., 2019;

Willis et al., 2017).

Primary sources of particles in the marine Arctic include emissions from sea spray and
blowing snow (Gantt and Meskhidze, 2013; Gong et al., 2023; Grythe et al., 2014; Huang et al.,
2020; Jaeglé et al., 2011). Sea spray is an important source of CCN in the Arctic system (Gong et
al., 2023; Pierce and Adams, 2006). Emissions of sea salt from blowing snow are most important
during the winter months, but still contribute roughly equally to the total sea salt emissions as
open ocean during the spring-summer transition (Huang and Jaeglé, 2017). Understanding if the
sea salt aerosols are from the ocean or from blowing snow is important as the blowing snow
emissions tend to contribute to smaller particle sizes (< 1 pm) than those from the open ocean

(Gong et al., 2023).
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New particle formation (NPF), or the formation of particles from low-volatility vapors is
an important source of particle number in the Arctic (Croft et al., 2016; Gordon et al., 2017;
Hodshire et al., 2019c; Schmale et al., 2021; Willis et al., 2018). Dimethyl sulfide (DMS) is a
contributor to NPF and growth in the Arctic as a result of its oxidation to SO, and
methanesulfonic acid (MSA) (Croft et al., 2021; Hodshire et al., 2019c; Johnson and Jen, 2023;
Tashmim et al., 2024; Thomas et al., 2010). Methanethiol (MeSH) is also emitted from the
oceans and oxidizes to SO> (Wohl et al., 2024); however, the influence of MeSH on the sulfur
budget is less well understood and constrained in models than that of DMS. SO; is then further
oxidized in the atmosphere to form sulfuric acid (H2SO4). In addition to sulfuric acid, other
vapors including: amines, MSA, ammonia, iodine, and organics contribute to NPF and growth
(Allan et al., 2015; Beck et al., 2021; Croft et al., 2016, 2019, 2021; Hodshire et al., 2019c;
Huang et al., 2022; Willis et al., 2018; Zhao et al., 2024). Beck et al. (2021) found through
observations that springtime NPF events at Villum, Greenland were driven by iodic acid, but
were too weak to facilitate growth to CCN sizes. At Ny-Alesund, Svalbard nucleation occurred
via sulfuric acid and ammonia with growth to CCN sizes facilitated by condensation of MSA and
sulfuric acid. Despite the progress in understanding NPF and growth (NPF&GQG), the ability to
simulate these events accurately in models remains difficult due to the representation of

mechanisms, precursors, and model resolution.

Secondary organic aerosol (SOA) resulting from a marine origin also contributes to the
sub-micron mass in the Arctic (Burkart et al., 2017a, b; Croft et al., 2019; Willis et al., 2017).
The oceans are a source of organic vapors that can contribute to SOA formation; however, a lack
of speciated volatile organic compound (VOC) measurements in the marine Arctic means the

exact source and composition of these SOA precursors are not well characterized (Carpenter et
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al., 2012; Carpenter and Nightingale, 2015; Croft et al., 2019, 2021; Kim et al., 2017; Rinaldi et
al., 2013). In the North Atlantic and Arctic, organics have been observed and modeled to make a
large contribution to the growth of particles to CCN sizes (Burkart et al., 2017a; Croft et al.,
2019, 2021; Leaitch et al., 2018; Willis et al., 2017). Part of the goal of this study is to better
understand OA and SOA precursors during the springtime Arctic, to potentially reduce model

biases in both aerosol mass and size.

Cloud-processing and wet removal of aerosols are also key, but not always well
represented in models in the Arctic (Browse et al., 2012; Cesana et al., 2012; Croft et al., 2016;
Garrett et al., 2010; Pierce et al., 2015). The inclusion of interstitial coagulation in Arctic clouds
in models improves the agreement between observed and simulated aerosol size distributions in
the Arctic (Croft et al., 2016; Pierce et al., 2015). Additionally, efficient wet removal in Arctic
low-level clouds is important to explaining the observed seasonal cycle of the Aitken and
accumulation modes (Browse et al., 2012; Croft et al., 2016). While both Browse et al. (2012)
and Croft et al. (2016) identified drizzle as a key contributor to wet removal, they cited the need
for continued work on understanding wet deposition in the Arctic due to assumptions in drizzle

rate and uncertainties in the low-cloud cover.

Here, we use data from a recent Arctic field campaign and a global chemical transport
model coupled with a size-resolved aerosol microphysics model to understand model
representation of aerosol composition and the springtime shift in Arctic aerosol size distributions.
In Chapter 5.2, we describe our use of measurements from the ARTofMELT field campaign and
the simulations we conduct using the atmospheric chemistry model with size resolved aerosol
microphysics (GEOS-Chem-TOMAS). In Chapter 5.3, we characterize the model biases by the

different source regions that impacted the aerosol composition and size distributions during the
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campaign. We also utilize measurements from the Villum Research Station and back trajectories
to conduct a case study from a regional perspective when the field campaign was impacted by
transport from the North. Finally, we conduct a regional analysis of a time period with strong
open ocean influence. In Chapter 5.4, we summarize these findings and make recommendations
for future work to further improve parameterization of these Arctic-climate relevant aerosol

processes.

5.2 Methods

5.2.1 Measurements During the ARTofMELT Field Campaign

The Atmospheric Rivers and the onset of sea ice melt (ARTofMELT) field campaign took
place in the Fram Strait from May 9 to June 13, 2023 on the Swedish Icebreaker Oden (See

Figure 4.1).

We use data of aerosol mass collected using a soot particle aecrosol mass spectrometer
(SP-AMS) (Freitas et al., 2024; Onasch et al., 2012). The SP-AMS alternated between running in
laser-on mode to vaporize soot particles and laser-off mode to measure non-refractory particles.
In this work, we only use the non-size resolved measurements of non-refractory particles.
Specifically, we use the data for organics, sulfate, ammonium, and nitrate. Further technical
details of the SP-AMS can be found in Onasch et al. (2012), while further details on the data
processing and quality control of these data can be found in Freitas et al. (2024). As of the
writing of this dissertation, the SP-AMS data are not finalized and are lacking some data
corrections including loss correction, collection efficiency, and relative ionization efficiency.
These limitations of the SP-AMS data mean that there are likely observational biases in both the
concentrations and relative abundances of species measured by the SP-AMS. The SP-AMS data

will change prior to publication.
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We use measurements of gas phase reactive organic carbon that were collected using the
Vocus-CI-ToFMS to aid in the analysis of understanding possible secondary organic aerosol
sources in the region. The dual-reagent Vocus-CI-ToFMS uses the chemically general proton-
transfer ionization (H3O" ) with adduct-formation ionization (NH4") to measure directly emitted,
less-oxygenated VOCs, and their early-generation oxidation products (Hansel et al., 2018;

Mungall et al., 2016; Zang and Willis, 2025; Zaytsev et al., 2019). These data are preliminary.

For the aerosol size distribution, we use a combination of three instruments to cover the
size range from 3 nm to 2 um. The Neutral cluster and Air lon Spectrometer (NAIS) is used to
measure the aerosol size distribution from 2 nm to 40 nm (Mirme and Mirme, 2013). The native
temporal resolution of the NAIS data is 10 minutes. The aerosol size distribution from 15 nm to
800 nm is measured using a Differential Mobility Particle Sizer (DMPS) at a 12 minute temporal
resolution (Karlsson et al., 2021; Williams et al., 2024). The DMPS data have been loss corrected
for diffusional, gravitational, and impaction losses. A Laser Aerosol Spectrometer (LAS) is used
for the aerosol size distribution from 0.2 um to 1.7 um. The LAS temporal resolution is 10
seconds. The total number concentration is used as a pollution flag to exclude measurements
impacted by pollution from Oden. This pollution flag is also applied to the SP-AMS and
VOCUS-CI-ToFMS data. For this study we re-bin the size distribution data into the 15 bin
aerosol size distribution from 3 nm to 10 um used in GEOS-Chem-TOMAS. For bins that are
covered by two of the three instruments a weighted averaging is used to combine the data. The
NALIS is known to have a high bias, so its data is weighted less in the overlapping size range with
the DMPS data. The pollution flag and some of the loss corrections are preliminary meaning

there may be adjustments to the observational data.
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Additionally, we use some of the meteorological data collected on board the ship to
support the aerosol analysis. Visibility, precipitation intensity, wind, temperature, relative
humidity, cloud cover, and radiation are measured at a weather station on Oden located ~25 m

above sea level.

To further characterize the aerosol size distributions in this region during the spring we
use aerosol size distribution data from the Villum Research Station. A Scanning Mobility Particle
Sizer (SMPS) measures the aerosol size distribution from 10 nm to 800 nm at Villum (Beck et

al., 2021; Dall'Osto et al., 2018; Nguyen et al., 2016; Wang and Flagan, 1990).

We hourly average all observation and model data for our comparisons. Periods with

missing observation data either due to pollution or instrument failure are excluded from analysis.

5.2.2 GEOS-Chem-TOMAS Model Description

We use the global atmospheric chemistry model (GEOS-Chem) coupled with the TwO-
Moment Aerosol Sectional (TOMAS) model v12.9.3 (GC-TOMAS) to simulate the atmospheric
DMS (Adams and Seinfeld, 2002; Kodros and Pierce, 2017). The TOMAS aerosol microphysics
scheme used in our simulations has 15 size bins from 3 nm to 10 pum. We simulate size-resolved
sulfate, sea salt, organic aerosol (OA), black carbon (BC), and dust, and diagnose size-resolved
aerosol ammonium, nitrate, and water. Our GC-TOMAS configuration uses 47 vertical layers
and is first run at 4°x5° horizontal resolution globally to obtain boundary conditions. We then run
a nested simulation for a domain around the ARTofMELT campaign at 0.5°x0.625° horizontal

resolution (Figure 4.1a).

The model is run using reanalysis meteorology from MERRA-2 which has fair agreement

with the on-ship meteorological observations with the exception of precipitation (Figure C.1).
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Generally, the precipitation field in the reanalysis meteorology tends to have fewer hours with no
precipitation than was actually observed on the ship (Figure C.2). This may impact the wet

removal.

5.2.2.1 Emissions

The anthropogenic, biomass burning, and non-DMS/MeSH natural emissions are
consistent with the configuration of the previous chapter (4.2.2.1). This includes the blowing
snow emissions that we will examine the impact of on the aerosol size and composition in this

chapter.

For DMS and MeSH emissions, based on the results of the previous chapter, we use the
updated sea-air flux calculation. The emission flux is controlled by the gas-transfer velocity,
which is a function of wind speed and SST (Johnson, 2010) scaled by the ocean fraction. This
scaling allows for emissions throughout the marginal ice zone, which observationally has been
shown to have DMS emissions (Hayashida et al., 2017; Lizotte et al., 2020; Loose et al., 2011;
Willis et al., 2023; Wohl et al., 2022). The default DMS emissions in GEOS-Chem has no
emissions if any ice is in the grid cell. As was described in the previous chapter, including these
emissions improved the model-observation agreement of DMS and MeSH, which means it could
also be influential on the model-observation agreement of aerosol properties. The oceanic DMS
concentrations come from the Lana et al. (2011) dataset because it is the standard source used in
GC-TOMAS (Hulswar et al., 2022). The oceanic MeSH is estimated using the same scaling

factors described in the previous chapter.
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5.2.2.2 TOMAS Aerosol Microphysics

The TOMAS aerosol microphysics scheme used in our simulations has 15 size bins from
3 nm to 10 um. The updates we make to the TOMAS microphysics are consistent with the
previous chapter; however, we will test the sensitivity of these updates here and describe them in

greater detail.

All simulations couple MSA to the TOMAS microphysics scheme to include the effects
of MSA on aerosol growth (Hodshire et al., 2019c), but we do not allow MSA to participate
directly in NPF. We use the parameterization for MSA volatility developed using the E-AIM
model in Hodshire et al. (2019). In this parameterization, volatility is calculated based on NH3,
temperature, and relative humidity. MSA can act as non-volatile, semivolatile, or volatile. Figure
D.1 shows the volatility of MSA calculated using this parameterization along the ARTofMELT
ship track based on the GC-TOMAS output. Very few hours have a classification with free
ammonia, and all of those hours fall into the ELVOC-like category based on the parameterization
for MSA volatility. The majority of the campaign falls into the no free ammonia category and is

split between being treated as VOC-like (RH< 90%) and SVOC-like (RH>90%).

All simulations have updated the inorganic NPF mechanism to Dunne et al. (2016) and
the implementation into GC-TOMAS described in O’Donnell et al. (2025). The Dunne et al.
(2016) represents binary (sulfuric acid and water) and ternary (sulfuric acid, water, and
ammonia) nucleation with ion-mediated and neutral versions of each. For the ion-mediated
versions, we use an ion-pair formation rate of 10 pairs cm s!, which is representative of the
continental boundary layer. This ion-pair formation rate could be too high for the location of our
study: the surface in the marine Arctic (Nieminen et al., 2018; Snow-Kropla et al., 2011).

O’Donnell et al. (2025) uses a 10° scalar on the inorganic nucleation rates, as the Dunne et al.
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(2016) scheme produced too little nucleation at the Southern Great Plains site; we also include

that scalar here; however, this scalar may be inappropriate for our study location.

We also allow for organics to participate in NPF following Riccobono et al. (2014) with
the implementation into GC-TOMAS described in O’Donnell et al. (2025). The organic
nucleation rates are calculated based on sulfuric acid clustering with low-volatility organic
species with a temperature dependence (Riccobono et al., 2014; Yu et al., 2017). GC-TOMAS
does not explicitly track low-volatility organics, so we assume 1% of condensing SOA has a
volatility low enough to participate in NPF. The pseudo-steady state concentration of the low-
volatility organics is then calculated using the calculated condensation sink and assumed
molecular weight of 200 g mol™! (Pierce and and Adams, 2009). O’Donnell et al. (2025) found
that a 107 scalar was needed to produce appreciable nucleation from this scheme in GC-TOMAS,

and we continue to use that scalar here.

We recognize that there are limitations to our simulation of NPF due to the assumptions
and scaling made in the calculations of the nucleation rates. We also realize that we are excluding
some NPF mechanisms that may be important. We do not include the NPF mechanism iodine
oxoacids, which was shown to be important in the marine boundary layer in Zhao et al. (2024)
because GC-TOMAS lacks the chemistry for iodic acid (HIO3). However, the importance of
iodine induced NPF in the Zhao et al. (2024) study rapidly declines above 70°N, where our study
is located. Although, based on the MOSAIC field campaign, 1odic acid peaks in the Arctic in
May, meaning it could be influential at this time of year depending on sea ice conditions (Boyer
et al., 2024). However, we cannot say anything about the specific potential importance of iodic

acid and the role of iodine in NPF in our study, as the Arctic has variability in conditions
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depending on the sea ice conditions, proximity to land, transport patterns, and meteorological

condition.

5.2.2.3 Secondary Organic Aerosol Scheme

SOA uses the scheme described in the previous chapter. We also use the updates to the
SOA precursor emissions described there. Here we try to advance the characterization of these
SOA precursors based on the reactive organic carbon measurements taken on Oden during

ARTofMELT. In the model sense, we refer to these precursors as Arctic Marine SOA (AMSOA).

5.2.2.4 Wet and Dry Deposition

Removal of simulated aerosol mass and number occurs through wet and dry deposition.
All simulations include the updates for interstitial coagulation (Croft et al., 2016; Pierce et al.,
2015). Prior modeling studies, primarily focused on the Canadian Arctic, have suggested a need
for more vigorous wet removal from Arctic low-level clouds (Browse et al., 2012; Croft et al.,

2016). These updates are described in detail in the previous chapter.

5.2.2.5 Sulfur Chemical Mechanism

The DMS and MeSH chemical mechanism is consistent with the description from the

previous chapter.

5.2.3 Summary of GEOS-Chem-TOMAS Simulations

Table 5.1 presents the sensitivity simulations used in our study focused on the May-June,
2023 ARTofMELT field campaign. The STAND simulation includes all model updates described
in the previous section. The four sensitivity simulations turn off one of the model updates to
isolate the impact of these updates. We choose to turn updates off one at a time, since two of

these updates have already been shown to have importance in the Arctic region.
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Table 5.1: Brief summary of GEOS-Chem-TOMAS simulations used in this study and their
corresponding abbreviations.

SIMULATION | DESCRIPTION

STAND Includes all model updates described in Chapter 5.2.2

NOSNOW Same as STAND without blowing snow emissions

NOAMSOA Same as STAND without additional Marine Arctic SOA precursor emissions

NODRIZZLE | Same as STAND without more vigorous wet removal from Arctic (> 66°N)
low-level clouds
NORICC Same as STAND without Organics+Sulfuric acid NPF using Riccobono et al.

5.2.4 Use of HYSPLIT and Definition of Source Regions

Using the same methodology as the previous chapter, we run HY SPLIT back trajectories

to define source regions.

HYSPLIT is further used in this chapter through a combination with GC-TOMAS output
to extract aerosol size distributions along the Lagrangian back trajectories to understand the
evolution of the aerosol size distribution. The methodology of extracting the simulated aerosol

size distribution along the back trajectory is described in detail in O’Donnell et al. (2025).

5.3 Results

5.3.1 PM1 Composition During ARTofMELT

OA and sulfate are the largest fraction of particulate matter mass measured by the SP-
AMS for ARTofMELT regardless of source region (Figure 5.1). Ammonium and Nitrate make up
much smaller fractions and are rarely above the instrument limit of detection. The SP-AMS data
typically has an upper size limit of 1 pm and does not include estimates of sea salt. Therefore, to
compare to the model, we use the model integration of mass smaller than 1pum and exclude sea
salt. In the discussion of Figure 5.1, particulate matter smaller than 1 pm in diameter (PM1)
refers to the sum of the OA, sulfate, nitrate, and ammonium concentrations. In terms of absolute

PM1 concentration, the model generally has more PM1 than the observations, which is likely the
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Figure 5.1: Bar chart of the observed and simulated PM concentration and composition for (a.)

ICE, (b.) MIZ, (c.) OCEAN, and (d.) NONE source regions. Source region definitions are in

Table 4.2. As a reminder, the observational data does not yet have collection efficiency (C.E.) or
relative ionization efficiency (R.I.E.) applied to it.

result of biases in both the simulations and observations. For OA, there is hardly any OA
simulated for any of the source regions without the inclusion of the AMSOA (NOAMSOA
simulation). The AMSOA emissions substantially increase the availability of SOA precursors in
the simulations (Figure D.2) resulting in an increase in OA in the STAND simulation relative to
the NOAMSOA simulation. The AMSOA emission rate was tuned for the Canadian archipelago
in the summer (Croft et al., 2019), and therefore may not be entirely representative of SOA
precursors during May-June in the Fram Strait. The AMSOA emission rate will be further refined
for this region and time of year once the observational data are finalized. However, the varying
biases between source regions (discussed below) suggest that the marine SOA precursor

variability could benefit from being modified to be mechanistic rather than a fixed rate scaled by

ocean fraction.

For the ICE source region, the campaign average PM1 is 0.43 pug m™ in the observations

and 1.00 ug m™ in the STAND simulation (Figure 5.1a). The majority of the PM1 mass for the
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ICE source region in the observations is sulfate, while for the STAND simulation most of the
PMI1 mass is OA. The NOSNOW and NORICC simulations have similar PM1 concentration and
composition as the STAND simulation (for the species measured by the SP-AMS) in the ICE
source region. The NODRIZZLE simulation has a higher concentration of PM1, despite the
DRIZZLE updates not occurring over pack ice or the marginal ice zone, as a result of decreased
wet removal close to Oden. The NOAMSOA simulation has too little OA compared to the
observations, suggesting that there is some uncharacterized source of SOA precursor being
emitted in regions with sea ice. The current AMSOA emission rate was tuned for the summer in
the Canadian archipelago and is linearly scaled by the ocean fraction (Croft et al., 2019). The
high bias of OA in the STAND simulation suggests that the emission rate is too high for regions
of mostly sea ice coverage in the Arctic spring. Furthermore, the correlation between the SOA
precursor species in the STAND simulation and observed reactive organic carbon species that
contribute to SOA is low for the ICE source region relative to those for the OCEAN and MIZ
source regions (Figure D.3), potentially suggesting that we are not adequately representing SOA

precursor in the ICE source region.

For the MIZ source region, the campaign average PM1 concentration is 0.41 ug m™ and
1.82 pg m™ in the observations and STAND simulation respectively (Figure 5.1b). The
observations are 57% sulfate and 40% OA. The STAND PM1 concentrations are 16% sulfate and
83% OA. There is an overestimate in sulfate concentration by 0.08 pg m™ in the STAND
simulation for the MIZ source region, meaning most of the bias in the PM1 concentrations for
the MIZ source region result from model biases in OA. The MIZ source region averaged OA is
1.50 pg m> and 0.03 pg m™ for the STAND and NOAMSOA simulations respectively meaning

that most of the OA in the STAND simulation at Oden coming from the MIZ is a result of the
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AMSOA emissions. For the MIZ, the SOA precursors likely have a complex relationship with
chlorophyll, melt ponds, and biogenic processes between and underneath the sea ice (Abbatt et

al., 2019; Mirrielees et al., 2024).

When the dominant source region is OCEAN, the STAND simulation average PMI is
0.55 pg m™ and the observed average PM1 is 0.38 pg m™ (Figure 5.1c). In the observations, the
composition is 0.17 pg m> OA and 0.19 ug m™ sulfate. The STAND simulation has 0.21 ug m™
OA and 0.33 pg m™ sulfate. Since the STAND simulation has an underestimate in PM1 mass and
the observations are potentially biased low without the needed corrections, it is possible that the
assumed drizzle rate is too high for this time and region in the Arctic. The DRIZZLE updates
have the largest impact in the OCEAN source region due to the way the updates are implemented
resulting in the NODRIZZLE simulation having more than double the PM1 concentration of the
STAND simulation for the OCEAN source region. For the OCEAN source region, the PM1 in
the NOAMSOA simulation is mostly sulfate with very little OA, meaning the majority of the OA
in the STAND simulation comes from the AMSOA simulation. Some of the reactive organic
carbon species that are correlated with the AMSOA SOA precursor concentration for the
OCEAN source region (Figure D.3b) have previously been shown to be produced from biogenic

and ozonolysis processes in the ocean (Kilgour et al., 2024; Kim et al., 2017).

In addition to the STAND simulation biases in OA, the correlations between SOA
precursors and DMS also suggest the need for refinement of the AMSOA emission (Figure D.4).
The spearman correlation between the measured reactive organic carbon and measured DMS is
0.12, but is as high as 0.26 when using a time-lag of +14 h for the observed DMS. The spearman
correlation of the AMSOA SOA precursor with DMS peaks at 0.33 with a time-lag of 0 h. Since

the AMSOA emission rate is scaled by ocean fraction, it is unsurprising that it is correlated with
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DMS. However, the time-lag in the observed correlation between reactive organic carbon species
that represent potential SOA precursors and observed DMS, suggests that in reality the processes
contributing to DMS and SOA precursor production in the ocean are not peaking at the same
time, likely due to different processes contributing to the production of DMS and SOA precursor
species. The correlation results discussed here suggest that using a time lag in the DMS emission
flux to represent AMSOA SOA precursor emission flux could help capture more of the observed
variability in the SOA precursors (as a relatively simple first step). However, it would also
subject the AMSOA SOA precursor to additional biases as a result of the biases in oceanic DMS

and sea-to-air flux of DMS discussed in Chapter 4.

5.3.2 Aerosol Size Distributions During ARTofMELT

Table 5.2 shows the ARTofMELT campaign average logio mean bias (LMB) for each of
the simulations for 3 size ranges. For the number of particles between 3 and 15 nm (N3¢15), the
STAND simulation shows a campaign average LMB of -1.24 (about 50 too few particles cm™ in
the STAND simulation). If NAIS observations have a high bias as indicated by prior studies
(Mirme and Mirme, 2013), then the bias of the NAIS instrument that provides the N315
measurements could influence the underestimate of N3¢15 in the simulations. The STAND
simulation better represents the number of particles between 15 and 100 nm (Nisw100) With a
campaign average LMB of 0.51 (about 3x too many particles in the model). Nisi100 has similar
variability in the observation and STAND simulation (Figure D.5b). The LMB in the STAND
simulation is 0.58 (about 127 too many particles cm™) for the number of particles between 100
and 800 nm (N1oots00). Compared to the other two size modes there is comparatively little

variability in Nioowsoo in both the observations and STAND simulation (Figure D.5¢). The lack of

variability in the accumulation mode could be connected to the presence of Arctic Haze during
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ARTofMELT. Arctic haze has been previously observed to be accumulation mode dominated in
the Winter and Spring (Boyer et al., 2023; Covert et al., 1996; Croft et al., 2016; Engelmann et
al., 2021; Freud et al., 2017; Nguyen et al., 2016). Aerosol process reasons for the biases of each

size mode vary by source region (Figure 5.2) and will be discussed in the coming paragraphs.

Table 5.2: Logio mean bias (LMB) during ARTofMELT for N3to15, Ni5t0100, N10otosoo. The number
of hours with non-nan values for N3t15 is 576 h, while for Nistw100 and Niootsoo it is 739 h.

Simulation | LMB of N3wi5s LMB of Niswwioo  LMB of Niootsoo
STAND | -1.24 0.51 0.58
NOSNOW | -1.21 0.55 0.61
NORICC | -1.81 -0.02 0.36
NOMSOA | 0.77 0.77 -0.2
NODRIZZLE | -1.85 -0.33 0.64

For the ICE source region, the STAND simulation underestimates N3i15 (LMB of -1.51),
slightly overestimates Niswi00 (LMB of 0.33), and overestimates Nioowsoo (LMB of 0.55) (Figure
5.2). The Aitken (Nist100) mode agreement during ICE influence is slightly impacted by the
DRIZZLE and RICC updates: turning off either one of these updates changes the sign of the
Nisw0i00 LMB to be negative. The high bias in the accumulation mode (Niootso0) for the ICE
source region in the STAND simulation is related to too high of an emission rate for the AMSOA
precursor. However, the NOAMSOA simulation underestimates Niootwsoo for the ICE source
region, so there is the need for some emission of an Arctic SOA precursor flux even in regions
with partial ice cover. The STAND Ns¢o15 low bias is connected to the high bias in STAND
Niootgoo and STAND Nisto100 because these high biases connect to a high bias in the coagulation
sink for the ICE source region (Figure D.6). The too high coagulation sink in the STAND
simulation means that the nucleation mode particles are being lost too quickly through
coagulation with larger particles. The condensation sink is increased by the added AMSOA in the

ICE source region and at times the STAND simulation overestimates the condensation sink for
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Figure 5.2: (a.) Number concentration between 3 nm and 15 nm (N3t15) along the ARTofMELT
ship track grouped by source region. (b.) Number concentration between 15 nm and 100 nm
(Ni1st100) grouped by source region along the ARTofMELT ship track. (c.) Number concentration
between 100 nm and 800 nm (Niootg00) grouped by source region along the ARTofMELT ship
track.

the ICE source region (Figure D.7). Since nucleation is generally favored in low condensation
sink environments (Kecorius et al., 2019; Westervelt et al., 2014), the high bias in the

condensation sink could help to explain the low bias in N3(15. We cannot rule out that the low

bias in N3t15 is due to missing NPF mechanisms in the model. A prior study looking at NPF at
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Ny-Alesund found that sulfuric acid, methane sulfonic acid (MSA) and iodic acid all contributed
significantly to the growth below 10 nm in diameter during springtime NPF events (Beck et al.,
2021). Iodic acid chemistry is not included in GC-TOMAS, so we do not have the mechanism
for iodine to influence NPF. Prior studies have shown photochemical and biological processes in
snow and sea ice to influence polar iodine emissions (Galvez et al., 2016; Hill and Manley, 2009;
Raso et al., 2017; Saiz-Lopez et al., 2015), while MOSAIiC showed iodic acid concentrations to
peak in April-May before declining in June (Boyer et al., 2024). Therefore, there could
potentially be the precursors needed for iodine NPF during ARTofMELT when the source is

coming from ICE, which would contribute to the N3t15 underestimate in the model.

During ARTofMELT, when there is MIZ influence the N3¢i15 LMB is -0.86; the Nis¢o100
LMB is 0.59; the Niootwsoo LMB is 0.75 (Figure 5.2). Similar to the ICE source region, the MIZ
region has a high bias for the STAND simulation in Niootwsoo as a result of the AMSOA emission
and a high bias in Nistw100 connected to the DRIZZLE and/or RICC updates. In the MIZ region,
these Nisto100 and Niootgoo high biases result in high biases in both the condensation sink and
coagulation sink (Figure D.6), which could contribute to the low bias in N3¢15. For the MIZ
source region, turning off the RICC updates that allow low-volatility organics to participate in
NPF degrades the LMB of N3o15 to -1.98 (over an order of magnitude worse in the NORICC
relative to the STAND simulation). These results suggest that in the NORICC simulation: the
conditions are not right for binary nucleation and there is not enough ammonia for ternary
inorganic nucleation. The NOAMSOA simulation has a high bias in N315 in part due to the
improved model-observation agreement of the condensation and coagulation sinks. The
connections between the NOAMSOA and NORICC simulations and the STAND simulation

seem to indicate that organic NPF is contributing to the observed size distributions and the best
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case AMSOA emission is likely in between the current value and being turned off. However, like
the ICE source region, we cannot rule out that missing model mechanisms for NPF are

contributing to the biases in the model.

During periods with the source region defined as OCEAN the LMBs for the STAND
simulation are 0.08, 1.13, 0.47 for N3t15, Nist100, and Niootwsoo, respectively (Figure 5.2). The
Nsw1s mode seems to be captured in the model as a result of the RICC updates. However, the
model also overestimates the relative variability in N315 during OCEAN influence. As was
mentioned in the discussion of Table 5.2, the N315 observations are missing more data than the
other size modes. Many of these missing data points occur during OCEAN influence, limiting
our ability to draw conclusions about the performance of our model and the NPF mechanisms.
The Nisw100 high bias seems connected to the RICC, AMSOA, and DRIZZLE updates. The
Niootogoo mean high bias seems connected to the AMSOA emissions being too high, but
potentially less of a high bias than the other source regions. The NODRIZZLE simulation has
very little relative variability in Nioowsoo, Whereas in the STAND simulation the variability is

more consistent with the observations.

Figure 5.3 shows that the variation in the size resolved aerosol composition throughout
the campaign, highlighting the importance of the AMSOA and blowing snow updates at different
points in the campaign. The sulfate, nitrate, ammonium, BC and dust species are calculated
entirely using the STAND simulation; the OA and AMSOA species are estimated by taking the
difference between STAND and NOAMSOA; the sea salt and blowing snow sea salt species are
estimated by the difference between STAND and NOSNOW. Similar to Croft et al. (2019),

which looked at the Canadian Arctic Archipelago in the summer, AMSOA makes up a large
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Figure 5.3: Simulated mean size-resolved aerosol composition mass fractions for (a.) the
campaign average, (b.) the average during ICE influence, (c.) the average during MIZ influence,
(d.) the average during OCEAN influence, and (e.) the average during periods with no dominant
source region (NONE).

contribution of the sub-micron mass fraction, reflecting the importance of the marine source of
condensable organics. For the ICE source region, the blowing snow emissions contribute mass to
both the Aitken and accumulation modes, whereas these updates are not important for the MIZ or
OCEAN source regions. The MIZ source region is similar to the ICE source region where
AMSOA contributes much of the mass fraction below 800 nm. The OCEAN source region below
300 nm in size is split between AMSOA and sulfate, indicative of both a marine influence on
organics and the DMS/MeSH sulfur chemistry. Unlike the other source regions which have a
decreasing mass fraction of sulfate with size, the sulfate mass fraction for the OCEAN
contributes >40% until 500 nm in diameter. This could indicate that MSA is contributing to the

growth of the particles more during OCEAN influence and is consistent with prior studies
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looking at the influence of MSA on particle growth (Ghahreman et al., 2019; Hodshire et al.,

2019¢).

To get a better sense of the bigger picture in the Arctic during ARTofMELT, Figure 5.4
shows the Nisw100 and Nioowsoo at Villum Research Station. Nise100 is represented in the mean,
but the STAND simulation does not capture the observed variability in Nise100 at Villum. The
NOAMSOA simulation has a high bias in Nisw100 at Villum, but is more variable in the Nistwo100
concentrations. The Nisi100 bias could also be related to biases in NPF at Villum. Beck et al.
(2021) suggested that iodine was a key contributor to springtime NPF at Villum due to the
availability of iodic acid being greater than sulfuric acid and MSA. The Nioowsoo is overestimated
at Villum in the STAND simulation, which could either be related to the RICC or AMSOA
updates. The area around Villum is mostly sea ice, although there are some sea ice fractions
below 1, which would allow for AMSOA emissions in the present model configuration.
Therefore, the conclusions from the comparisons at Oden during ARTofMELT could also apply
at Villum, meaning that the AMSOA emissions are too high for what is actually emitted through

cracks in sea ice.

5.3.3 Case Study 1: Villum to Oden

The first case study we present is for June 6, 2023 at 10 UTC where a back trajectory
started at Oden passed over Villum Research Station within the PBL 27 hours before reaching
the ship (Figure 5.5a). Due to this overpass, we can evaluate the model at a starting point
(Villum) and an ending point (Oden) and consider the evolution of the aerosol size distribution
that may have taken place along that trajectory. The back trajectory was within the boundary
layer the entire time between Villum and Oden and was over sea ice or the marginal ice zone

with enough sea ice influence to fall into the ICE source region. The back trajectories earlier in
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Figure 5.4: (a.) Nisw100 and (b.) Nioowsoo at Villum Research Station for observations and each of
the GC-TOMAS simulations during the ARTofMELT campaign (May 9 to June 13, 2023).

the day than the overpass near Villum came from further North and later in the day they came

from further south (Figure D.8).

The back trajectory from the ship at June 6, 2023 at 10 UTC overpasses Villum at June 5,
2023 at 01 UTC; Figure 5.5b shows the aerosol size distribution comparison of the observation
and all sensitivity simulations for this time at Villum. The STAND and the observed size
distribution have similar number concentration, but the STAND simulation places the particles at
too large of a size resulting in an underestimate of the Aitken mode and an overestimate in the
accumulation mode. The NOAMSOA simulation shows signs of NPF that are not in the
observations and underestimates the Aitken mode, but generally puts the peak of the size
distribution at a similar diameter to the observations. The NORICC and NODRIZZLE

simulations best capture the accumulation mode, but underestimate the total number
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concentration due to the lack of an Aitken mode. To better represent the Villum aerosol size
distribution at this time, a reduced AMSOA emission could help as this would suppress NPF

relative to NOAMSOA and grow particles less than the STAND simulation.
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Figure 5.5: (a.) Map showing the back trajectory beginning at Oden for 06/06/2023 10 UTC.
The background is colored by MERRA-2 sea ice fraction for 06/06/2023. The yellow cross
shows the location of Villum and the yellow diamond shows the location of Oden. (b.) Observed
and simulated aerosol size distribution at Villum at 06/05/2023 01 UTC, a time when a back
trajectory started from ARTofMELT passed over the site within the boundary layer. (c.) The
aerosol size distribution from the STAND simulation along the back trajectory from Villum to
Oden. The time series goes from 06/05/2023 02 UTC (one hour after the Villum overpass) to
06/06/2023 09 UTC (one hour before reaching Oden). (d.) The observed and simulated aerosol
size distribution at 06/06/2023 10 UTC at Oden. NAIS observations were unavailable at this
time, so the size distributions begin 15 nm.

Along the back trajectory from Villum to Oden, the aerosol size distribution in the
STAND simulation has a strong and fairly constant accumulation mode (Figure 5.5c). The
accumulation mode is consistent with Arctic Haze (Boyer et al. 2023; Croft et al. 2016). The

Aitken mode concentration decreases over the first 8 h of the back trajectory and then has a low
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concentration until one hour before reaching Oden where it begins to increase. There are some
slight differences along the back trajectory depending on sensitivity simulation (Figure D.9). The
NOAMSOA simulation is constant along the back trajectory with a more concentrated Aitken
mode and less concentrated accumulation mode relative to the STAND simulation. The NORICC
simulation has fewer particles smaller than 30 nm, suggesting that the Riccobono mechanism

contributes to NPF in the STAND simulation during this event.

At Oden at 06/06/2023 at 10 UTC, the observed size distribution has a singular peak in
the Aitken mode at 40 nm with few particles in the accumulation mode (Figure 5.5d). The
STAND simulation has a bimodal distribution with a peak in the Aitken mode at 20 nm and
another peak in the accumulation mode at 400 nm. The bias in the accumulation mode is
unsurprising, since the Accumulation mode had a high bias at Villum, and the accumulation
mode remained constant along the back trajectory. The NORICC and NOSNOW simulations
underestimate the concentration of the Aitken mode at this time, but have the peak diameter in
the same model size bin as the observations. However, the NORICC and NOSNOW simulations
have the same bi-modal structure as the STAND simulation with a second maxima in the size
distribution in the accumulation mode. The only simulation without a second maxima in the size
distribution in the accumulation mode (as indicated by the observations) is the NOAMSOA
simulation. However, the NOAMSOA simulation likely has too much NPF occurring around
Oden. Similar to the results discussed in Chapters 5.3.1 and 5.3.2, the effects of the AMSOA

emission during this case study suggest the need for further refinement of the AMSOA emission.

Figure 5.6 shows the spatial distribution of N3t15, Nist100, N10otsoo, and the OA:Sulfate
ratio in the STAND simulation. Figure 5.6b and 5.6¢ at the location of Oden are consistent with

Figure 5d in that the STAND simulation captures Nisw100, but overestimates Nioowsoo. Spatially,
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North of Oden there are lower concentrations of N3t15 and Nistwo100, but higher concentrations of
Niootwsoo, potentially suggesting that the particles in that region North of Oden have grown more
as a result of the AMSOA updates (Figure D.10j-k). The OA:Sulfate ratio shows that the
simulations have more OA than sulfate everywhere, except for over Greenland where the land
prevents AMSOA emissions. In the same region of the low OA:Sulfate ratio, the Niootogoo 1s also
lower, suggesting OA is contributing to the high Nioowsoo concentrations regionally in the
STAND simulation. Overall, this case study gives a detailed look at a time period of mostly sea
ice influence, which is generally when the model biases are highest in magnitude compared

during the campaign.
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Figure 5.6: Regional maps from the STAND simulation of the (a.) N3to15s, (b.) Nist100, (C.)
Niootgoo number concentrations, and (d.) OA/Sulfate ratio for 06/06/2023 at 10 UTC. The
diamond shows the location of ARTofMELT at this time and is colored by the observed value on
the ship at this time. On (b.) and (c.) the plus sign shows the observed Nistw100 and Niootwsoo at
Villum. There were no NAIS observations at this time, so there is no diamond on the (a.) to show
the observed Nso15. Figure D.10 shows how these quantities change in sensitivity simulations.
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5.3.4 Case Study 2: Marine Influenced New Particle Formation Event

For the second case study, we examine 06/11/2023 at 11 UTC, which was a time when
Oden was located near the ice edge and the predominant source region was the ocean (Figure
D.11). In Chapter 4.3.3, it was discussed that the biases in wind and fog could influence the
model representation of DMS on this day. These meteorological biases could also influence the
biases in aerosol size distributions on this day; however, here we mostly focus on the influence
of the different model updates on the biases in simulated the aerosol size distribution. The
STAND simulation at this time overestimates Nistw100 and underestimates Niootwsoo (Figure 5.7a-
b). The NAIS observations were unavailable at this time, however the DMPS observations at 15
nm suggest a weaker influence of nucleation at Oden with particles generally showing up grown
around 30 nm, while the STAND simulation has NPF&G occurring at the Oden. All the
sensitivity simulations have NPF&G at Oden in the morning to early afternoon of 06/11, but the
NORICC and NODRIZZLE simulations have weaker NPF than the STAND simulation. The
NODRIZZLE simulation better represents the observed accumulation mode, but due to the
suppression of NPF both at the ship and upwind of the ship (Figure 5.8), the NODRIZZLE
simulation underestimates the Aitken mode. Since the accumulation mode is most strongly
influenced by the AMSOA and DRIZZLE updates, the NORICC simulation has a similar
underestimate in the accumulation mode as the STAND simulation. However, the NORICC
simulation is closer to showing particles appear as grown at Oden. The biases in the simulated
aerosol size distribution time series during this potential NPF event, suggest biases in the
implementation of the DRIZZLE updates and in the nucleation mechanisms (Figure 5.7).

Additionally, the biases in the timing of the fog taking too long to dissipate as discussed in
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Chapter 4.3.3, could result in the DRIZZLE updates (which are connected to low-cloud fraction)

having too vigorous removal relative to reality in the afternoon of 06/11.
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Figure 5.7: (a.) The observed aerosol size distribution measured by the DMPS on Oden for
06/11/2023. (b.) The STAND simulated aerosol size distribution for 06/11/2023 at Oden. (c.)-(f.)
The aerosol size distribution for each of the sensitivity simulations at Oden on 06/11/2023. The

vertical black line on each panel indicates the time that the back trajectory plotted in Figure 5.8a
reached Oden.
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Figure 5.8: (a.) Map of the 48 h back trajectory starting from Oden on 06/11/2023 at 11 UTC.
The background is the sea ice fraction from MERRA-2 averaged on 06/11/2023. The yellow
cross shows the location of Villum and the yellow diamond shows the location of Oden. (b.) to
(f.) The aerosol size distribution along the back trajectory from 06/09/2023 at 11 UTC (48 h
before reaching Oden) and ending at 06/09/2023 at 10 UTC (1 h before reaching Oden).

Figure 5.8a shows a single back trajectory initiated at Oden at 06/11/2023 at 11 UTC,
while Figure 5.8b-5.8f shows the aerosol size distribution along this back trajectory for all of the
GC-TOMAS simulations. All of the simulations show multiple NPF&G events during the 48 h
back trajectory, although the strength and growth in the simulations varies. Suggesting that the
NPF&G seen in the STAND simulation is influenced by the RICC, AMSOA, and DRIZZLE
updates. The NORICC simulation has weaker NPF than the STAND simulation in the event in
the morning of 06/11/2023, suggesting that organics increased the nucleation rate in the STAND
simulation. The NOAMSOA simulation has slower growth, suggesting that the marine source of

SOA condensed onto the nucleated particles to increase the growth rate. The NPF&G event on
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the morning of 06/11/2023 is not present in the NODRIZZLE back trajectory. The NODRIZZLE
simulation is the only one with an accumulation mode, suggesting that particles formed in this

simulation were quickly lost to coagulation with larger particles.

Regionally, the N3¢15 concentrations are high suggesting that NPF is occurring around
this time (Figure 5.9a). While there is some regional variability in the contribution of different
model updates to N315, generally it seems that the RICC and DRIZZLE updates contribute to
the enhancement of N3(15 throughout the region in the morning of 06/11 (Figure D.12e, D.12m).
The Nisw100 concentrations vary more spatially than N3io15 with generally higher Nisw100
concentrations occurring in areas with a higher OA:Sulfate ratio indicating a contribution of OA
to growth as a result of the AMSOA updates (Figure 5.9; Figure D.121). The concentrations of
Niootwsoo in the area surrounding Oden (Figure 5.9¢) are associated with low-level clouds in the
region (Figure C.15), which contributes to the DRIZZLE updates removing particles from the
accumulation mode across much of the region (Figure D.120). Overall from this case study, we
find that the model representation of wet removal and OA are important to representing the

influence of the ocean on NPF&G events.

5.4 Conclusions

We used the GC-TOMAS chemical transport model to investigate processes influencing
aerosol observations during the ARTofMELT field campaign. We find that the organic nucleation
scheme is important to explaining the observed NPF and Aitken modes due to the limited
availability of ammonia limiting inorganic ternary nucleation. We find that AMSOA is an
important contributor to the aerosol population during this spring season, but the emission rate of
this SOA precursor needs to be refined and potentially correlated with other variables to better

capture the variability between the open ocean and marginal ice zone. The importance of
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Figure 5.9: Regional maps from the STAND simulation of the (a.) N3w15, (b.) Nistw100, (C.)
Nioowgoo number concentrations, and (d.) OA/Sulfate ratio for 06/11/2023 at 11 UTC. The
diamond shows the location of ARTofMELT at this time and is colored by the observed value on
the ship at this time. There were no NAIS observations at this time, so there is no diamond on the
(a.) to show the observed Nitw1s. Figure D.12 shows how these quantities change in the
sensitivity simulations.

blowing snow is variable, but it makes non-negligible contributions during periods of mostly sea

ice influence.

In addition to the limitation of the AMSOA emission, there are several other limitations
to our study. The first limitation is that we do not use all possible nucleation mechanisms and the
ones we do use have scaling assumptions. The primary nucleation mechanism not included in
our study that could be influential is iodine oxoacids. Prior studies have used scaling

assumptions for nucleation rates as we do here, but using them limits the ability to say for certain
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the importance of different mechanisms and could result in representing NPF&G events
accurately for the wrong reasons. An additional limitation is that GC-TOMAS uses the simple
SOA scheme. Future updates to better consider the volatility of SOA could better capture

NPF&G.

Our results highlight the importance of local emissions, SOA precursors, and NPF on the
aerosol size and composition in the springtime Arctic that continue to be poorly constrained in
global and regional models. Continued work on reducing biases in aerosols in the Arctic is
important to understanding how the relative importance of how different aerosol processes will

change in a warming climate and as emission sources change.
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Chapter 6: Synthesis and Future Work
6.1 Summary

This dissertation presented an analysis of aerosol microphysics of two different systems:
biomass burning and the springtime marine Arctic. Biomass burning is a major source of organic
aerosol (OA) to the atmosphere, while the Arctic is a clean environment with comparatively few
aerosols. Despite the large difference in concentrations, both have important influences on the
role of aerosols in the climate system and represent sources of uncertainty in atmospheric
models. For both biomass burning and the Arctic chapters, the representation of aerosol size and
composition in the atmosphere are a common theme. OA constitutes a large fraction of the sub-
micron mass in both environments; meaning the representation of primary and secondary OA
processes is important to accurately simulating both environments. Both biomass burning and the
Arctic are influenced by climate change and the changing relative importance of non-
anthropogenic sources of aerosols. Therefore, understanding how models represent biomass
burning and the marine Arctic in the present climate state is important to understanding how air

quality and radiative effects of aerosols may change in the future.

The first half of the dissertation focuses on biomass burning. Chapter 2 presented a global
biomass burning plume injection height (BB-PIH) modeling study. Raising the BB-PIH
decreases surface PMz s near biomass burning source regions, while increasing the total
atmospheric burden of biomass burning aerosol leading to an increase in the cooling radiative
effects of biomass burning on a global scale. On more regional scales, the placement of more
smoke above high albedo surfaces, such as clouds and sea-ice, as BB-PIH increases results in an
increase in warming due to the biomass burning direct radiative effect. Chapter 3 shows that the

aging of wildfire smoke is influenced by the vertical placement and mixing of the smoke in a

138



case study of a plume sampled during FIREX-AQ using a cloud resolving model. The most
concentrated portions of the smoke plume in the free troposphere have the fastest growth due to
coagulation. OA evolution shows slow photochemistry and evaporation in the free troposphere
are driven by the concentration and temperature gradients within the smoke plume. The results of
Chapter 3 motivate the need for continued observational studies to aid in the development of
parameterizations for use in models such as GC-TOMAS to represent the sub-grid processes of
OA chemistry and evaporation that occur in wildfire plumes. If these parameterizations are
developed and implemented into GC-TOMAS, they could alter the simulated effects of BB-PIH
on biomass burning air quality and radiative effects that were shown in Chapter 2. For example,

a temperature dependent parameterization to represent the slower free tropospheric evaporation
of primary OA seen in Chapter 3, would act to increase the atmospheric lifetime of OA,
contributing to a larger increase in the aerosol mass as a result of raising the BB-PIH than what
was shown in Chapter 2. Overall, the biomass burning chapters show that the vertical distribution
of smoke in the atmosphere has important effects on smoke air quality and climate impacts, and

smoke plume aging.

The second half of the dissertation focuses on the springtime marine Arctic. Chapter 4
examined sources and chemistry of DMS and MeSH in the Fram Strait in May and June, 2023
during the ARTofMELT campaign. We find that including emissions of DMS/MeSH within the
marginal ice zone improves the model-observation agreement atmospheric DMS/MeSH
concentrations throughout the campaign. However, the model underestimate in the DMS
oxidation product, DMSO, points to biases in the oxidation of DMS in the atmosphere. The
biases in DMSO seem connected to model biases bromine emissions related to blowing snow

and the model exclusion of snow-pack chemistry as a bromine source. Additionally, wet

139



deposition of DMSO in the marine low-level clouds may be too fast in the model, contributing to
the model underestimate of DMSO. Since DMSO oxidizes to form MSA, which can contribute
to the growth of aerosols, DMSO biases could influence the aerosol size distribution and
composition that are the focus of the final chapter. The model could also be biased in the
formation of SO, from DMS and MeSH oxidation, which could contribute to the model
representation of new particle formation events discussed in the final chapter. Finally, Chapter 5
discussed the GC-TOMAS representation of aerosol size and composition during the
ARTofMELT campaign. The model-observation comparisons of aerosol size and OA suggest a
marine and marginal ice zone source of secondary OA (SOA) precursors, but the representation
of this source in the model needs further refinement. The model updates for secondary organic
aerosol precursor emissions, which were originally developed for other regions of the Arctic to
improve model-observation agreement, highlight that while the Arctic is often discussed as one
entity, it has variability within it. Wet deposition of aerosols in marine low-level clouds is
important to explaining the variability in the accumulation mode number concentrations seen
during periods of ocean influence. Throughout the campaign, the participation of low-volatility
organics in new particle formation improves the agreement in the nucleation mode number
concentrations. Both Arctic studies show uncertainty in wet deposition contributes to the model
representation of both marine sulfur chemistry and the aerosol size distribution. Additionally, the
marginal ice zone, in addition to the open ocean, is an important source region for precursors to

sulfate and organic aerosols.

6.2 Future Work

The studies presented here have improved the understanding of aerosols for both

wildfires and the marine Arctic with a focus on how these systems are represented in
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atmospheric models. However, there are needs for continued research to further improve the
understanding of aerosol sources and microphysics in both wildfire and the marine Arctic

environments.

6.2.1 Open Questions About Wildfires

Vertical Variability in Smoke Plume Aging: The results of Chapter 2 showed the
importance of the emission height of biomass burning, while the results of Chapter 3 showed that
the evolution within a single smoke plume varies both horizontally and vertically as a result of
concentration gradients influencing coagulation, SOA precursor availability, and photochemistry.
However, present observations have generally focused on the evolution at single altitudes within
smoke plumes. During FIREX-AQ and the California Fire Dynamics Experiment the Twin Otter
Air Craft was able to sample multiple altitudes and multiple smoke ages (Carroll et al., 2024;
Washenfelder et al., 2022). Additionally, we recommend a mobile laboratory with the same
instrumentation as the aircraft to sample the surface of the same fires as the aircraft. These
sampling methodologies could be used to understand the vertical variability in aerosol

microphysics and chemistry in wildfire smoke plumes.

Complex SOA Scheme Impacts on BB-PIH Impacts: The version of GC-TOMAS used in
the BB-PIH study in Chapter 2 uses the simple SOA scheme. This limitation in the representation
of OA means that even if the model were run at fine enough spatial resolution to capture single
plumes or if new parameterizations were developed based on the results of Chapter 3, GC-TOMAS
would not be able to capture the vertical influences of temperature on the evaporation of POA and
vertical variability of SOA processes within the smoke plume. In the future, updating the SOA
scheme to the complex scheme could offer higher quality estimates of the impact of BB-PIH on

BB OA lifetime.
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Improved Methods for Accurate Plume Injection Height in Models: The impacts of BB-
PIH on air quality and biomass burning radiative effects globally shown in Chapter 2 and the
vertical variability in smoke aging in a single smoke plume shown in Chapter 3 motivate the
need for computationally efficient and accurate estimates of BB-PIH that can be used in regional
and global atmospheric models. If a complex SOA scheme is used and parameterizations for
subgrid processes like coagulation and OA evaporation are improved, accurate plume injection
heights with a diurnal cycle are needed to understand the implications of these updates in
regional and global models. The GFAS biomass burning emissions inventory includes daily
estimates of plume injection height, but they are generally biased low (Rémy et al., 2017; Walter
et al., 2016). Plume rise models coupled with atmospheric models may allow for better
representation of plume dynamics (Walter et al., 2016), but at a higher computational expense,
which is likely already increased due to the added parameterizations needed to represent the OA
evaporation/condensation and coagulation processes. Therefore, continued work on improving
plume injection height in emission inventories and simulations is needed (Cheeseman et al.,

2020; Chen et al., 2021b; Lyapustin et al., 2020).

6.2.2 Open Questions About the Marine Arctic

SO: Observations in the Marine Arctic: Measurements of SO in the Arctic would be
beneficial to further understanding model biases discussed in Chapters 4 and 5. SOz is one of the
primary species formed through the oxidation of DMS and MeSH; therefore, observations of SO
would help to further the understanding of the biases of the DMS and MeSH oxidation scheme
used in GC-TOMAS. SO is oxidized to form H2SO4 and is an important precursor to NPF
events in the atmosphere; therefore, SO, measurements could help to further understand the role

of SOz on NPF events in the marine atmosphere. However, currently SO; observational detection
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limits make it difficult to observe SO in the Arctic. During the MOSAIC expedition from
September 2019 to October 2020, SO, observations were taken onboard the Polarstern ice
breaker as it drifted in sea ice in the Arctic Ocean (Angot et al., 2022; Boyer et al., 2024).
However, only 0.6% of the SO, measurements during MOSAiC were above the 1 ppb detection
limit of the instrument and none of the above detection limit values occurred between May and
September when the DMS chemistry and NPF are most important (Angot et al., 2022; Boyer et
al., 2024; Croft et al., 2016, 2021). Lower detection limit observations of SO> would be

beneficial to understanding both sulfur chemistry and nucleation in the Arctic.

Characterization of SOA Precursors and Their Emissions: In Chapter 5, we found that
there are SOA precursors that are not represented in the current standard emissions of GC-
TOMAS. We were able to partially improve the model-observation agreement of OA by adding
an additional fixed SOA precursor flux scaled by ocean fraction in the Arctic. The marine SOA
precursor from the Arctic was found to be related to various reactive organic carbon species that
were observed during ARTofMELT. The reactive organic carbon species that seemed of highest
correlation were related to photolytic and biogenic processes in the ocean suggesting that
variables such as chlorophyll, shortwave radiation, ocean fraction, and oceanic DMS
concentration could be used as starting points to develop a more mechanistic parameterization
for the flux of an Arctic marine SOA precursor. In the future, using a more mechanistic scheme
for the Arctic marine SOA precursor flux could help to better capture the observed OA variability

between periods of ocean, marginal ice zone, and sea ice influence.

Complex SOA Scheme Impacts: Similar to the wildfire studies, the study of aerosols in
the marine Arctic would benefit from using a representation of OA that included a volatility basis

set. The complex SOA scheme developed for GEOS-Chem is not currently compatible with GC-
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TOMAS, but coupling the complex SOA scheme to GC-TOMAS could be done in future work.
The representation of volatility of condensing material could help capture evaporation that
occurs during some NPF&G events. Additionally, accurate predictions of low-volatility SOA
could help to improve the representation of the role of organics in NPF and remove the biases in
NPF that could exist in the version of GC-TOMAS used in Chapter 4/5 as the result of assuming

a fixed percentage of SOA is low-volatility (O’Donnell et al., 2025).

Importance of lodine to New Particle Formation: Currently, we do not have a mechanism
for iodine to participate in new particle formation in GC-TOMAS. Iodic acid chemistry is not
currently included in GC-TOMAS, so adding that chemistry would be the first step (He et al.,
2023; Zhao et al., 2024). Once the chemistry to represent the sources and sinks of iodine
oxoacids is added, iodine nucleation can be added using the nucleation rate equations for iodine
oxoacids neutral and iodine oxoacids ion-induced described in Zhao et al. (2024). Adding iodine
nucleation to GC-TOMAS would be beneficial to understanding the relative importance of

different NPF in the marine Arctic environment.

Improved Representation of DMS/MeSH Emissions: Biases in the oceanic DMS and
oceanic MeSH concentrations cause some of the biases in the representation of atmospheric
sulfur chemistry. An interpolated climatology of oceanic MeSH, analogous to the Lana et al.
(2011) climatology of oceanic DMS, or model estimates of oceanic MeSH for use in GC-
TOMAS could improve the representation of MeSH concentrations in the atmosphere. In our
studies, we used the ocean fraction to linearly scale the sea-to-air flux of DMS/MeSH within
regions of partial ice cover. However, the actual influence of sea ice on the sea-to-air flux of

DMS and MeSH remains uncertain.
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Appendix A: Supplement to Inclusion of Biomass Burning Plume Injection Height in
GEOS-Chem-TOMAS: Global-Scale Implications for Atmospheric Aerosols and Radiative
Forcing

Appendix A Text 1: AERONET AOD and PM».s Comparisons

During periods of smoke, there are slight improvements in the NMB and normalized
mean error (NME) between AERONET AOD at 440 nm and the BB-PIH simulations relative to
that for the PBL simulation (Figure A.6a-A.6¢). The NMB and NME for AOD improve in
magnitude by about 2% in the HIGHER simulation compared to the PBL simulation during
periods designated as smoke-impacted using the PBL simulation. The NMB and NME in
HIGHER compared to PBL improve by 3% when using the HIGHER simulation to designate
times as smoke-impacted. The low biases we see in AERONET AOD are comparable to those
seen in prior studies using GEOS-Chem (AboEl-Fetouh et al., 2022; Kodros et al., 2016; Ma and
Yu, 2015; Zhai et al., 2021). In all BB simulations, the AOD at 440 nm is generally within an
order of magnitude of the AERONET AOD at 440 nm. Globally and regionally the simulations
capture the seasonal cycle of AOD well (Figure A.7). Larger improvements in the AERONET to
modeled AOD agreement are found for some regions and seasons. For example, during the BB
season in Boreal NA there is a larger improvement in NMB as a result of the higher frequency of
above PBL BB emissions in this region (Figure A.7c). As Chapter 2.3.2.2 shows, elevation of the

BB-PIH has strong impacts on global-mean BB-DRE.

During periods of smoke, all BB simulations, regardless of BB-PIH, agree within an
order of magnitude with the van Donkelaar et al. 2021 surface total PM» s (Figure A.6d-A.6f).
Part of the purpose of the van Donkelaar PM2 s product is GEOS-Chem does not accurately
represent surface PMa.s concentrations; therefore by doing this comparison we can understand if

we are closer to best estimates of surface PMa s or if there are likely other sources of bias that
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satellite products are still needed to correct. For months designated as smoke-impacted, the NMB
of surface PMz s 1s -49% in the PBL simulation and -54% in the HIGHER, compared to a NMB
of -69% in the NBB simulation. When considering the entire 2-year simulation, NMB is -62%
for the NBB simulation and -60% for all BB simulations for total PM s relative to the van
Donkelarr et al. (2021) dataset. Hence, the model is biased low for total PM> 5 likely due to
reasons well beyond BB aerosol. The sign and magnitude of the biases between van Donkelaar et
al. 2021 surface total PM2 s and the GEOS-Chem-TOMAS simulated surface total PM> s were
similar to previous studies using GEOS-Chem-TOMAS and a similar PM3 s product (Bilsback et

al., 2020a; Gordon et al., 2023).

In most regions, the model captures the seasonal cycle of surface total PM; 5 (Figure A.8).
Even during months with little increase in surface total PM2 s due to BB, the simulations still
have an underprediction, suggesting an underestimate in PM» s from other sources in addition to
BB. In boreal North America, changes due to the BB-PIH are evident during the 2019 BB season
from April to August, where there was an increase in the low bias as BB-PIH increased. In boreal
Asia, increases in low bias as BB-PIH were seen during both the 2019 and 2020 BB season. The
2019-2020 Australian bushfires showed increases in low bias during January 2020, but slight
improvements in agreement during December 2019 and February 2020. Overall, the change in
the total PM2 s biases due to raising the BB-PIH are smaller than the total PM: s biases of the

standard model (PBL).

In the CONUS, comparisons with van Donkelaar et al. (2021) total PM> s indicate low
bias in total PM: s in all months and simulations with a two-year average NMB of -32 % 1n all
BB simulations. In the two-year average, over the CONUS, the simulated total PM»> s NMB in the

van Donkelaar et al. and O’Dell et al. comparisons have similar seasonal patterns (Figure A.9).
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There are slight improvements in agreement in the southwestern and the eastern US. In
comparison to the O’Dell et al. smoke-attributed PM> 5 and modeled BB PM> s, raising the BB-
PIH reduces bias in the Midwest and the eastern US. On a monthly basis, all BB-PIH simulations
underestimate total surface PM» s during the 2020 Western US wildfire season (August and
September 2020) in comparison to both van Donkelaar et al. and O’Dell et al. total PM2 5 (Figure
A.9). In the comparisons with O’Dell et al., this low bias in total PM» s over the CONUS is
mostly due to underestimation of PM> 5 due to BB during the 2020 Western US wildfire season
in addition to low biases in non-smoke PM; s. In the western US, particularly California, there is
an overestimate in BB PMz s during the 2020 western US wildfire season, which is reduced by
raising the BB-PIH, as this places the smoke away from the surface. Outside of these months, it

appears that the model tends to underestimate non-smoke PM; s.

Appendix A Tables

Table A.1: Model Simulation Names and Descriptions

Simulation Biomass Burning Plume Injection Height Scenario
NBB IN/A
PBL Surface layer, instantaneously well-mixed into the planetary boundary layer

STANDARD |Normally distributed from GFAS altitude of plume bottom to GFAS altitude of
lume top (standard)

HIGHER [Normally distributed from GFAS altitude of plume top to GFAS altitude of
lume top plus the plume depth (shifted up)
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Appendix A Figures
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Figure A.1: Frequency the GFAS plume heights are above the PBL height for (a.) altitude of
plume bottom (BOT), and (b.) altitude of plume top (TOP).
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Figure A.2: Map of the biomass burning regions (red) and remote regions (blue) of interest in
this study.
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Figure A.3: Regional two-year mean (2019 to 2020) fraction of biomass burning emissions per
km as a function of altitude in each source region (regions in Figure A.2). Each line represents a
different plume injection height (PIH) scenario: PBL (green, all at surface then well-mixed in
PBL), STANDARD (orange), and HIGHER (blue). For all simulations, emissions in the PBL are
well-mixed between the surface and top of the PBL. Simulation acronyms are defined in Figure
2.1. For a reference point, the two-year average PBL height for each region is shown in black.
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Figure A.4: Ratio of BB BC mass at 4°x5° (BBBCaxs) to BB BC mass at 0.5°x0.625°
(BBBCo.sx0.625) during August and September 2020 in (a.) the nested simulation domain, (b.) the
western portion of the nested domain, and (c.) the eastern portion of the nested domain as a
function of altitude. Each line represents a different plume injection height (PIH) scenario: PBL
(green), STANDARD (orange), and HIGHER (blue). Simulation acronyms are defined in Figure
2.1.
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Figure A.5: Two-year (2019 to 2020) frequency of days with greater than a 50% increase in
AOD at 440 nm due to BB, which are designated as smoke-impacted days by comparing the PBL
simulation relative to the NBB simulation. Simulation acronyms are defined in Figure 2.1.
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Figure A.6: 2D histograms of (a.)-(c.) AERONET AOD at 440 nm vs. Model AOD at 440 nm,
(d.)-(f.) van Donkelaar et al. 2021 surface PM2 5 vs. Model surface total PM 5. The data points
on this figure are limited to smoky periods, defined as times when the model AOD at 440 nm
increased by more than 50% between the NBB and PBL simulation at each location. On each
panel is the best fit between the model and observations in solid black, the dashed lines are the
10:1, 1:1, and 1:10 lines. The equation for the best fit line, the normalized mean bias, normalized
mean error, and the logspace Pearson correlation coefficient are shown on each panel.
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Figure A.7: Monthly averaged AOD at 440 nm at locations of AERONET sites by source region
(regions in Figure A.2) for January 2019 to December 2020. The AERONET observations are in
black. Model simulations are collocated to time and location of AERONET observations and are
in different colors for each BB PIH scenario: PBL (green), STANDARD (orange), and HIGHER
(blue). The simulation with biomass burning turned oft (NBB) is shown in gray. Simulation

acronyms are defined in Figure 2.1.

] van Donkelaar 2021 NBB —— PBL - STANDARD —— HIGHER |
55 a. Global b. CONUS c. Boreal NA d. Boreal Asia
10
o \/\/\‘\,\’\‘ 10 e =
£ = I £
(] (o] (=] (=]
= 1044 A = = 5 e
P \ I\ o 5 - p
= e/ A s s
o o o o
0 T T T T T 1 0 T T T—T—T 0 — T 77T T 0 — T T 1
01 04 07 10 01 04 07 10 01 04 07 10 01 04 07 10 01 04 07 10 01 04 07 10 0104 07 10 01 04 07 10
Month Month Month Month
e. Amazon f. Africa g. SE Asia h. Australia
—_ i — — 104
? T 304 P it
£ 20+ = A £ 20+ £ /\
2 2 204m I\ 2 g2 | 4
[— Nt y -. e e 5 - \#ﬁ /
10 N | \a zgm’\ﬁ\ﬁv\*\/ E
o DAL & A o o
0 (N R e B . p— 0 T T T T T 0 T T T T T 0 T T T T T
01 04 07 10 01 04 07 10 0104 07 1001 04 07 10 01 04 07 10 01 04 07 10 0104 07 10 01 04 07 10
Month Month Month Month

Figure A.8: Monthly averaged surface PM; 5 by source region (regions in Figure A.2). The van
Donkelaar et al. 2021 PM2 s concentrations are in black. Model simulations are in different colors
for each BB-PIH scenario: PBL (green), STANDARD (orange), and HIGHER (blue). The
simulation with biomass burning turned off (NBB) is shown in gray. Simulation acronyms are

defined in Figure 2.1.
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Figure A.9: Monthly averaged surface PM> s over CONUS land areas for (a.) total surface PM> s,
(b.) surface PM; 5 attributed to smoke, and (c.) non-smoke attributed smoke PM> s for January
2019 to December 2020. The PM2 s product from O’Dell et al. 2018 is shown in black. Model
simulations are in different colors for each BB-PIH scenario: PBL (green), STANDARD
(orange), and HIGHER (blue). The simulation with biomass burning turned off (NBB) is shown
in gray. Simulation acronyms are defined in Figure 2.1.
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Figure A.10: Seasonally averaged vertical pressure velocity (colored) and horizontal winds
(arrows) for heights of (a.)-(d.) n=0.5 (mid-troposphere), and (e.)-(h.) n=0.96 (planetary
boundary layer) using the 2019 and 2020 MERRA-2 Reanalysis. 1 is a terrain-following
coordinate that is used to define the vertical grid in modeling; it describes the fraction of the
atmosphere between that layer and the pressure at the model top (0.01 hPa).
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Figure A.11: (a.) Average Surface PM2 s from biomass burning (BB PM: s5) for 2019 and 2020 in
the PBL simulation. Difference in surface average BB PM> 5 from for 2019 and 2020 relative to
the PBL simulation for (b.) STANDARD, (c.) HIGHER.
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Figure A.12: (a.) Average Surface PM2 s for 2019 and 2020 in the PBL simulation. Percent
difference in surface average PM; s from for 2019 and 2020 relative to the PBL simulation for
(b.) STANDARD, and (c.) HIGHER. Simulation acronyms are defined in Figure 2.1.
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Figure A.13: Average OA from BB in 2019 and 2020 as a function of longitude and altitude in
the PBL BB PIH scenario in the (a.) Northern Hemisphere Extratropics (24°N to 90°N), (d.)
Tropics (24°S to 24°N), and (g.) Southern Hemisphere Extratropics (90°S to 24°S). Percent
difference in OA from BB relative to the PBL simulation in the Northern Hemisphere
Extratropics for each of the BB PIH scenarios (b.) STANDARD and (c.) HIGHER. Percent
difference in OA from BB relative to the PBL simulation in the Tropics for each of the BB PIH
scenarios (e.) STANDARD and (f.) HIGHER. Percent difference in OA from BB relative to the
PBL simulation in the Southern Hemisphere Extratropics for each of the BB PIH scenarios (h.)
STANDARD and (i.) HIGHER. Simulation acronyms are defined in Figure 2.1.

197



b. STANDARD c. HIGHER

90°N —— — 90°N ——
45°N 45°N |
0° 3 0°
45°S & Y9 a5°s
90°s VG: 847  ooos Lo AVGI2E%| g

. ‘ : |
180° 90°W  0° 90°E  180° 180° 90°W  0° 90°E  180° 180° 90°W  0° 90°E  180°

E— -

i6® 10" 10® 40° 0" 1o° -100 -75 -50 -25 0 25 50 75 100
BB OA Column Mass Percent Difference from PBL Simulation [%]

BB OA Column Mass [ug m_z]

d e.
90°N g - 90°N — 90°N
45°N {7 B e - 45°N-H 45°N
& & - :
0° w . 0° 0°
i o ?’l’ | - >
45°S - z | 45°SA : ‘2 45°s
90°S T 'AIVG: 54|l-|9 m- 90°S e I AVGI: 1.7 % 920°S fe

: : . : 2
180°  90°W  0°  90°E  180° 180° 90°W  0°  90°E  180° 180° 90°W  0°  90°E  180°

10° 10" 102 10° 10* 10° -100 -75 -50 -25 0 25 50 75 100

2 BB BC Column Mass Percent Difference from PBL Simulation [%]
BB BC Column Mass [ug m ]

90°N 90°N T—
45°N _“7 45°N _" =
04 e 0" ,
- ) 4508 J) 1(, 1 " ¢ 2 4508 _ ,')” . o P
o-s AVG18| oo |t AV g [ AVGIOTY%

T T T T
180° 90°W  0° 90°E  180° 180° 90°W  0° 90°E  180° 180° 90°W  0° 90°E  180°

T T

0 5 10 15 20 25 -100 -75 =50 —és 0 25 50 75 100
BB OA Column Mass to BB OA to BB BC Ratio Percent Difference from PBL Simulation [%]

BB BC Column Mass Ratio
Figure A.14: (a.) Average column-integrated OA mass from BB in the PBL simulation for 2019
and 2020. Percent difference in average column integrated OA mass from BB in 2019 and 2020
relative to the PBL simulation for (b.) STANDARD and (c.) HIGHER. (d.) Average column
integrated BC mass in the PBL simulation for 2019 and 2020. Percent difference in average
column integrated BC mass in 2019 and 2020 relative to the PBL simulation for (e.)
STANDARD and (f.) HIGHER. (g.) The two-year average (2019 and 2020) ratio of BB OA
column mass to BB BC column mass for the PBL simulation. (h.)-(i.) The two-year average
percent difference in the ratios of BB OA to BB BC column mass ratio in the BB-PIH scenarios
relative to the PBL simulation. The two-year global average values are shown on each panel.
Simulation acronyms are defined in Figure 2.1.
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Figure A.15: (a.) Average AOD for 2019 and 2020 in the PBL simulation. Percent difference in
surface average AOD from for 2019 and 2020 relative to the PBL simulation for (b.)
STANDARD and (c.) HIGHER. Simulation acronyms are defined in Figure 2.1.
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Figure A.16: The average relative humidity (RH) based on MERRA-2 Reanalysis during 2019
and 2020 as a function of altitude in the (a.) Northern Hemisphere Extratropics (24°N to 90°N),
(e.) Tropics (24°S to 24°N), and (i.) Southern Hemisphere Extratropics (90°S to 24°S).
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Figure A.17: The monthly percent difference in BB AOD at 440 nm (January 2019 to December
2020) relative to the PBL BB-PIH scenario for the STANDARD BB-PIH scenario(orange) and
HIGHER BB-PIH scenario (blue) refer to black vertical axis. The BB AOD at 440 nm for the
PBL simulation as context for the amount of BB aerosol present is shown in green (refer to the
green vertical axis). Each panel corresponds to a different biomass burning region (a-h) or
transport region (i-1) as shown in Figure A.2.
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Figure A.18: Average all-sky BB-DRE for 2019 and 2020 for the simulations (a.) PBL, (b.)
STANDARD and (c.) HIGHER. Average clear-sky BB-DRE for 2019 and 2020 for the
simulations (d.) PBL, (e.) STANDARD and (f.) HIGHER. Average all-sky BB-DRE including
BrC for 2019 and 2020 for the simulations (g.) PBL, (h.) STANDARD and (i.) HIGHER.
Average clear-sky BB-DRE including BrC for 2019 and 2020 for the simulations (j) PBL, (k.)
STANDARD and (1.) HIGHER. Simulation acronyms are defined in Figure 2.1.
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Figure A.19: Percent difference in BB OA as a function of altitude for STANDARD (orange)
and HIGHER (blue), all relative to the PBL simulation (refer to the bottom x-axis). Cloud
fraction as a function of altitude in gray (refer to top x-axis). Each panel is a different region
indicated by the text in black bold font above each panel (regions in Figure A.2). Simulation
acronyms are defined in Figure 2.1.
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Figure A.20: Two-year mean (2019-2020) N80 concentration as a function of longitude and
altitude for the PBL BB PIH scenario in the (a.) Northern Hemisphere Extratropics (24°N to
90°N), (d.) Tropics (24°S to 24°N), and (g.) Southern Hemisphere Extratropics (90°S to 24°S).
Percent difference in N80 from the PBL simulation in the Northern Hemisphere Extratropics for
each of the BB PIH scenarios (b.) STANDARD and (c.) HIGHER. (e.) and (f.), and (h.) and (i.)
are similar to (b.) and (c.) but for the Tropics and Southern Hemisphere Extratropics respectively.
Simulation acronyms are defined in Figure 2.1.
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Figure A.21: Two-year mean (2019-2020) BB-AIE for the simulations of (a.) PBL, (b.)
STANDARD, and (c.) HIGHER. Simulation acronyms are defined in Figure 2.1.
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Appendix B: Supplement to Look Within: Intraplume Differences on Smoke Aerosol Aging
Driven by Concentration Gradients

Appendix B Tables
Table B.1: The photolysis reactions with rates calculated by TUV in the SAM-ASP-TUV v1.0.0
model.

Photolysis Reaction

RXN1: Oo+hv—>0+0

RXN 2: O3 +hv — O, + O('D)

RXN 3: O3 + hv — O, + OCP)

RXN 4: HO,+hv —OH+ O

RXN 5: H>O; + hv — 20H

RXN 6: NO, + hv — NO + OCP)

RXN 7: NO3 + hv - NO + O»

RXN 8: NO; + hv — NO, + OCP)

RXN 9: N2Os + hv — NO; + NO + O(’P)

RXN 10: N2Os + hv — NO3 + NO»

RXN 11: N2O + hv — N> + O('D)

RXN 12: HNO; + hv - OH + NO

RXN 13: HNO3 + hv —» OH + NO»

RXN 14: HNO4 + hv — HO, + NO,

RXN 15: NO3'(ag) + hv — NO3 (ag) + O°

RXN 16: NO3 (aq) + hv — NO2 (aq) + OCP)

RXN 17: CH,O + hv —» H+ HCO

RXN 18: CH20O + hv — H> + CO

RXN 19: CH;CHO + hv — CH3 + HCO

RXN 20: CH3CHO + hv — CH4 + CO

RXN 21: CH3CHO + hv — CH3CO + H

RXN 22 C,H5CHO + hv — C;Hs + HCO

RXN 23: CH>(OH)CHO + hv — Products

RXN 24: CH,CHCHO + hv — Products

RXN 25: CH,C(CH3)CHO + hv — Products

RXN 26: CH3COCH3 + hv — CH3CO + CH;
RXN 27: CH3COCHCH; + hv — Products

RXN 28: CH3;COCH>CHj3 + hv — CH3CO + CH3
RXN 29: CH2(OH)COCH;3 + hv — CH3CO + CH2(OH)
RXN 30: CH>(OH)COCH3 + hv — CH>(OH)CO + CH3
RXN 31: CH;00H + hv — CH30 + OH

RXN 32: HOCH,OOH + hv - HOCH,0O + OH
RXN 33: CH;CO(OOH) + hv — Products

RXN 34: CH;0ONO> + hv — CH30 + NO>

RXN 35: CH3CH2ONO; + hv — CH3CH>0 + NO»
RXN 36: CH;CHONO,CH3 + hv - CH;CHOCH; + NO»
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RXN 37:

CHo(OH)CH,(ONO,) + hv — CH,(OH)CH,(O.) + NO,

RXN 38:

CH3COCH,(ONO,) + hy — CH;COCH,(O.) + NO,

RXN 39:

C(CH;3)3(ONO,) + hv — C(CH3)3(0.) + NO,

RXN 40:

CH3;CO(OONO;) + hv — CH;CO(00) + NO,

RXN 41:

CH;CO(OONO;) + hv — CH3CO(0) + NO;

RXN 42:

CH;CH,CO(OONO,) + hv — CH;CH,CO(OO) + NO,

RXN 43:

CH3CH,CO(OONO,) + hv — CH3CH,CO(O) + NOs

RXN 44:

CHOCHO + hv —» HCO + HCO

RXN 45:

CHOCHO + hv — CH,O + CO

RXN 46:

CH3;COCHO + hv — CH3CO + CO

RXN 47:

CH3COCOCH;3 + hv — Products

RXN 48:

CH3COCO(OH) + hv — Products

Table B.2: Description of the different POA aging schemes tested. The reactions follow this
form for each of the POA volatility bins: IVOC, + OH — A(IVOCi.1) + FIVOC;+1) with an
oxidation rate of 1.0¥107'!' cm® molec™! s*'. The simulations are done twice, once with base case
SOAp:. Emissions and once with a doubling of SOApre Emissions. The sum of A and F is always
1.075 following Ahmadov et al. (2012) and Robinson et al. (2007) except for the OPOA off
sensitivity simulations. The main simulation in Chapter 3 is always the A = 0.825, F = 0.25

simulation.
Model Sensitivity Functionalization Coefficient Fragmentation Coefficient
Simulation (A) (F)
A =0.5375,F =0.5375 0.5375 0.5375
A=0.825,F=0.25 (Main) | 0.825 0.25
A=0975F=0.1 0.975 0.1
A=1.075,F=0.0 1.075 0.0
OPOA Off 0.0 0.0
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Figure B.1: (a.) Volatility distribution for the POA biomass burning emissions. (b.) The yield
into the volatility distribution for the oxygenated aromatics SOA precursor class. (c.) The yield
into the volatility distribution for the other SOA precursor class.
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Figure B.2: D,nm evolution for the aircraft observations (points), SAM-ASP-TUYV at aircraft
altitude (black line), and estimate of the impact of OA condensation/evaporation on SAM-ASP-

TUV Dpm using equation 6 of June et al. (2022) with the modeled ordinary least squares best fit
of AOA/ACO.
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Figure B.3: Plume average volatility distribution from the model at 5 heights (rows), colored to
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AHONO/ACO, (d.) AHCHO/ACO, and (e.) juono. The solid-colored lines are the model plume
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Figure B.7: Plume-average vertical profiles at four times downwind for (a.) ACO, (b.) AN/ACO,
(c.) Dpm, (d.) OH, (e.) temperature (T), (f.) OAER, (g.) POA fraction, (h.) OPOA fraction, (i.)
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The dashed gray line is the height of the aircraft that sampled the plume.
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211



0.0 hr 2.0 hr 3.2 hr

=T b. c. 0.10
j 2000 ! F . - — = &5 8
% | 0.05 G
2 10001 I . 0.00 9
<

O T IJ T T T T T T T _004

3000
= e f g. h
- 0.030
ol — N R . 1 3
= 0.02
o)

T 1000 - : | . | . e
= ! ) J 0.01
< 4

0 T T T T T T T T T
E3000 ; ; k_
— =315
gzooo— N S . . L
< 1000 :
=] T n = -4 O
£ ; 10 T
<

0

T T T T T
-20 0 20 -20 0 20 -20 0 20
Distance from Center [km]

Figure B.9: Modeled (a.)-(d.) AO3/ACO, (e.)-(h.) ANOx/ACO, (i.)-(1.) juono as a function of
distance from center and height at four times downwind. The solid black horizontal line is the
height of the PBL. The dashed gray line is the height of the aircraft that sampled the plume.

212



Appendix C: Supplement to Exploring Sulfur Chemistry in the North Atlantic Arctic

Spring

Appendix C Tables

Table C.1: The old Henry’s law coefficients used in GC-TOMAS and the revised Henry’s law
coefficients for sulfur chemistry species. The revised Henry’s Law values are from Wollesen de
Jonge et al. (2021).

Species | New Henry’s Law [mol atm™ kg!] ~ Old Henry’s Law [mol atm™ kg']

DMSO |2 x10° 1x107
MSA 1x 108 1x10°
MSIA |[1.7x10° 1x 108

Table C.2: Oceanic DMS scalar to get oceanic MeSH for each latitude band within our nested
model domain based on Gros et al. (2023).

Latitude Band [°N] Scalar

>80 0.14
75 to 80 0.25
70 to 75 0.28
65 to 70 0.18
60 to 65 0.13

Table C.3: Campaign average atmospheric lifetime of DMS, MeSH, and DMSO.

Simulation | DMS Lifetime [d] MeSH Lifetime [d] DMSO Lifetime [d]
L11 1.7 0.9 0.1
L11*FO 1.4 0.9 0.2
ANN*FO | 1.6 0.9 0.1
BIO*FO 1.2 0.8 0.2
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Appendix C Figures
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Figure C.1: Time series of the observational limit of detection (LOD) for (a.) DMS, (b.) MeSH,
and (c.) DMSO.
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Figure C.2: Time series of observed and MERRA-2 reanalysis meteorological variables during

the ARTofMELT field campaign for (a.) temperature, (b.) wind speed, (c.) precipitation, (d.) RH,
and (e.) cloud fraction.
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Figure C.3: (a.) MERRA-2 sea ice fraction averaged during the ARTofMELT campaign. (b.) Sea
ice fraction from the biogenic ocean model averaged during the ARTofMELT campaign. (c.)

Difference between MERRA-2 and the biogenic sea ice fractions averaged during the
ARTofMELT campaign.
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Figure C.4: The May campaign average (May 9 to May 31) percent difference between Lana et
al. climatology oceanic DMS with oceanic DMS in the (a.) ANN dataset and (c.) the BIO dataset.
The June campaign average (June 1 to June 14) percent difference between Lana et al.
climatology oceanic DMS with oceanic DMS in the (b.) ANN dataset and (d.) the BIO dataset.
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Figure C.5: (a.) Time series of the fraction of time each 48 h back trajectory spent over ocean,
marginal ice zone, or sea ice. The top row of points shows the source region defined using Table
2. (b.) Observations of visibility (left y-axis) and liquid water path (LWP; right y-axis). The top
row of points shows the periods of fog, recent fog and no fog using the definitions described in
Chapter 4.2.6.
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Figure C.6: The fog category determined using MERRA-2 and the observations. The number in
each box is the number of hours spent in that box during the ARTofMelt campaign. The color of
the box gets darker as the number of hours increases.
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Figure C.7: Time series of the cumulative DMS oxidation pathway fractions starting on May 9,
2023 through the end of the ARTofMELT field campaign for the (a.) L11, (b.) L11*FO, (c.) B23,

(d.) B23*FO simulations.
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Figure C.8: MeSH oxidation pathways for the campaign average for (a.) L11, (b.) L11*FO, (c.)

B23, and (d.) B23*FO.
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Figure C.9: Scatter plot comparing the Observed and Modeled DMSO from (a.) L11nobrizzLE,
and (b.) L1Inosnow. The numbers on the panel correspond to the LMB colored by source region.
Simulations are defined in Table 4.2, while source regions are defined in Table 4.3.
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Figure C.10: (a.) L11 simulated OH as a function of observed downwelling shortwave (SW).
(b.) One-to-one plot of L11 simulated and observed Os.
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Figure C.11: (a.) Time series of O3 during ARTofMELT for L11*FO, L11nosnow*FO, and OBS.
(b.) Time series of L11*FO and L11nosnow*FO simulated BrO during ARTofMELT.
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Figure C.12: 48 h back trajectories from 06/10/2023 07 UTC to 06/12/2023 07 UTC starting
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Figure C.13: Time series of the observed and MERRA-2 wind direction during the case study

from June 10 to 12.
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Figure C.14: (a.) MERRA-2 sea ice fraction for 06/11/2023. (b.) Sea ice fraction from the
biogenic ocean model for 06/11/2023. (c.) Difference between MERRA-2 and the biogenic sea
ice fractions for 06/11/2023.
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Figure C.15: Maps of the 24 h average ending at 06/11/2023 at 07 UTC for (a.)-(d.) primary
DMS oxidation pathways (the other DMS oxidation pathways had less than 5% contribution for
the entire study area), (e.) DMSO chemical production to DMSO chemical loss ratio. The yellow
diamond shows the location of Oden at 06/11/2023 at 07 UTC. All of these maps are from the
L11*FO simulation.

224



BB DMS + OH — DMSO +HO,

B DMS +BrO — DMSO + Br
DMS(aq) + O3(aq) — DMSO(aq) + O,(aq)

i DMS+0,—SO0,

B DMS +OH — MSP(CH,SCH,00) + H,0
BN DMS +Cl— 0.45MSP + 0.55C,HgSCl + 0.45HCI
DMS +NO; — MSP + HNO,

100

80

60

40

20

DMS Oxidation Pathway Percentage

06-10 06-10

06-11
12 18 00

06-11 06-11 06-11 06-12 06-12
06 12 18 00 06

Figure C.16: The DMS oxidation pathway percentages for the L11*FO simulation during the
case study from June 10 to June 12.
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Figure C.17: Map of (a.) isobars (red lines) and wind barbs (light blue), (b.) the relative
humidity, and (c.) the low cloud fraction from the MERRA-2 reanalysis for June 11, 2023 at 07
UTC. The yellow diamond shows the location of Oden at 06/11/2023 at 07 UTC.
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Appendix D: Supplement to Processes Governing Atmospheric Aerosol in the North

Atlantic Arctic Spring
Appendix D Figures
a. No Free Ammonia b. Free Ammonia
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Figure D.1: The filled contours show the E-AIM predicted MSA equilibrium vapor pressure
under conditions with (a.) no free ammonia and (b.) with free ammonia (re-made from Figure 1
of Hodshire et al. (2019)). The black dashed line at RH = 90% on (a.) represents the cut-off for
representing MSA as VOC-like (left of line) and SVOC-like (right of line). The dashed line on
(b.) s calculated using Eq. 1 of Hodshire et al. (2019): above the line MSA is treated as SVOC-
like and below the line MSA is treated as ELVOC-like. The black points show where the GC-
TOMAS points along the path of ARTofMELT in the model fall in this space. Following the
methodology of Hodshire et al. (2019) a gas-phase mixing ratio of 10 ppt for ammonia is used as
a cutoff between no free ammonia and free ammonia.
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Figure D.2: Time series during ARTofMELT for the GC-TOMAS lumped SOA precursor for the
STAND simulation and NOAMSOA simulation.
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Figure D.3: Spearman correlation between GC-TOMAS AMSOA SOA precursors and observed
reactive organic carbon along the ARTofMELT ship track for (a.) the whole campaign, (b.) when
there is OCEAN influence, (c.) when there is MIZ influence, and (d.) ICE influence. Note that
while more reactive organic carbon species were measured, we only show the top 5 highest
correlations for the different source regions. The AMSOA SOA precursor is determined as the
difference between the SOA precursor concentrations in the STAND and NOAMSOA
simulations. Source regions are defined in Table 4.3.
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Figure D.4: In black, the spearman correlation between observed reactive organic carbon
(potential SOA precursors) and observed DMS as a function of DMS time-lag. In magenta, the
spearman correlation between the AMSOA SOA precursor (the difference between the STAND
and NOAMSOA simulations) and the STAND simulated DMS.
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Figure D.5: Scatter plot of observed versus STAND simulated N3to15 (a.), Nisto100 (b.), and
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Figure D.6: (a.) Condensation Sink and (b.) Coagulation Sink during ARTofMELT for grouped
by source region as defined in Table 4.3.
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Figure D.7: Scatter-plot of the observed and STAND simulation (a.) condensation sink and (b.)
coagulation sink colored by source region as defined in Table 4.3.
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Figure D.8: Map of the HYSPLIT back trajectories using MERRA-2 reanalysis for the case

study looking at June 6, 2023. All back trajectories are run for 48 h starting from Oden.
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Figure D.9: (a.) to (d.) The aerosol size distribution from each of the sensitivity simulations
along the back trajectory from Villum to Oden. The time series goes from 06/05/2023 02 UTC
(one hour after the Villum overpass) to 06/06/2023 09 UTC (one hour before reaching Oden).
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Figure D.10: Percent difference between a sensitivity simulation and the STAND simulation
with the sign defined such that a larger value in the STAND simulation is negative for
06/06/2023 at 10 UTC (the STAND simulation is subtracted from the sensitivity simulation). The
diamond shows the location of Oden at this time.
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Figure D.11: Map of the HYSPLIT back trajectories using MERRA-2 reanalysis for the case

study looking at June 11, 2023. All back trajectories are run for 48 h starting from Oden.

233



06/11/2023 11 UTC

N, ootesoo [6M ] OA/Sulfate
g2°N [c. 82°N [d. '
74 74 =
80°N /t? x| 80°N i P r 9
\% f %12
78°N | 4f ¢ %\; 78°N | 47 ¢ % 2
A AN A A
1 b &
0° 15°E 15°W__ 0° 15°E 15°W __ 0° 15°E
| 82°N [ g. 82N [h.[3 1
T z
[FESNERE 80°N D | O
¢ s
¢ ‘gg%% 78°N 78°N f ¢ ‘i},, O
% l}" K g
0° 15°E 15°W___ 0° 15°E
82°N [k, g2°N [,
74 75 P
. . | A v S
‘p- 80°N '23. : 80°N :> S %
¢ ‘i,\;, 7 78N | & ¢ g}; ) 78°N o ¢ @;%g
® d &€ . ‘ﬁ
0° 15°E 15°W_ 0° 15°E 15°W _ 0° 15°E
82°N | o. 82°N | p.
27 P P4
/:'y } e)
\"Jm 80°N [f) :\. 80°N [é? \'%'g
S S N
¢ \;;,% 78N | 47 ¢ gg, 78°N | &7 ¢ ‘i,} o
€] i &
0° 15°E 15°W  0° 15°E 5W  0° 15°E
-300 -200 -100 0 100 200 300

Percent Difference [%]

Figure D.12: Percent difference between a sensitivity simulation and the STAND simulation
with the sign defined such that a larger value in the STAND simulation is negative for
06/11/2023 at 11 UTC (the STAND simulation is subtracted from the sensitivity simulation). The
diamond shows the location of Oden at this time.
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