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ABSTRACT OF THE DISSERTATION

Probing the Tropospheric Oxidation Capacity in Pristine to Polluted Environments
By
Daun Jeong
Doctor of Philosophy in Earth System Science
University of California, Irvine, 2019

Associate Professor Saewung Kim, Chair

This study presents ground observation of hydroxyl radicals (OH) during
GoAmazon2014/5, ground and airborne observations of nitryl chloride (CINO2) during KORUS-
AQ2016, and ship-borne observation of molecular iodine (I2) during ARAON2018. Measurements
were made with a Chemical lonization Mass Spectrometer (CIMS). Observation data sets of the
radicals and radical precursors are compared with observation constrained box model simulations
in order to understand the oxidation capacity of the troposphere from polluted to pristine
environments.

During the GoAmazon2014/5 campaign, OH was measured in February-March of 2016
during the wet season at the T3 site, ~ 60 km west of Manaus, Brazil. Measurements are compared
to box model simulations embedded with the near-explicit Master Chemical Mechanism (MCM
v3.3.1) and other mechanisms used in global models. The model was highly constrained with
measured meteorology and other trace gas observations. The results show that the simulations

agree well with the OH observations. This confirms the HOx-NOx-VOC chemistry in this high
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biogenic volatile organic compound (BVOC) and low NOx environment is well understood
contrary to the recent studies of higher than expected OH in isoprene dominant forested regions.

CINO2 measurements were carried out in May to early June in the Seoul Metropolitan Area
(SMA) during the KORUS-AQ 2016 campaign. Ground observations were conducted at the
Olympic Park site and Taehwa Research Forest, each representing a polluted site near the city
center and a forested region downwind. Airborne observations were made on the NASA DC-8,
which made measurements over the Korean peninsula and the yellow sea during the campaign
period. Significant levels of daytime CINO2 were measured at both ground sites with a positive
correlation to Clz, which was suppressed at low Os. Box model simulations show that this is likely
due to the heterogeneous reaction of HOCI and CIONO:2 on aerosols and the autocatalytic
production of Clz. In the early morning, a second CINO:2 peak was observed when there were
predominant westerlies. Based on airborne observations, box model simulations, and
backtrajectories, this morning peak is possibly due to a mix of vertical and horizontal transport
from the west coast. Box model runs show that chlorine chemistry can enhance up to 25 % of net
chemical production of Oz in the SMA.

Gas phase 12 and HOI were measured with a CIMS, on-board the Korean ice breaker R/V
ARAON from late March to early May. Up to ~ 15 ppt of I2 was measured near the Antarctic
Peninsula, which corresponds to previous studies that reported high 10 levels in West Antarctica.
Short O3 depletion events were observed simultaneous to enhanced levels of Br2 and I2. Sources
of iodine precursors can be both from inorganic, like accelerated reactions within the ice matrix,
and organic sources, like sea ice diatoms. Correlation between Iz and biological tracers like DMS

and isoprene was observed.
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CHAPTER 1

INTRODUCTION

1.1 Overview

Tropospheric oxidation capacity is controlled by highly reactive radicals and reactive trace
gases. Radicals control the lifetime of trace gases like methane (Prather and Spivakovsky, 1990),
which is a greenhouse gas, and affect the level of photochemical products like ozone (Chameides
and Walker, 1973; Crutzen, 1971) and secondary organic aerosols (Jimenez et al., 2009; Kroll and
Seinfeld, 2008; Lim and Ziemann, 2005). The most dominant radical in the troposphere is the
hydroxyl radical (OH) (Levy, 1971). The level of OH is governed through primary production
mainly from Os photolysis and recycling processes from hydroperoxy radical (HOx) - organic
peroxy radical (ROx) - NOx reactions that are non-linear (Chameides and Walker, 1973; Crutzen,
1971; Levy, 1971). Therefore, depending on the chemical regime of the environment, level of OH
can be suppressed or enhanced. Recent studies in forests with high biogenic volatile organic
compounds (BVOC) and low NOx, reported OH observations that are up to 10-fold higher than
expected than model simulations indicating remaining uncertainties in our current understanding
(Kubistin et al., 2010; Lelieveld et al., 2008; Rohrer et al., 2014).

More recently, growing number of studies have shown that halogen radicals like chlorine
(CI), iodine (1), and bromine (Br) also have significant impacts in the tropospheric oxidation
capacity in the boundary layer. Reactive halogen species go through gas-phase and multi-phase
reactions among halogen containing compounds like halogen oxides, dihalogens, halides, and
hypohalous acids to catalytically produce halogen radicals. Once produced, they rapidly react with

Os (Barrie et al., 1988; Bottenheim and Gallant, 1986; Oltmans and Komhyr, 1986), hydrocarbons



like CH4 (Jobson et al., 1994; Platt et al., 2004), dimethyl sulfide (DMS) (Charlson et al., 1987),
and long-lived pollutants like elemental mercury (Lindberg et al., 2002; Schroeder et al., 1998).
Reactive iodine species have also been reported to contribute to new particle formation (Allan et
al., 2015; Davison et al., 1996) that has implications for radiative forcing of the atmosphere.
Depending on the chemical regime, reactive halogens can trigger ozone depletion events, like in
the polar regions (Barrie et al., 1988; Oltmans and Komhyr, 1986), or enhance Os in more polluted
environments (Osthoff et al., 2008; Riedel et al., 2012). Field observations are still very limited in
various chemical environments and the sources and chemistries of reactive halogens are poorly
constrained in global models inhibiting our ability to fully understand the photochemistry and its

resulting impact in the quality of air.

1.2 Motivation and Approach

The main goal of my Ph.D research is to examine the uncertainties of tropospheric
oxidation capacity through observation constrained box model simulations and field studies of
hydroxyl radicals and halogen radical precursors measured by a Chemical lonization Mass
Spectrometer (CIMS). Significant developments on chemical ionization mass spectrometry
techniques in the past decades has allowed the detection of radicals with high sensitivity and
selectivity (Huey, 2007). The CIMS has been used in previous airborne and ground field
observations due to its fast response time and low detection limit. Box model simulations of
radicals and radical precursors, embedded with a near-explicit chemical mechanism, is a good test-
bed of our current understanding of the chemistry. Moreover, it is a great tool for sensitivity tests
of different trace gas and other parameters. Discrepancies between model simulations and

observations can be an indication of a missing chemistry, measurement, or possible artifacts of the



obtained data. Chemical transport models are used for examining the regional to global air quality.
These 3D models use different type of chemical mechanisms that are often outdated and can affect
the model results. A box model is a great tool for comparing discrepancies resulting from the
choice of different mechanisms. The overall approach used in this study is: 1) Measure radicals
and radical precursors with the CIMS, 2) Use box model simulations to compare to observations,
3) Carry out sensitivity tests with box model runs to study the implications on the regional
photochemistry. Three field observation data sets from a tropical rain forest (GoAmazon2014/5,
Chapter 3), an Asian mega-city (KORUS-AQ2016, Chapter 4), and the Antarctic peninsula

(ARAON2018, Chapter 5) are presented.

1.3 Background

1.3.1 HOx-NOx-VOC chemistry

Figure 1.1 HOx-NOx-VOC photochemistry in the troposphere.



Various radicals control the tropospheric oxidation capacity in the atmosphere. OH was
suggested as a main tropospheric oxidant by Levy (1971). Although OH exists at very low
concentrations, with a global average of ~ 106 molecules cm (Prather and Spivakovsky, 1990;
Spivakovsky et al., 1990), it determines the chemical lifetime of most trace gases due to its high
reactivity. OH driven oxidation of both anthropogenic and natural reactive trace gases have
significant implications towards regional and global air quality (Chameides et al., 1988; Goldstein
and Galbally, 2007; Guenther et al., 2012). In the presence of nitrogen oxide (NO), OH driven
volatile organic compound (VOC) oxidation produces ozone (O3) (Chameides and Walker, 1973;
Crutzen, 1971) (Fig. 1.1), which is both a greenhouse gas (GHG) and an air pollutant. VOC
oxidation may also generate products with lower vapor pressure than the reactants which tends to
participate into particle phase contributing towards aerosol growth (Jimenez et al., 2009; Poschl et
al., 2010). This aspect is important in terms of understanding the direct and indirect (i.e., as cloud
condensation nuclei) effects of aerosol as a climate forcing agent which has been reported to be
highly uncertain (IPCC, 2013). In addition, atmospheric lifetime of methane (CHa4) is solely
determined by the global average OH concentration (IPCC, 2013; Levy, 1971; Prather and
Spivakovsky, 1990).

Figure 1.1 shows photochemical reactions of HOx-NOx-VOC in the troposphere. OH is
primarily generated by Os photolysis followed by a reaction with water vapor. Once it reacts with
VOCs, peroxy radicals are generated. In the presence of NO peroxy radicals can regenerate OH
(Levy, 1971). This has been the primary understanding in how tropospheric oxidation capacity is
maintained. This notion of understanding illustrates that OH production is restricted in high VOCs
and low NO environments such as remote forest environments as OH recycling is suppressed.

However, OH observations using laser induced fluorescence (LIF) techniques consistently report



higher than expected OH especially in high isoprene (CsHs) and low NO environments (Table 1.1).
Figure 1.2 summarizes OH observations as a function of NOx taken in 10 field measurements
ranging from polluted urban areas to pristine regions with high CsHs and low NO environments.
As notated in the blue solid line in Figure 1.2 (b), conventional understanding predicts low OH
levels in low NOx conditions due to the suppressed recycling processes. Contrary to this, the
measurements do not show inhibited OH levels over the low NO range. Rohrer et al. (2014)
proposed that additional OH from “unrecognized recycling” processes, mediated by isoprene
photo-oxidation reactions, were responsible for sustaining high tropospheric oxidation capacity in

these NOx-limited conditions.

Table 1. Comparison between modeled and measured OH taken in high BVOC and low NOy environments

Field campaign Location Instrumental Comparison between Reference
paig technique model and observation
name (year)
Indigenous forest, 50% under prediction by Carslaw et al. (2001)
AEROBIC(1997) North West Greece FAGE model Creasey et al. (2001)
Deciduous forest, . .
PROPHET- North Michigan, FAGE Observation ~2.7 times Tan et al. (2001)
98(1998) USA greater
INTEX-A(2004) North America FAGE Observed up to 5 times Ren et al. (2008)
GABRIEL(2005) Suriname, South FAGE Observed up to 12.2 times Butler et al. (2008)

America Lelieveld et al. (2008)

Rural, Southern Observed up to 3-5times

PRIDE-PRD(2006) China FAGE reater Hofzumahaus et al. (2009)
g Lou et al. (2010)
BEARPEX07(2007) Blodgt_ett fo_rest, FAGE Model under prediction by a Wolfe et al. (2011)
California factor of 6
Model under prediction by a Pugh et al. (2010)
OP3(2008) Sabah, Borneo FAGE factor of 10 Stone et al. (2011)
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Figure 1.2 Comparison of modeled OH and observed OH taken from different field measurements
in high BVOC and low NOx regions. The measurements were taken from ten campaigns: A,
Suriname forest (Lelieveld et al., 2008); B, Borneo rainforest (Whalley et al., 2011); C, US deciduous
forest (Tan et al., 2001); D, Pearl Delta River (Hofzumahaus et al., 2009); E, Beijing (Lu et al., 2013);
F1, Mexico city (Mao et al., 2010); F2, Mexico city (Dusanter et al., 2009); G, Tokyo (Kanaya et al.,
2007); H, New York (Ren et al., 2003); I, US ponderosa pineforest (Mao et al., 2012). (Figure taken
from Rohrer et al. (2014))
Chemical mechanisms have been proposed to account this higher than expected OH in high
CsHs and low NO environments. First is the OH production through reaction between organic
peroxy radicals (RO2) and peroxy radicals (HOz). This has long been thought to be a chain
terminating reaction by forming hydroperoxide products (ROOH) (Fig. 1.1). However, indirect
laboratory experiments (Jenkin et al., 2007, 2010) show that the reaction could be a source of OH.
In a field study in a pristine Amazonian forest, Lelieveld et al. (Lelieveld et al., 2008) demonstrated
that by including isoprene-derived peroxy radical chemistry and an OH production efficiency of
40-80%, the model well predicted the observed OH level. Second is the existence of a hypothetical
compound ‘X’, which has a chemical kinetic behavior identical to NO and therefore recycles OH
through reaction with HO2. Hofzumahaus et al. (2009) observed OH through LIF at a heavily
populated (i.e., 57.15 million) Pearl River Delta region (~60 km from Guangzhou) with high
emissions of natural BVOCs (i.e., 1-2 ppb of CsHs). The discrepancy between the modeled and

observed OH was highest (3-5 times) at relatively lower NO conditions ( < 1ppb) and matched



well at relatively higher NO conditions ( > 1ppb). By adding ‘X’ equivalent to 0.85ppb of NO, the
authors were able to reproduce both OH and HO.. Lastly is the OH recycling processes through
hydroxy peroxy isoprene radical isomerization. Peeters et al. (2009) first theoretically suggested
that these hydroxy peroxy radicals can undergo 1,5-H-shift (i.e., B-hydroxy peroxy radicals) to
directly form OH (along with methyl vinyl ketone or methacrolein and HCHO) or go through 1,6-
H-shift (i.e., z isomers of the &- hydroxy peroxy radicals) to form unsaturated Cs-
hydroperoxyaldehydes (HPALDs) that further react to generate OH. Crounse et al. (2011)
experimentally confirmed the generation of HPALDs from isoprene oxidation by OH in a chamber
experiment. However, based on their calculation, the 1,6-H-shift and 1,5-H-shift reactions were
slower than the original rates calculated by Peeters and Muller (2010) by a factor of 50 and 30
respectively. Laboratory experiments by Wolfe et al. (2012) have confirmed that once produced,
Cs-HPALDs can photolyze with a quantum yield of 1 (300-400 nm) to produce OH (yield =1).
Additional OH production from this isoprene radical isomerization reaction has been further
supported by Fuchs et al. (2013) through an isoprene-oxidation chamber experiment with
experimental conditions similar to the field sites in the borneo rainforest and Pearl River Delta.
The conventional chemistry in the MCM v 3.2 (Master Chemical Mechanism) predicted OH a
factor of 2 lower while the model embedded with the unimolecular isoprene isomerization (i.e.,
rate constant based on Crouse et al. (2011)) matched well. The authors concluded that more than
half of the OH, that react with isoprene in high BVOC regions, are recycled back through this
unimolecular isomerization. Peeters et al. (2014) later on extended their findings and updated their
reactions (denoted as LIM1) that match better with the studies (Crounse et al., 2011; Da Silva et
al., 2010) that followed since their first report and these have been included in the Master Chemical

Mechanism (MCM 3.3.1) (Jenkin et al., 2015).



Mao et al. (2012) presented an observational evidence that the previously reported higher
than expected OH could have been caused by instrumental artifacts associated with the background
characterization processes. Hens et al. (2014) presented ambient OH measured in a boreal forest
and compared between the results from the LIF instrumentation from the Max Planck Institute for
Chemistry and AP-CIMS instrumentation from the University of Helsinki. The LIF consistently
reported 30 % higher OH than the CIMS instrumentation. Sanchez et al. (2017) also presented an
inter-comparison between the Penn State LIF and the CIMS identical to the one deployed in this
study, at a CsHs dominant rural southeastern US forest. The OH observational datasets measured
by the CIMS and LIF generally agreed well within the analytical uncertainty with diel averages of
8.2 x 10° molecules cm and 4.96 x 10° molecules cm respectively. Both the LIF and CIMS used
a chemical removal method for background characterization that eliminates potential chemical
artifacts that were described in Mao et al. (2012). As substantial fraction of high CsHs emission
region can be categorized as low NOx environments, these uncertainties of higher than expected

OH should be addressed.

1.3.2 Halogen Chemistry in the Tropospheric Boundary Layer

It was not until the late 1980s that halogen species were recognized to be important in
controlling the tropospheric oxidation capacity in polar regions during Springtime. Before, OH
radicals were considered to be the most powerful oxidant in the troposphere while the roles of
halogens were highly uncertain (Cicerone, 1981) and thought to be insignificant. Barrie and co-
workers (Barrie et al., 1988, 1989) were the first to discover the anti-correlation between filtered
bromine and ozone depletion events (ODESs) that were routinely observed during Arctic Spring

(Bottenheim and Gallant, 1986; Oltmans and Komhyr, 1986). During ODEs, background Os levels



dropped to near zero and persisted for hours to days. Since then, studies have confirmed that the
photochemistry of halogen gas species is more prevalent in the troposphere than previously
thought influencing a wide range of environments including, polar, marine, coastal, and

continental boundary layers.

Self Rxn (XO + X0)
Cross Rxn (XO +YO)

Surface Reaction (X=/ HX)

* X, Y =Halogens (i.e., I, Cl, Br)

Figure 1.3 Simplified gas-phase and multi-phase catalytic cycle of
halogen radicals

Reactive halogen species like halogen radicals (i.e., CI, Br, 1) and halogen oxides have
high reactivity towards volatile organic compounds and inorganic gases like Os. Through
multiphase and gas-phase catalytic reactions, halogen species in the troposphere influence the
lifetime of VOCs (e.g. CHa), deplete or enhance Os levels (Barrie et al., 1988, 1989), oxidize
elemental mercury (Schroeder et al., 1998; Steffen et al., 2007), DMS (Charlson et al., 1987), and
influence nucleation and condensation of particles (Allan et al., 2015; Davison et al., 1996). Figure
1.3 shows a simplified catalytic cycle of the initiation, propagation, and termination steps of

halogen radicals. The photolysis of gas-phase molecular halogens like I2, Clz, and Brz is the



primary initiation step, in which they readily breakdown by the visible to near UV photons (peak
absorption cross sections at 298 K, 12 ~ 533 nm, Cl2 ~330 nm, Br2 ~420 nm (Atkinson et al., 2007;
Saiz-Lopez et al., 2004)). The generated halogen atoms can compete to react with hydrocarbons
(denoted ‘RH” in Figure 1.3) or O3, which is a radical propagation step where the total number of
radicals are conserved. The relative reactivity towards hydrocarbons are in the order CI, Br, and I.
Chlorine radicals are reactive towards VOCs with up to two orders of magnitude higher reactivity
than hydroxyl radicals (e.g., kon+cHa = 0.6 x 104 cm®molec s, kei+chs = 1.0 x 1013 cm?® molec
Is1at 298 K) (Atkinson, 1997; Atkinson and Arey, 2003). Bromine and iodine radicals are much
less reactive to VOCs and mostly react with Os, which can lead to ODEs. 10 and BrO (‘XO’ in
Figure 1.3), produced from reaction between a halogen atom and Os, rapidly photolyzes to
reproduce | and Br and therefore results in a null cycle. Rather, ODEs are catalyzed through
reactions between halogen oxides (R1.1 — R1.2) or multiphase reactions of hypohalous acids
(‘HOX’ in Figure 1.3) and halide containing surfaces (R1.3). For reaction R1.2, cross reactions
between different halogen oxides are faster than self-reactions (e.g., kio+io = 3.8 x 101t cm®molec
51 kero+gro = 2.7 x 10712 cm® molecs™, kero+io = 6.8 x 101! cm® molec?s™, at 298K) (Atkinson
et al., 2007) accelerating depletion of Oz in the presence of different types of halogens. Another
important reaction for ODEs is the heterogeneous reaction of HOX on halide containing surfaces
(R1.3), a reaction pathway well-known to cause “bromine explosion” events (Wennberg, 1999).
Multi-phase chemistry is a key reaction in producing significant levels of reactive halogens to
trigger ODEs. The properties of the reacting surfaces have been known to be the main factor
controlling the efficiency. Uncertainties remain in the detailed mechanisms involved but studies
show surface characteristics like the type of surface (e.g., ice, snow, aerosols) (Abbatt et al., 2012),

abundance of inorganic ions, organic coating (McNeill et al., 2006; Thornton and Abbatt, 2005),
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and pH (Abbatt et al., 2010; Huff and Abbatt, 2002; Sjostedt and Abbatt, 2008) may control the

efficiency of the production of reactive halogens.

X +03—> X0 (X=Br, ) R1.1
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Figure 1.4 Schematic diagram of a summary of anthropogenic and natural sources of halogen radical
precursors in continental, coastal, marine, and polar boundary layers.

Figure 1.4 shows examples of sources of gaseous reactive halogens in the boundary layer.
Ocean is the most dominant natural source of halogens. In the marine boundary layer, wave
breaking actions create sea salt aerosols (Blanchard, 1985; Woodcock, 1953), and through
heterogeneous reactions release gas-phase halogens. Studies by Lawler et al. (2009, 2011), in the
Cape Verde observatory in eastern tropical Atlantic, measured up to ~150 ppt of HOCIl and ~ 35
ppt of Cl2 with a CIMS from aged airmass influenced by continental outflow. When the airmass
was mostly influenced from the open ocean, the levels were up to 60 and 10 ppt for HOCl and Clz,

respectively. The authors concluded that acidification of aerosols in aged air-masses and its
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resulting enhancement of autocatalytic production of Cl2 from heterogeneous reaction of HOCI
was the possible cause of the observed differences. On the other hand, lower levels of reactive gas-
phase bromine have been observed in the marine boundary layer (Leser et al., 2003; Mahajan et
al., 2010b; Martin et al., 2009; Read et al., 2008). In the Cape Verde, BrO was measured by long
path differential optical absorption spectroscopy (LP-DOAS) with a max of 2.5 ppt (Read et al.,
2008) and 5.6 ppt (Mahajan et al., 2010b). In the east North Atlantic, while BrO was observed up
to ~10 ppt by Martin et al. (2009), Leser et al. (2003) reported that BrO was mostly below detection
limit except for the 2 days when the ship was near the Canary Islands where they measured up to
2.4 ppt. Modeling studies (von Glasow et al., 2004; Long et al., 2014; Sommariva and VVon Glasow,
2012) show that the measured BrO levels in the open ocean are lower than expected, which is
surprising considering its abundance in the ocean, and bromide has been reported to be depleted
in marine aerosols (Sander et al., 2003). Compared to bromide and chloride, iodide is depleted in
the ocean due to the uptake by marine organisms as a nutrient. Therefore, the main sources of gas-
phase iodine in the open ocean are from oxidation of iodocarbons and O3 mediated heterogeneous
processes that could lead to HOI and 12 production (Garland et al., 1980; Garland and Curtis, 1981).

Tidal stress on macroalgae in the ocean, caused by routine drying and exposure to sun, has
been known to trigger production of inorganic and organic lodine in coastal areas (Carpenter,
2003; Carpenter et al., 1999; Saiz-Lopez and Plane, 2004). Snow and ice surfaces in polar regions
provide a unique environment for enhanced production of reactive halogen species (Abbatt et al.,
2012). Since the first report by Barrie et al. (1988) of the relationship between filtered bromine
and ODEs, direct measurements of molecular and reactive gas-phase bromine (Buys et al., 2013;
Foster et al., 2001; Hausmann and Platt, 1994; Liao et al., 2012; Pohler et al., 2010; Pratt et al.,

2013; Saiz-lopez et al., 2007), chlorine (Liao et al., 2014; Pohler et al., 2010), and iodine (Atkinson
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etal., 2012; Grilli et al., 2013; Mahajan et al., 2010a; Saiz-lopez et al., 2007) in the polar boundary
layer have been carried out mostly using the DOAS and CIMS technique. While similar levels of
bromine species have been detected in both the Arctic and Antarctic (i.e., Br2: ~ 50 ppt, BrO: ~ 30
ppt), significant hemispheric differences have been reported for reactive iodine species, which
gives uncertainty in the mechanisms driving the sources. In a polluted boundary layer, NOx
mediated reactions can lead to enhanced formation of Oz through generation of organic peroxy
radicals from the oxidation of VOC by halogen radicals (Figure 1.3). Until recently, impact of Cl
on the oxidation capacity or Os production was considered to be marginal in continental boundaries
and only limited to marine environments in some cases due to slow oxidation of HCI, low aerosol
surface areas, and low NOx levels in a typical marine boundary layer (Jacob, 2000; Knipping and
Dabdub, 2003). Recent studies consistently show strong evidence that Cl could indeed have a large
influence on the tropospheric oxidation capacity even in areas away from its largest natural source,
the ocean. In this context, formation of nitryl chloride (CINO2) is of particular interest. Laboratory
study by Finlayson-Pitts et al. (1989) first confirmed the production mechanism of CINO2. The
first ambient measurement was carried out by Osthoff et al. (2008) where they measured 50ppt -
1ppb of CINO:z in a subtropical marine boundary layer influenced by urban air and ship plumes.
In following studies, measurements in multiple field studies both including marine and continental
boundary layers (Bannan et al., 2015; Faxon et al., 2015; Phillips et al., 2012; Riedel et al., 2012;
Tham et al., 2016; Thornton et al., 2010; Wang et al., 2016; Young et al., 2012) have confirmed

that CINO:2 is ubiquitous in the polluted boundary layer.
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CHAPTER 2

METHODS

2.1 Chemical lonization Mass Spectrometer

2.1.1 OH Measurement using NOs lon Chemistry

A THS Instruments LLC Atmospheric Pressure Chemical lonization Mass Spectrometer
(AP-CIMS) was used to quantify ambient OH with an identical instrument configuration deployed
for the Southern Oxidant and Aerosol Study (SOAS) in 2013 (Sanchez et al., 2017). The analytical
method was developed by Tanner et al. (1997) and had mostly been used in low relative humidity
environments such as the free troposphere (Kim et al., 2007), polar (Liao etal., 2011b, 2012, 2014;
Mauldin et al., 2010; Raso et al., 2017; Sjostedt et al., 2007), and non-urban regions (Kim et al.,
2015b; Sanchez et al., 2017). During the past few years, the AP-CIMS has been deployed in high
BVOC environments and compared with ambient OH concentration reported by using the LIF

instrumentation (Hens et al., 2014; Sanchez et al., 2017).

3302+ OH + M - H*S03 + M R2.1
H34S03 + O2 - *S03 + HO: R2.2
3503 + H20 + M - H2*S04 + M R2.3
H2%*S04 + NOs~ - H*S04 + HNO3 R2.4

As thoroughly described in Tanner et al. (1997), the AP-CIMS technique for OH
quantification draws bulk air flow into the inlet (1/2” OD metal tube) with a blower. From the

center of the inlet flow, a sample flow of 5 standard liters per minute (slpm) is introduced to an
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injector system which consists of a pair of front and rear injectors. This allows injection of a
mixture of gases to convert the sampled OH into H2SO4. Background is characterized by adding
excess CsFs or CsHs for chemical removal of OH. In an ion reaction chamber, H2SOs is ionized
by NOs reagent ion to produce HSO4". NOs™ is generated by a corona discharge ion source unit
described in Kurten et al. (2011) as a HNO3 doped zero air stream passes over the ion source. The
generated analyte ion (HSO4) is introduced to a collision dissociation chamber (CDC), an octopole
ion focus unit, and a quadrupole-channeltron ion detection unit, a typical configuration for mass
spectrometry applications in atmospheric chemistry (Huey, 2007). A multi-point calibration was
carried out as described in Sanchez et al. (2017). Briefly, OH was generated from photolysis (184.9
nm) of water in a ~ 30 slpm N2 flow. The humidity in the calibration system was known and
controlled by adjusting the fraction of N2 flow being introduced to the water bubbler. The
calibration was conducted on a weekly basis. The assessed limit of detection was 1 x 10° molecules

cm3 and the uncertainty was 40 % in 5 minutes 2c.

2.1.2 CINO2 and 12 Measurement using I- lon Chemistry

During KORUS-AQ 2016, a CIMS using iodide (I) as the reagent ion was used for
measuring Clz and CINO: at the Taehwa Research Forest (TRF), Olympic Park (OP) and on the
NASA DC-8. The system was similar to what is described in Slusher et al. (2004) and Liao et al.
(2011a), and the inlet configuration during the campaign is shown in Figure 2.1. Ambient air was
sampled through a stainless steel donut shaped inlet at TRF and a Polytetrafluoroethylene (PTFE)
tube inlet at OP. The stainless steel donut inlet has been shown to effectively avoid wall loss of
reactive halogens during previous campaigns (Liao et al., 2011a). The lengths of the three CIMS

systems were 20-30 cm. The PTFE inlet line at the TRF site was washed on a weekly basis and

24



the ones at the OP and DC-8 were not washed routinely during the campaign due to difficulties on
detaching the inlet. The potential bias on interactions of Cl. and CINO: inside the inlet were not
tested but the artifacts have been shown to be negligible in various field conditions (Liao et al.,
2014; Riedel et al., 2012; Thornton et al., 2010). Therefore, the use of different types of inlets (e.g.,
the use of the donut), described above, at the two ground sites and on the DC-8 is not expected to
be an issue for the quantitative comparisons in this study. The sampled air went through the first
3-way valves to be delivered to an ambient or charcoal scrubber mode for background, alternating
every 5 minutes. The second 3-way valve was for heated (150 °C) and unheated cycles. CINO:
and Cl2 were only quantified during the unheated cycles to avoid any potential artifacts as
described in Liu et al. (2017). A total of 3000 standard liters per minute (slpm) was drawn in with
a blower with an additional flow of 4 slpm drawn at the end of the inlet to reduce the residence
time and 1 slpm was sampled into the CIMS. All the inlet parts, after the blower, including the

fittings and tubings, were made of PTFE.
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Figure 2.1 Inlet configuration during KORUS-AQ

In the flow tube, the target compounds form clusters with I- (R2.5-R2.6) (Huey, 2007; Huey

etal., 1995), which were generated by flowing 1 slpm N2 through a methyl iodide (CHsl) permtube
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oven maintained at 50 °C. Polonium (NRD LLC, Static Master, Model:2U500, Activity: 20 mCi)
was used as the radioactive source for ionization. Clusters of Cl2 isotopes were detected at the
mass to charge ratio (m/z) of 197 and 199, and CINO2 was measured at 208 and 210. The natural
abundance of Cl2 and CINO: isotopes are approximately 9:6:1 (**CI®ClI : 33CI¥’CI : 3’CI*’Cl) and
3:1 (®*CINO2 : 3'CINO2) respectively. Mass 201 (*’CI’CIl) was not considered in the data

processing due to artifacts.

CINO2(g) + I — ICINO2(g) R2.5
Clo(g) + I — ICI2(q) R2.6
10°4 I
4 e /HZO-I' 35CINO,+I-
2 l 37CINO,-I-
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42— H37CI-I- SCI35CI-I
N 10 3
I 4 J PSCI37Cl-I
2
1000 -
800
600
400
200
O!—'_'_'_'_F LN L L L L L L L L L L L L L L L L L NN BN
20 40 60 80 100 120 140 160 180 200 220 240
amu

Figure 2.2 CIMS mass spectrum taken at the Taehwa Research site on May 4" 6:35 local standard Time

Calibrations of Cl2 and CINO2 were carried out during and after the campaign. Clz in a
cylinder (Airgas, 10 ppm in N2) was diluted with zero air to be sampled in either ambient or
scrubber (charcoal) mode (Figure 2.1). The Clz in the cylinder was quantified through the method
described by Liao et al. (2012) and was 8.84 + 0.43 ppm. CINO2 was synthesized, based on Thaler

etal. (2011). Briefly, Cl2 gas in N2 was passed through a pyrex reservoir (diameter = 1.3 cm, length
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= 5.5 cm) containing a bed of NaCl (MACRON) and NaNO:2 (Sigma Aldrich) with a molar ratio
of 10 to 1. This slurry mixture contains NOz2" that reacts with the flowing Cl2 to generate CINO:a.
The output flow was further diluted with 4 Lmin-1 of zero air in order to sufficiently provide gas
flow. The flow containing synthesized CINO2 was then analyzed at m/z of 208 and 210 with the
CIMS. NO2 and NO-NOy were simultaneously measured with a Cavity Ring Down Spectroscopy
(CRDS, Los Gatos Research, detection limit: 10 pptv, precision: 50 pptv at 1, model: 907-0009-
0002) and chemiluminescence (CL, Thermo Scientific, detection limit: 50 pptv, model: 42 i)
respectively. CINO: is detected as NOy in the CL through conversion to NO on the heated (325
°C) molybdenum catalytic converter (Williams et al., 1998). The efficiency of the conversion was
assumed to be unity. Therefore, CINO2 could be determined by comparing the three instruments
and subtracting the byproducts (HONO and NOz2) from the total NOy. The averaged sensitivity of
Clz2 was 31.5 + 11.2 Hz/ppt and CINO2 was 19.7 + 1.5 Hz/ppt. The 2 sigma detection limits of Cl

and CINO2 were 2.9 and 1.5 ppt, respectively, over 30 min.
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Figure 2.3 Diagram of CINO; synthesis process.

During ARAONZ2018, iodine and bromine reservoir compounds were measured with a
CIMS using I as a reagent ion. Gas-phase |2 was detected from charge transfer or clusters in m/z

of 254 and 381, respectively (Figure 2.4). The configuration of the inlet was similar to that at the
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TRF during the KORUS-AQ campaign, except for the heating of the inlet. A donut shaped
aluminum inlet used to avoid wall loss of halogen species (Liao et al., 2011a; Raso et al., 2017).
A blower was connected to the stainless steel donut part to draw in ~ 3000 slpm of air. Background
was measured every 15 min for 15 min using a glass wool and charcoal scrubber. The CIMS inlet
was facing the front of the ship, on the 3™ deck of the R/V ARAON, with a height of ~ 13 meters
from sea level. Sampling part was temperature controlled to 25 °C. Calibration was carried out

with permtube as described in Raso et al. (2017). The limit of detection was 0.6 ppt (2c) over 1

min average.
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Figure 2.4 CIMS mass spectrum during background and calibration of I.
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2.2 Box Model Simulations

2.2.1 OH Simulations during GoAmazon2014/5

The Framework for 0-D Atmospheric Modeling (FOAM v3.2) chemical box model was
used to evaluate various chemical mechanisms on reproducing OH levels during
GoAmazon2014/5. FOAM is a MATLAB (Mathworks®) based zero-dimensional model
framework (Wolfe et al., 2016) and has been used in many field studies to explore the oxidation
chemistry in the troposphere and compare it to observations (Feiner etal., 2016; Kaiser et al., 2016;
Kim et al., 2015a, 2016b). The box model was constrained with a comprehensive set of trace gas
and meteorology measurements collected during GoAmazon2014/5 and the analytical techniques
used are in Table #. A total of 16 days (i.e., Feb 12-14, 16-19, Mar 5, 9-11, 13-16, 18) were chosen
during the campaign based on the availability of data. A full cycle of the model was for 24 hours
and each step of the model was constrained with observations of inorganics (i.e., O3, NO2, CO),
organics (i.e., CHa, biogenic and anthropogenic non-methane hydrocarbons), and meteorology
measured at that time of day with a data frequency of 5 minutes. These constrained parameters
were kept constant throughout each step. Interpolation was carried out for missing data or
measurements with lower time frequency. Each step of the model was integrated for 5 minutes to
give a 24-hour diel cycle of OH. This cycle was repeated to allow for buildup of unmeasured
species and the results from the second cycle is reported in this study. Hybrid method was used for
calculation of photolysis rate constants (J values) in the model. This method in the FOAM model
uses solar spectra from the Tropospheric Ultraviolet Visible radiation model (TUV v5.2)
(Madronich and Flocke, 1998) with cross sections and quantum yields from literature. More
information on the comparisons on different J deriving methods are described in Wolfe et al.

(2016). The J values were scaled to the solar radiation measured during the study. Heterogenous
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reactions were all switched off in order to separate the differences in gas chemistry between the
mechanisms on simulating OH. Emission, transport, deposition were not considered in the model
except for dilution, which were assumed to be 4 day*? as in Kaiser et al., (2016). Background

concentration of all the species were assumed to be zero.

Table 2.1 Chemical mechanisms used for box model simulations in the GoAmazon2014/5 study.

Number of Species /

Mechanism . 3D model Reference
Reactions
MCM v3.3.1 45832 / 17224 Jenkin et al. (2015)
MOZART T1 159 /328 °‘CAM-Chem hKnote et al. (2015)
RCIM 0148 / 412 dGEOS-Chem Bates and Jacob (2019)
e.g, *CMAQ, .
RACM2 124/ 363 WRE Goliff et al. (2013)
e.g, CMAQ,
CBO05 53 /156 WRE Yarwood et al. (2005)
CB6r2 771363 ICAMX Ruiz and Yarwood (2013)

2 Full mechanism. For the subset used in this study, 5254 reactions and 1694 species

®Isoprene oxidation mechanism

¢ Community Atmosphere Model with Chemistry (CAM-chem), which is part of the NCAR CESM.
dGoddard Earth Observing System (GEOS-Chem)

¢ Community Multiscale Air Quality system (CMAQ)

fWeather Research and Forecasting Model (WRF)

9 Comprehensive Air quality Model with extensions (CAMX)

" A preliminary version of the MOZART_T1, with updates from the MOZART-4, described in the study.

Six chemical mechanisms were tested in this study and these are the Master Chemical
Mechanism (MCM v3.3.1), Model for Ozone and Related Chemical Tracers (MOZART _T1),
Reduced Caltech Isoprene Mechanism (RCIM), Carbon Bond Mechanism (CBO05), Regional
Atmospheric Chemistry Mechanism (RACM2), and Carbon Bond 6 Mechanism (CB6r2). The
total number of species and reactions of each mechanism and their implementation in 3-D model
frameworks are summarized in Table 2.1. The box model runs were set up the same for each
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mechanism and were constrained with identical trace gas and meteorology parameters. The MCM
v3.3.1 is the most explicit mechanism and other mechanisms have relatively less explicit isoprene
oxidation scheme with varying degrees and lumping of VOCs for simplification. Appropriate
lumping of VOCs were assigned in each mechanism as in Table 2.2. For MOZART _T1 runs, the
Box Model Extensions to Kinetic PreProcessor (BOXMOX) was used since the mechanism was
not included in the FOAM. BOXMOX is an extension to the Kinetic PreProcessor (Knote et al.,
2015) that uses the Rosenbrock solver. Differences from different solvers not tested in this study.
The original BOXMOX was modified to emulate the FOAM setup, so that the model can diurnally
constrain measured trace gases with constant values throughout each step. The photolysis rate
constants and concentration of water vapor (H20) were taken from the FOAM results. Comparison
between the two box models embedded with the identical MCM 3.3.1 mechanisms showed good

agreement, which verifies that they were set up properly (Figure 2.5).
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Figure 2.5 Comparison of box model simulated OH between FOAM and BOXMOX. Both model
frameworks were constrained with the same meteorology and trace gas measurements from Mar 18t
2014 during the GoAmazon2014/5. For the purpose of comparing the two box models, only Oz, CO,
NO,, CHg, isoprene, and methanol were constrained in both of the models.

31



Table 2.2. Summary of the trace gases constrained in the box models and their lumping in each mechanism

Trace Gases

Nomenclature and Lumping of each Mechanism

Constrained
In the Box MCM RCIM MOZART _T1 | RACM?2 CB05 CB6r2
Model
Ozone O3 O3 O3 O3 O3 O3
Carbon co co co co co co
Monoxide
Nitrogen
Dioxide NO:2 NO:2 NO:2 NO:2 NO:2 NO2
Methane CHa4 CH4 CH4 CHa4 CHa4
Methyl Vinyl MVK MVK MVK MVK  ISPD  ISPD
Ketone
Methacrolein MACR MACR MACR MACR ISPD ISPD
Isoprene CsHs ISOP ISOP ISO ISOP ISOP
Monoterpene APINENE APIN API TERP TERP
Ethane CoHs CoHs ETH ETHA ETHA
15
Propane CsHs CsHs HC3 PAR, PRPA
1.5NR
n-Butane NC4H10 BIGALK HC3 4 PAR 4 PAR
iso-Butane IC4H10 BIGALK HC3 4 PAR 4 PAR
n-Pentane NC5H12 BIGALK HC5 5PAR 5PAR
Iso-Pentane IC5H12 BIGALK HC5 5PAR 5PAR
n-Hexane NC6H14 BIGALK HC5 6 PAR 6 PAR
n-Heptane NC7H16 BIGALK HCS8 7 PAR 7 PAR
Ethene CoHa4 CoHa4 ETE ETH ETH
1 PAR, 1 PAR,
Propene CsHs CsHe HCS8 1OLE 1OLE
Toluene TOLUENE TOLUENE TOL TOL TOL
Benzene  BENZENE BENZENE  BEN 1 PNaF';’ >  BENZ
Acetone CH3COCHz3 CH3COCHs ACT 3 PAR ACET
Methanol CH30OH CH30OH CH30OH MOH MEOH MEOH
Acetaldehyde CH3CHO CHsCHO ACD ALD?2 ALD?2
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2.2.2 CINO2 Simulations during KORUS-AQ 2016

We used FOAM v3.1 for simulating three types of simulations: 1) daytime Clz production,
2) in-situ CINO2 production in the morning, and 3) testing the impact of measured CINO:2 on the
regional tropospheric chemistry. Each step of the model was constrained with the averaged
meteorology parameters (e.g., pressure, temperature, relative humidity) and trace gases observed
in the two ground sites during KORUS-AQ 2016. The constrained trace gases include CINOz, Clz,
O3, NO, NO2, CO, CHa, and 20 non-methane hydrocarbons including 8 alkanes (i.e., ethane,
propane, iso-butane, n-butane, iso-pentane, n-pentane, n-hexane, and n-heptane), that have high
reaction rate constants with Cl. For simulations presented in Figure 4.6 and 4.7, a constant
meteorology and trace gas observation set, collected at the corresponding time point, were
constrained throughout the 72-hour simulation. The Clz concentrations at the end of the 72-hour
simulation are compared to simultaneously observed mixing ratios of CINO:z in Figure 4.4.
Simulations in Figure 4.12 were similarly constrained as those in Figure 4.6 but allow CINO:2
concentrations to vary with time in order to assess CINO:2 production predicted by the model. For
Figure 4.12, the model was constrained with a diurnal variation of the parameters. A full diurnal
cycle of the model was for 24 hours consisting a total of 864 steps and each step was integrated
for 100 seconds. Each step of the model was constrained with observations measured at that time
of day. To assess the impact of CINO2 chemistry on net Oz production, all species were constrained
except for NO2 and Os, which were initialized with observed values and allowed to vary in time.
Photolysis rate constants were derived through the hybrid method (Wolfe et al., 2016) in the FOAM
box model. This method uses clear sky solar spectra from the tropospheric ultraviolet and visible
radiation model (TUV v 5.2) and cross sections and quantum yields complied by the International

Union of Pure and Applied Chemistry (IUPAC). To capture the effects of local environments such
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as pollution on photolysis rates, the ratio of the measured Jno2 to the FOAM modeled Jnoz2 was
calculated. This ratio was then applied to other photolysis rate constants calculated in the model.
Measured Jnoz2 was taken from the DC-8 actinic flux measurements (Charged-couple device
Actinic Flux Spectroradiometer; CAFS) when flying near SMA at altitudes under 1 km. A diurnal
cycle was applied to the DC-8 measurement to determine j-values at other times of day. Photolysis
rate constants of CINO2, Cl2, and CIONO2 were not present in the FOAM model and therefore
taken directly from the DC-8 measurements to be used in the model runs in this study. Boundary
layer height, emissions, and depositions were not considered in the model.

The Master Chemical Mechanism v3.3.1 (MCM) was taken from

http://mcm.leeds.ac.uk/MCM and embedded in the box model. MCM v3.3.1 has a detailed gas

photochemistry (i.e., 5832 species and 17224 reactions), including the oxidation of CH4 and 142
non-methane primary emitted VOCs (Jenkin et al., 2015). Since MCM v3.3.1 only includes ClI
reactions with alkane species, additional chlorine chemistry was embedded in the model, similar
to what Riedel et al. (2014) reported. This was done by including multiple Cl precursors (e.g., Clz,
CINOg2, HCI, CIONO2, HOCI) and ClI reactions with non-alkane VVOCs, such as alkene, alcohol,
aromatics, alkynes, ketones, organic acids and nitrates. All the reactions embedded in the model
can be found in the supplementary of Riedel et al. (2014) and Wolfe et al. (2016). Heterogeneous
reactions of gas-phase N20s (i.e., N20s(g) + Cl-(aq) — CINO2(g)), CIONO: (i.e., CIONO2(g) + CI
(ag) + H*(aq) — Cl2(g) + HNO3), and HOCI (i.e., HOCI(g) + Cl(ag) + H*(aq) — Cl2(g) + H20),
a simple first-order reaction was assumed by accounting from vy, ¢, molecular speed of the gases,
and surface area of aerosols. Hygroscopic growth factor was not considered in the model. yn20s
was calculated from the Bertram and Thornton (2009) study using measured inorganic aerosol

composition, temperature, and relative humidity and water content derived from the
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thermodynamic model Extended Aerosol Inorganics Model (E-AIMS, (Clegg et al., 1998; Friese
and Ebel, 2010)). The average and median ynzos values during the whole campaign were both
0.017. This is in the lower range of what has been derived from previous field observations in Asia
that ranges from a campaign average of 0.004 to 0.072 (Brown et al., 2016; Tham et al., 2016;
Wang et al., 2017a, 2017c; Yun et al., 2018b). y values of CIONO2 and HOCI were set to 0.06
(Deiber et al., 2004; Hanson and Ravishankara, 1994). The yields (¢) of the three heterogeneous
reactions were assumed to be 1, therefore the steady state simulations would be an upper-limit of
Cl2 or CINOz2 production. Since we did not have any aerosol size distribution data collected at the
ground sites, aerosol surface area was taken from airborne measurements. An averaged value was
used from data retrieved below 1 km over the SMA. The airborne data did not show a significant
vertical dependence within the daytime boundary layer. Based on this, an average of 78 + 41 m?cm-
3 were estimated from particle sized between 10 nm and 5 um.

The FLEXible PARTIcle dispersion model (FLEXPART V9.1, https://www.flexpart.eu)

was used for the air mass source contribution (Figure 4.3) and backward trajectory analysis (Figure
4.14 and 4.16). The backward trajectories reported in our study were initialized 9:00 LST at TRF,
following it 24 hours back in time. Only the center of the mass-weighted particles are shown in
Figure 4.14 and clusters are included in Figure 4.16. These clusters represent fraction contributions
of air masses (Figure 4.16). The trajectories were driven by the National Centers for Environmental
Prediction (NCEP) Global Forecast System (GFS) with a 0.25 degree resolution. Influence of air
mass originating from the ocean at TRF and OP was calculated every 6 hours following an air
mass 5 days back in time. Meteorology was driven by WRF with a 5 km horizontal resolution.

Since emissions of CO are very low in the ocean, and assumed to be inert in the model, it was used
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as a tracer for contribution of air originating from the ocean within a given air mass at each ground

site.
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CHAPTER 3

OH OBSERVATIONS DURING GOAMAZON2014/5

3.1 Introduction

Since Levy (1971) first postulated the importance of hydroxyl radicals (OH) in driving the
photochemistry of the troposphere, numerous modeling, laboratory, and field studies have
explored its roles in determining the chemical lifetimes of reactive trace gases and producing
photochemical byproducts such as ozone (Os3) and secondary organic aerosols (SOA).
Tropospheric OH is primarily produced through O3 photolysis and the following reaction of O
(!D) and water vapor (H20). The OH level is sustained by recycling processes through NO
oxidation to NO2 by organic peroxy (RO2) and hydroperoxy (HO2) radicals generated from the
oxidation of volatile organic compounds (VOCs) (R 3.1 - 3.3). Cross (HO2 + RO2) or self-reactions
(HO2 + HO2 or RO2 + RO2) between peroxy radicals compete with R3.2 and R3.3 to produce more
stable compounds like organic hydroxy peroxides. At low NOx and high VOC environments, re-
production of OH can be suppressed by these chain terminating reactions. Therefore early studies
of conventional chemistry speculated OH levels to be depleted in remote tropical rain forests

(Jacob and Wofsy, 1988; Logan et al., 1981).

RH + OH + O2 — RO2 + H20 R3.1
RO2 + NO + O2 - HO2 + RCHO +NO2 R3.2
HO2 + NO — OH + NO2 R3.3
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However, field observations in forested regions have reported higher than expected OH
concentrations, contrary to the expected levels from conventional chemistry (Carslaw et al., 2001;
Hofzumahaus et al., 2009; Lelieveld et al., 2008; Pugh et al., 2010; Ren et al., 2008; Stone et al.,
2010; Tan et al., 2001; Thornton et al., 2002; Whalley et al., 2011). In an airborne study in the
tropical forests in Suriname, Lelieveld et al. (2008) measured up to ~ 10 times higher than expected
OH in the boundary layer. During the Photochemistry, Emissions, and Transport (PROPHET)
campaign in a deciduous forest in Michigan, observed OH was ~ 3 times higher than model
simulations while HO2 showed reasonable agreement (Tan et al., 2001). At an isoprene dominated
rural region in Pearl River Delta, China, measured OH overestimated the conventional chemistry
by ~ 5 times while HO2 agreed within uncertainty (Hofzumahaus et al., 2009).

Early studies proposed hypothetical OH recycling pathways to reconcile the observed OH
levels (Archibald etal., 2010; Butler et al., 2008; Hofzumahaus et al., 2009; Kubistin et al., 2010;
Taraborrelli et al., 2009). For example, Hofzumahaus et al. (2009) were able to reconcile the
measured OH levels by forcing a hypothetical compound ‘X’ that is equivalent to 0.85 of NO in
their model simulations. Later on, noble chemical reaction mechanisms such as isoprene radical
isomerization processes that lead to series of reactions reproducing OH (Asatryan et al., 2010;
Crounse et al., 2011; Peeters et al., 2009, 2014; Peeters and Miller, 2010; Wolfe et al., 2012) were
proposed. At the same time, potential artifacts have been explored of the OH background
determining method used in some of the previous OH observation studies in high BVOC regions,
with the laser induced fluorescence (LIF) (Feiner et al., 2016; Hens et al., 2014; Mao et al., 2012;
Novelli et al., 2014). During the Biosphere Effects on Aerosols and Photochemistry Experiment
Il (BEARPEX09), Mao et al. (2012) compared the conventional procedure, which shifts the

wavelength of the laser for background OH quantification, with the modified one that adds
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hexafluoropropylene (CsFs) or propane in the inlet to chemically remove OH. In the conventional
method, background OH is quantified by comparing the fluorescence at 308 nm to another
wavelength at which OH absorption is negligible. However, this can result in interference from
additional OH generation within the detection cell. The level of interferences from using the LIF
method vary depending on the configuration of the inlet. On the other hand, the chemical removal
method adds propane or hexafluoropropylene in the inlet, and therefore scrubs any externally
generated OH. According to Mao et al. (2012) this chemical OH removal technique resulted in up
to four-fold lower observed OH concentrations than the original method. By applying this
chemical removal method, the authors were able to account for the OH levels measured at the
Blodgett Forest Research Station in the California Sierra Nevada Mountains, using box model
calculations embedded with the Regional Atmospheric Chemistry Mechanism (RACM2) updated
with additional isoprene hydroxyperoxy radical isomerizations suggested in previous studies
(Crounse et al., 2011; Peeters et al., 2009). Novelli et al. (2014) also implemented this chemical
scavenging method in their LIF-FAGE system in three different forested areas in Spain, Finland,
and Germany. The authors assigned 30 — 80 % of additional OH can be produced within the
instrument from recycling processes. In the same study, intercomparisons of measured OH
between the modified LIF and the Chemical lonization Mass Spectrometer (CIMS), which also
uses propane as a scavenger, showed good agreement between the different techniques. During
the Southern Oxidant and Aerosol Study (SOAS), Feiner et al., (2016) conducted HOx
measurements with their Penn State’s Ground-based Tropospheric Hydrogen Oxides Sensor
(GTHOS) system using LIF, at a forested region near Brent, Alabama. Compared to the non-

scavenging method, their LIF system using CsFs measured ~3 times less OH during the campaign.

42



Recognizing the need to update the existing chemical mechanisms, extensive
improvements have been made (Bates and Jacob, 2019; Jenkin et al., 2015; Knote et al., 2014;
Saunders et al., 2003; Wennberg et al., 2018). Near-explicit chemical mechanisms like the Master
Chemical Mechanism (MCM) (Jenkin et al., 2015; Saunders et al., 1997, 2003) and the recently
reported mechanism by Wennberg et al. (2018) include the most recent laboratory results of
detailed isoprene oxidation and the subsequent reaction of hydroxy peroxy radicals (i.e., ISOPOOQ)
with other oxidants (NO, HO2, RO2) and its isomerization reactions. Feiner et al. (2016) showed
that box model simulations embedded with the most recent MCM v3.3.1 were able to reproduce
OH observations measured with the LIF with the chemical background method in an Alabama
forest. However, for practical purposes, chemical mechanisms need to be more condensed to be
used in global chemical transport models so that the host model framework can run efficiently
(Goliff et al., 2013). These are done by lumping organic compounds with comparable structure or
reactivity. The simplifications need to be carried out to the extent that it is still representative the
environment of interest. For example, Bates and Jacob (2019) reduced the number of reactions
and species from the initial explicit mechanism reported by Wennberg et al (2018). Simplification
was made of the mechanism from 810 reactions with 385 species to 345 reactions and 108 species
by lumping isoprene oxidation products (i.e., ISOPOO) and its consecutive reactions. Their
Reduced Caltech Isoprene Mechanism (RCIM), agreed well with the MCM v3.3.1. However, the
choice of the type of these condensed photochemical mechanism in a model should be taken
cautiously since it can derive dissimilar results (Chen et al., 2010; Dodge, 2000; Gross and
Stockwell, 2003; Jimenez et al., 2003; Knote et al., 2015; Kuhn et al., 1998). For example, Knote
et al. (2015) compared gas-phase reactions of seven chemical mechanisms used in chemical

transport models. The model was constrained with the same emission and meteorology parameters,
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and the choice of different chemical mechanisms resulted up to 40% and 25 % of difference in
simulated OH and HOz2 respectively. The authors concluded that the discrepancies were mainly
coming from differences in oxidation reactions of BVOC and nighttime chemistry. In order to have
a better understanding of the forested environment, it is crucial to test out both near-explicit and
condensed mechanisms and examine whether they reproduce the radical levels reasonably.

Here, we present OH observation results measured by a CIMS at a site ~ 60 km to the west
of Manaus, Brazil as part of the Green Ocean Amazon (GoAmazon2014/5) research initiative
(Martinetal., 2017). This is the first OH dataset measured by a CIMS in a rain forest environment.
A multi-platform field campaign was conducted in 2014 in two Intensive Operating Period (IOPs)
—wet (1) and dry (I1) seasons. The wet season (Feb 1 — Mar 30) represents a pristine condition with
high wet deposition of aerosols while the dry season (Augl5 — Oct 15) is relatively polluted with
increased biomass burning. Further description on different IOPs is described in Martin et al.,
(2016). We only present the data from the first IOP conducted. The T3 ground observation site
served as a supersite to characterize trace gas and aerosol physical and chemical properties with
frequent overpasses of the DOE G-1 research aircraft. The location of the T3 site was carefully
selected to sample a wide spectrum of anthropogenic influences in the pristine background as
Manaus, the largest city in the state of Amazonas, is ~ 60 km away and air pollution plumes were
transported to the site at times during the field observation period. In order to test out our current
understanding of the tropospheric photochemistry, measured OH levels are compared to
observation constrained box model simulations embedded with the explicit MCM 3.3.1 and with

gas-phase mechanisms used in global models.
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3.2 Results and Discussion

3.2.1 Observation Results during GoAmazon2014/5
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Figure 3.1 Temporal variation of OH, NOy, O3, and solar radiation during the GoAmazon2014/5.
The frequency of the data is 5 min, 5 min, 30 min, and 30 min for OH, O3z, NOy and solar radiation,
respectively. Only the 16 days chosen for this study are presented for OH observations.

Data collected during the wet-season (IOP I) of the campaign was used and the days with

complete overcast or precipitation were excluded from the discussion which left us with 16 days

of dataset (February 12 — 14, 16 — 19, March 5,9 — 11, 13 — 16, 18). A summary of the measured

trace gases and meteorology parameters used in this study are in Table 3.1. For alkanes and

alkenes, used in this study, the values were taken from Zimmerman et al. (1988), where they

measured VOCs in a tropical forest near Manaus. Figure 3.1 shows temporal variations of

measured OH, NOy, O3, and solar radiation. Averaged over the selected 16 days, the midday (11:00

—15:00 local standard time) mean and standard deviation for OH, NOy and Oz were 1.2 x 10® +

0.5x 10® molecules cm™3, 1.5 + 0.8 ppb, 21.9 + 8.8 ppb, respectively. Bakwin et al. (1990) reported

background conditions of NOy in the Amazon rainforest during the wet season to be below 1 ppb

based on the probability distribution of data collected from the whole observation period. As
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shown in the variation of NOy, enhanced levels of NOy were frequently observed, possibly from

the effect of plumes originating from Manaus. Diurnal averages and standard deviations for the 16

days of measured isoprene, total MVK and MACR, monoterpene, toluene, benzene, and CO are

shown in Figure 3.2. BVOC levels show that the observation site was an isoprene dominant forest.

Table 3.1. Summary of trace gases and meteorological conditions used in this study measured during the

GoAmazon2014/5 campaign and the analytical techniques used.

Trace Gas and

Meteorology Techniques

Manufacturer/Reference

Cavity Ring Down

Carbon monoxide (CO) Spectroscopy

Los Gatos Research, Inc

Nitrogen oxides (NOx and

NOy) Chemiluminescence

Thermo Scientific 42i-TL

Ozone (Os) UV photometry

Thermo Scientific 49i

Acetone (CH3COCH:s3)
Benzene (CsHs)
Toluene (CeHs(CHz))
Isoprene (CsHs)

Proton Transfer Reaction-
Time of Flight-Mass
Spectrometer
Monoterpenes (PTR-TOF-MS)

aMethyl vinyl ketone (MVK)

aMethacrolein (MACR)

Graus et al. (2010)
Jordan et al. (2009)

Ethane (C2Hs)
Propane(CsHs)

n-Butane (n-CsH1o)
Gas Chromatography-Flame
lonization Detection (GC-

FID)

i-Butane (i-CsH10)

n-Hexane (n-CsHu4)
n-Heptane (C7Hus)
Propene(CsHs)

Greenberg and Zimmerman
(1984)

Shortwave Array
Spectroradiometer

Aerosol Observing System

Surface Meteorology
(AOSMET)

Radiation
Ambient Temperature

Relative Humidity

Flynn (2016)
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Figure 3.2 Diurnal variation of measured trace gases averaged over the 16 days selected for this
study. Shaded areas are standard deviations of the averages.

The observed midday maximum OH level is significantly lower than most of the previous
observations reported in high CsHs and low NOx environments. For comparison, the observed
averages of OH and other trace gases from previous reports are shown in Table 3.2. The
environmental characteristics of the measurement sites presented in Table 3.2 can be categorized
into two. The campaigns shown in red font (GABRIEL, PROPHET, OP3) reported substantially
higher OH than others indicated in blue (SOAS and BEARPEXQ09). For the GABRIEL,
PROPHET, and OP3 campaign, LIF technique without the chemical removal method was used for
OH quantification. Both BEARPEX 09 and SOAS campaigns were conducted by the Brune group
at Pennsylvania State University, where they applied a OH chemical removal background
characterization method in their LIF technique (Mao et al., 2012). Despite the substantial

geographical distance among the field sites described in Table 3.2, there are two similarities. First,
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CsHes is the dominant OH sink among the quantified trace gases. Second, NO is below 100 ppt and
close to 50 ppt, that can be categorized as low-to-moderate NO regime. For the BEARPEX 09 site,
the local emissions were mostly 2-methyl-3-buten-2-ol (MBO) and monoterpenes but plumes of
significant levels of isoprene were transported from an oak woodland area nearby in the afternoon
(Mao et al., 2012). On the other hand, the extent of anthropogenic influence were different as can
be seen in the level of CO. For example, the CO levels during the GoAmazon2014/5 were less
than the BEARPEX09 and SOAS, which had similar photochemical environments in terms of the
level of OH. During the SOAS campaign, the observation site was infrequently affected by nearby
citties, powerplants and local transportation. The BEARPEX measurement site was influenced by

anthropogenic plumes from the Sacramento area, ~75 km away from the site, in the late afternoon.

Table 3.2 A summary of OH and other trace gas measurements from various field campaigns conducted in
high isoprene and low NO environments. The averaged dataset from GABRIEL, PROPHET, OP3, and
BEARPEXOQ9 are taken from Rohrer et al. (2014). The ones in red are observations that reported relatively
high OH compared to the blue ones.

IBEARPEX
C, €
‘GABRIEL "PROPHET A;?_Plaay 09 (fuonﬁﬁl G(gﬁ‘brnf‘/f;r”
(Oct. 2005)  (Aug. 1998) 2008) (Jun-Jul 2013) 2014)
2009)
Averaged Time 14:00 - 10:00 - 11:00 - 09:00 - 10:00 - 10:00 -
(LST) 17:00 11:00 12:00 15:00 15:00 15:00
CO (ppb) 122 260 111 130 134 121
OH (molec cm™®) 4.4 x 106 3.6 x 10° 2.2 x 10° 1.3 x 10° 1.2 x 108 9.8 x 10°
Isoprene (ppb) 4.3 1.86 2 1.7 5.14 2.25
MVK+MACR 16 0.34 0.21 0.79 1.41 1.34
(ppb)
NO (ppt) 13 80 40 74 42 N/A
NO; (ppt) 456 130 200 293 N/A
Oz (ppb) 17 41 12.5 54 37 21
OH reactivity (s?) 19 11 19.8 18.5 21.1 N/A

@ Tropical forest in Suriname, Guyana and Guyane (Lelieveld et al., 2008)

b Deciduous forest in northern Michigan (Tan et al., 2001)

¢ Danum Valley in the Sabah region of a Borneo forest (Whalley et al., 2011)

4 Ponderosa pine plantation in the California Sierra Nevada Mountains (Mao et al., 2012)
¢ Talladega National Forest in Brent, Alabama (Feiner et al., 2016)
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3.2.2 Box model simulations of OH

With the observational dataset collected during GoAmazon2014/5, box model simulations
were run for 6 different chemical mechanisms summarized in Table 2.1. The MCM v3.3.1 is a
near explicit mechanism and others are condensed mechanisms that are used in chemical transport
models. In these condensed mechanisms, reactions and VOCs are simplified through lumping of
compounds with similar structure and reactivity defined by each mechanism. Box model
simulations were constrained with observations and lumping of VOCs were carried out according
to Table 2.2. The identical 16 days, used for averaging diurnal variations of trace gases in Figure
3.2, were selected for running the model simulations. Figure 3.3 shows the model simulation
results along with the OH observation at the corresponding day. Mao et al. (2012) measured OH
with the LIF using the chemical removal method at a ponderosa pine forest in Sierra Nevada. This
site was dominated by local MBO emissions with isoprene influence from transport. The authors
were able to reconcile the observed levels of OH through box model simulations embedded with
the MCM chemistry. Another study, which used a similar method, showed good agreement
between model and observations in the Talladega National Forest in Brent, Alabama (Feiner et al.,
2016). Our study confirms that good agreement between modeled and observed OH was also
achieved in a tropical rainforest environment during GoAmazon2014/5. In most of the days, all
five chemical mechanisms (MCM v3.3.1, RACM2, CB05, CB6r2, and MOZART _T1) generally
agreed well with the OH measurements. Among the total 16 days presented in this study, 12 days
(February 121, 13t 14t 16, 17t 18% 19t March 5™, 9t 11t 13% and 16'") showed reasonable
agreement to OH observations in most times of the day. The agreement between the model
simulations and the observations were the highest in midday with more discrepancies during earlier

or later in the day. For March 10" and 18", the 5 model simulations underestimated the
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observations up to 5-fold. For March 14™ and 15 all mechanisms

measurements up to 3-fold.
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Figure 3.3 Comparison of OH observations by the CIMS during the GoAmazon2014/5 campaign to box
model simulations of OH embedded with 6 different chemical mechanisms. The frequency of both OH
observations and simulations is 5 min and grey shades are 40 % uncertainty of the CIMS measurement.
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Figure 3.4 (a) NO2 and (b) alkanes and alkenes sensitivity of modeled OH, simulated from FOAM
v3.2 box model embedded with MCM v3.3.1 mechanism. 5 min averaged OH observations are in
grey dots and diurnal average of this is in solid black line.

The discrepancies between OH model simulations and measurements could be driven by

uncertainties in the assumptions made in the model setup. One possibility is how NOx s treated in

the model simulations. In this study, NO was deduced from NOy observations as the instrument
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deployed for NOx quantification was not sensitive enough to accurately quantify low NO
concentrations in the field environment. Liu et al. (2016) extensively discussed this issue using a
box model and ground and aircraft NOx datasets. In their study, NO concentrations were
reasonably estimated for their purpose of interpreting ambient isoprene oxidation product
distributions at the T3 site during the GoAmazon2014/5 campaign. The ratio (§) of
hydroxyhydroperoxides (ISOPOOH) to methyl vinyl ketone (MVK) and methacrolein (MACR),
both measured during the campaign, was used to deduce the ratio of the corresponding production
rates of each (). The dependence of ¢ on NO was then simulated. Based on the analysis by Liu et
al. (2016), we deduced a ratio of NO to NOy as 0.03 for background conditions and used this
factor for NO quantification. The estimated NO appeared to be in the range of the observed NO
from previous observations from remote rain forests. NO2 to NO ratio from airborne observations
during the campaign was 2.3 + 1 (for 16) when flying below 500 m. Therefore, we constrained the
box model with NO2 that was derived by doubling 3 % of measured NOy. However, these
assumptions are based on background conditions and the ratio of NO2 to NOy could vary, which
could result in substantial changes in simulated OH level if the model is sensitive to constrained
NO:a.

In order to examine the potential uncertainties in the model caused by the NOx estimation
method, sensitivity tests were carried out by constraining different NO2 levels in the model
embedded with MCM v 3.3.1. As in Figure 3.4 (a), doubling the constrained NO: resulted in, on
average, ~ 40 % higher OH at midday. Although this is within the instrumental uncertainty, it
illustrates that the simulated OH is sensitive to how NO2 is constrained in the model runs. For
March 14 and 15™, which the model simulations overestimated the observations, midday NOy

was in the range of 1 — 3 ppb. This is above the background levels and the airmasses are likely
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affected by pollutions from Manaus as shown in the backtrajectories in Liu et al. (2016). Therefore,
deriving NO as 3 % of measured NOy might not be applicable in some observation periods selected
for the model simulations in Figure 3.3. It should also be noticed that small alkane and alkene
concentrations taken from Zimmerman et al. (1988) could be a factor of uncertainty. Based on the
sensitivity runs in Figure 3.4 (b), doubling or halving the alkanes and alkenes in the model did not
result in significant differences in the simulated OH. Another feature shown in about half of the
simulated days (i.e., February 12t 13t 16 19t March 9", and 15") is the early morning peak
in the model results that occurred around 8:00 — 9:00 local standard time. These corresponded to
a sudden peak in observed NOy levels, which is most possibly from plume influence originating

from Manaus. Therefore, NOx estimation method could be an uncertainty in the early morning.
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Figure 3.5 Modeled OH simulated from MCM v3.3.1 embedded box model and measured
NO, averaged over the selected days (i.e., February 12, 13t 16t 19t March 9t", and 15t")
with OH peak in the early morning from model simulations.
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Figure 3.6 Correlation between midday (11:00 — 13:00, local standard time) observed OH to model
simulation results for 6 different chemical mechanisms. The green dashed lineisa 1 : 1 line and the green
shade depicts the 40 % uncertainty. Each grey marker is a5 min point and the red dashed lines are the
linear trend lines of these.

Figure 3.6 shows correlation between OH observations to model results during midday,
which is filtered from 11:00 to 15:00 local time. The model simulations from RCIM were only
embedded with inorganic and isoprene initiated reactions but are included for the purpose of
comparison. The red dashed lines are linear trend lines of the correlations between modeled and
observed OH. The result illustrates that the correlation was within the 40 % uncertainty of the
measurement throughout the midday OH range for the model runs with MCM 3.3.1, CB05, CB6r2,
RACM2, and MOZART _T1 mechanisms. The simulated OH embedded with RCIM overestimated

the observed OH by around 2-fold in the relatively lower OH concentration range. According to
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Bates et al. (2019) box model simulations with isoprene constrained RCIM gave similar results to
the one from MCM 3.3.1. Therefore, the overestimation of modeled OH, simulated with the RCIM
in our study could be due to dampening of OH levels driven by additional alkanes and alkenes,
which was not included in the RCIM runs.

Figure 3.7 illustrates midday modeled and observed OH as a function of other parameters
such as JO!D, NO, isoprene, and Os. Each line is the averaged values of OH from observations
and model runs of 5 different chemical mechanisms with respect to each parameter. The 5 min
observation data is also presented in the figure for comparison. In relatively weaker solar radiation
(JO'D <1 x 10 s1), all five mechanisms slightly underestimated the observation but were within
the 40 % instrumental uncertainty above this radiation level. For other parameters, the averaged
model results showed great agreement to the observation up until 0.25 ppb, 4 ppb, and 45 ppb of
NOg, isoprene, and Os, respectively, where they started to diverge. The averaged points from when
the divergence occurred are based on averages of 1-3 observation data points, and therefore would
be difficult to conclude it as a trend. However, as shown in the sensitivity tests illustrated in Figure
3.4, model runs are sensitive to levels of NOx and higher uncertainties are possible in relatively
polluted conditions compared to background levels of NOy. Model simulations of diurnal and
midday HO: levels are compared between MCM 3.3.1 and other mechanisms in Figure 3.7.
RACM2 resulted in about 25 % less HO2 than other mechanism. This is consistent to what Wolfe
et al. (2016) presented and is due to lower HO2 production rates. Other mechanisms simulated
HO?2 similar to the MCM 3.3.1 and shows that the radical chemistry is comparable between these

mechanisms embedded with the observation data set during GoAmazon2014/5.
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to O3 photolysis rate constant (JO!D), input NO, isoprene, and Os. Red square markers are 5 min
averaged OH observation data.
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3.3 Conclusion

In this study, we reported OH observation data measured with a CIMS in a rainforest during
the GoAmazon2014/5. The levels observed were similar to previous field observations using the
LIF technique with the chemical removal method. Great agreement was found between measured
OH and box model simulations embedded with near-explicit and 4 other condensed mechanisms
used in chemical transport models. This is contrary to previous studies that reported higher than
expected OH levels in forested regions, but consistent to recent results by Mao et al. (2012)and
Feiner et al. (2016), where they measured OH with the modified LIF technique during
BEARPEX09 and SOAS campaigns. The observation and model results presented in this study,

therefore, confirms that our current understanding in a low NOx high BVOC rainforest is sufficient.
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CHAPTER 4

CINO2 OBSERVATION DURING KORUS-AQ 2016

4.1 Introduction

Nitryl chloride (CINO2) is a night time radical reservoir that generates chlorine (Cl) upon
sunrise (R4.1), with a lifetime (zino2) of ~ 30 minutes at midday in the northern hemisphere mid-
latitude summer, under clear sky conditions (Jcinoz ~ 5.47 x 1094 s, (Madronich and Flocke,
1998)). It is produced through heterogeneous reaction of chloride (ClI) containing aerosols and
dinitrogen pentoxide (N20s(g)), which is generated from an equilibrium reaction with gas-phase
nitrate radical (NOs) and nitrogen dioxide (NO2) (R4.2-R4.4, (Finlayson-Pitts et al., 1989)). In
acidic aerosol ( = pH 1.8), uptake of N20s(g) magnitude higher than neutral pH (Roberts et al.,
2008). However, this reaction has yet to be proven in ambient conditions.

During the day, N20s exists at low levels due to its thermal instability (Malko and Troe,
1982) and the short lifetime of NOs (mos < 5 s) from photolysis and reaction with NO (Wayne et
al., 1991). Particulate CI- and chlorine containing gas species can come from both natural sources
such as sea salt and biomass burning (Blanchard, 1985; Woodcock, 1953), and anthropogenic
sources such as steel making, incineration, bleaching processes, and coal-fired power plants
(Blanchard, 1985; Fu et al., 2018; Hov, 1985; Lee et al., 2018; Reff et al., 2009; Tanaka et al.,
2000). The efficiency of CINO:2 production depends on heterogeneous loss of N20Os, which is a
function of the N2Os aerosol uptake coefficient (m20s), aerosol surface area, and N20Os mean
molecular speed, as well as the yield of CINO2 (¢cinoz) (Behnke et al., 1997; Bertram and
Thornton, 2009; Hu and Abbatt, 1997; Schweitzer et al., 1998; Thornton et al., 2003). Many recent

studies have reported discrepancies between field derived and laboratory parameterized jn20s
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(Brown et al., 2009; Chang et al., 2016; McDuffie et al., 2018b; Morgan et al., 2015; Phillips et
al., 2016; Tham et al., 2016; Wang et al., 2017c) and ¢cinoz (McDuffie et al., 2018a; Riedel et al.,
2013; Ryder et al., 2015; Tham et al., 2018; Thornton et al., 2010; Wagner et al., 2013; Wang et
al., 2017b). In a nocturnal boundary layer, CINO2 can accumulate to significant levels due to its
long lifetime (zcino2 > 30 h) with slow loss mechanisms through heterogeneous uptake (Behnke et
al., 1997; Frenzel et al., 1998; George et al., 1995). At sunrise, CINO: rapidly photolyzes to
generate chlorine radicals (CI), which can react with most volatile organic compounds (VOCs).
For alkanes, Cl has up to 1 — 2 orders of magnitude large rate constants than hydroxyl radicals
(e.9., Kor+n-caH1o = 2.4 x 1012, kcien-canio = 2.2 x 10710 at 298 K) (Atkinson, 1997; Atkinson and
Arey, 2003). Therefore, Cl can potentially influence the radical pool (HOx-ROx) and ozone (O3)
level, which can also affect the formation of secondary aerosols. This influence can be most
prominent in the morning when concentrations of other oxidants are low (i.e., NOs and OH)

(Finlayson-Pitts, 1993; Hov, 1985; Young et al., 2014).

CINO2) + hv — Cl(g) + NOz(g) R4.1
NO2(g) + O3(g) > NO3(g) + O2() R4.2
NO3(g) + NO2(g) = N20s(g) R4.3

AN205), Cl—(aq)
N20s5(g) — > (2 - ¢) * HNOg3(g) + ¢ * CINO2(g) R4.4

CINOz2(g) + Cl(ag) + H*(aq) = Cl2(g) + HNO2(aq) R4.5

The first ambient measurement of CINO2 were carried out by Osthoff et al. (2008), from a
ship sampling along the southeastern U.S. coast in 2006. In that study, CINO2 was observed up to

~ 1 ppbv at night time, particularly during the time period influenced by urban pollution and ship
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plumes of the Houston ship channel. Since then, a growing number of measurements reported
significant levels of CINOz, especially in polluted coastal regions with sources from natural and
anthropogenic chloride and nitrogen oxides. Riedel et al. (2012) measured up to ~2ppbv of CINO2
off the coast of Santa Monica Bay, on board the research vessel Atlantis. Recent studies show that
high levels of CINO: are also present in mid-continental regions. Thornton et al. (2010) measured
up to ~ 400 pptv in Boulder, Colorado, which is ~ 1,400 km away from the coastline. Mielke et al.
(2011) reported up to ~ 250 pptv in Calgary, Alberta, Canada, during spring, which is ~ 800 km
from the coastline. Back trajectory analysis results showed that the observations were most likely
not influenced by marine air masses. More recently (in the past 5 years), increasing number of
CINO:2 observations have been conducted in Asia consistently showing significant levels of CINO:
present in the boundary layer (Liu et al., 2017; Tham et al., 2016, 2018; Wang et al., 2018, 2014,
2017b; Yun et al., 2018a). CINO:2 observations at semi-rural (Wangdu and Hebei province) and
urban (Hong Kong, Jinan) regions in China have measured up to 2 ppbv and 776 pptv respectively
(Tham et al., 2016; Wang et al., 2017b). At the mountain top (957 m above sea level) in Hong
Kong, up to 4.7 ppbv of CINO2 was reported (Wang et al., 2016). The high levels of CINO: in
these studies were mostly correlated with continental pollution in vicinity (e.g., power plant
plumes, biomass burning). A recent study by Yun et al. (2018a) reported the highest-recorded
mixing ratio of CINO2 (8.3 ppb), during a severe haze event in a semi-rural site downwind of the
Pearl River Delta in the winter. Overall, observations have shown that CINO: is ubiquitous in the
tropospheric boundary layer.

However, measurements are still limited, as discrepancies remain between global chemical
transport models and observations. Uncertainties in model simulated CINO2 can arise from limited

emission inventories, low resolution of the grid, uncertainties in y2osand ¢geino2 parameterization,
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complexity of the terrain, and meteorological conditions and these have been dealt in previous
studies (Lowe et al., 2015; McDuffie et al., 2018b, 2018a; Sarwar et al., 2012, 2014; Sherwen et
al., 2017; Zhang et al., 2017). For instance, smoothing out local CINO2 peaks by diluting local
NOx emissions, will result in limited NO3s and N2Os production. According to Sarwar et al. (2012,
2014), the Community Multiscale Air Quality (CMAQ) model with a finer grid (i.e. 12 km)
simulated CINO: that corresponded better to the observations, compared to the model runs with
coarser grid size (i.e., 108 km), embedded with similar chemistry. Another modeling study by
Sherwen et al. (2017) compared the CINO2 levels between the GEOS-Chem simulations and
observations in inland areas (i.e., London, UK and a mountain top near Frankfurt, Germany) during
the summer of 2015. Compared to observations, the simulations underestimated the CINO:
maxima levels by ~ 7 times in inland areas (Sherwen et al., 2017). Modeling studies have
consistently suggested the significance of CI initiated reactions in regional and global Os
production and in the lifetime of VOCs in the troposphere (Knipping and Dabdub, 2003; Sarwar
et al., 2014; Sherwen et al., 2016; Simon et al., 2009; Tanaka et al., 2000, 2003). Sarwar et al.
(2014) explored the production of CINO2 from sea salt and biomass burning and its impact in the
Northern Hemisphere by including CINO2 formation chemistry in the CMAQ model. The results
showed that, compared to the simulations without CINO2 formation, monthly 8 h wintertime
maximum O3 and OH increased up to 15 % and 20 %, respectively. The impact was the largest in
China and Western Europe. In the Hong Kong-Pearl River Delta (HK-PRD) region, Li et al. (2016)
simulated up to ~ 1 ppbv of CINO: originating from sea salt, biomass burning, and anthropogenic
emissions (e.g., coal combustion) with the Weather Research and Forecasting coupled with
Chemistry (WRF-CHEM) model. This resulted in ~ 16 % Os increase in the planetary boundary.

Another modeling study of WRF-CHEM embedded with an updated chlorine chemistry, simulated
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3-6 % of surface Oz increase in the North China Plain and Yangtze River Delta during the summer
(Zhang et al., 2017). A recent study by Wang et al. (2019) updated the standard version of the
GEQOS-Chem (Chenet al., 2017; Sherwen et al., 2016) to better track partitioning between aerosol
chloride and gas-phase chlorine species. Comparison between their model simulations with and
without CINO:2 production showed enhanced Oz up to 8 ppb during the winter season in Europe.
East Asian countries are of particular interest due to the rapid economic growth in the past
decades with high anthropogenic emissions from densely populated megacities (e.g., Shanghai,
Guangzhou, Beijing, Tokyo, Seoul). The majority of the world’s megacities are situated in coast
regions (Neumann et al., 2015) with high NOx emissions and abundant sources of chloride from
both anthropogenic and natural origin. These regional characteristics likely promote CINO:2
production. Moreover, considering that nearly half the population in the world lives near the coast,
defined as < 100 km from coastline (Hinrichsen, 1998), a careful evaluation of the impact of CINO2

on local tropospheric chemistry is crucial.
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Figure 4.1 (a) Location of two ground sites (Taehwa Research Forest and Olympic Park) where the

chemical ionization mass spectrometer (CIMS) was installed during the KORUS-AQ 2016 field

campaign (b) Airborne measurements of CINO, and DC-8 flight tracks during the whole campaign. The

CINO; data points are 60 sec averaged and color coded by time of day of the measurement. The marker

size is proportional to the mixina ratio of CINO».
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In this study, we present CINO2 observation results from the Korean-United States Air
quality (KORUS-AQ) study conducted in the Seoul Metropolitan Area (SMA), South Korea
during late Spring (May 2 to June 12, 2016). The field campaign was an international collaboration
between the National Institute of Environmental Research (NIER) of South Korea and the National
Aeronautics and Space Administration (NASA) of the United States with the aim to better
understand the impact of a megacity on regional air quality. A comprehensive suite of
measurements were deployed at two super sites (Olympic Park site, OP; Taewha Research Forest,
TRF) and aboard the NASA DC-8 to make airborne observations over the South Korean peninsula
and the Yellow Sea. The two ground sites were within the SMA region, which is the second largest
metropolitan area in the world with a population of ~ 24 million (Park et al., 2017). As shown in
Figure 4.1(a). the OP site is located in the southern part of Seoul, surrounded by high rise residence
buildings and close to major freeways. The TRF site is in the middle of a forested areas, ~ 26 km
southeast of the OP site. Previous studies have shown that the TRF site is affected by both aged
anthropogenic air masses from the city and fresh biogenic emissions from the forest (Kim et al.,
2015a, 2016b). Both sites were ~ 50 km to the east of the nearest coastline. Figure 4.1(b) shows
the flight tracks of the NASA DC-8, during the KORUS-AQ campaign. Spiral patterns were
conducted near the TRF site to measure a vertical profile of the troposphere. Airborne observations
were carried out during the daytime, between 8:00 and 17:00 local time. A summary of the
analytical techniques of the measurements presented in this study are shown in Table 4.1.
Meteorology during the observation period can be classified into dynamic (May 4" — 16%),
stagnation (May 17t — 22"), transport (May 25" — 31%), and blocking period. During the stagnant
period, high pressure system was persistent in the Korean peninsula resulting in local air masses

to be more dominant within the SMA compared to the dynamic and transport periods. Rex block
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patterns were observed during the blocking period (June 1% — 6™). During this period, a high
pressure system was adjacent to a low pressure over the Korean peninsula resulting in more local

influence with occasional stagnation.

Table 4.1 Summary of the measurements carried out during the KORUS-AQ 2016 field campaign, used in
this study.

Method
Compound
TRF OP DC-8
NO aCL ®FRM ‘CL
NO2 dCRDS *CAPS °CL
03 DIAL 9SL-UV ‘CL
S02 "PF UV florescence
(0] IR KNDIR
CINOZ2, CI2 ICIMS ICIMS 'ICIMS
VOCs "PTR-ToF-MS °QCL PPTR-Tof-MS
"TILDAS IWAS
chloride (< 1 um)
nitrate (< 1 um) "ToF-AMS SHR-ToF-AMS
sulfate (< 1 um)
Surface area (< 200 nm) 'SMPS
Surface area (200 nm — 5 um) ULAS
Jvalues YCAFS

aChemiluminescence with a molybdenum converter (Thermo Scientific 42i — TL), PChemiluminescence detector (Federal
Reference Method, Teledyne T200U), °NCAR 4-channel chemiluminescence (Weinheimer et al., 1994), Cavity Ring Down
Spectroscopy (Los Gatos Research NO2 analyzer), YCavity Attenuated Phase shift spectroscopy (Teledyne T500U CAPS analyzer),
NASA TROPospheric Ozone Differential Absorption Lidar (Sullivan et al., 2014), 9UV photometric method (2B 211), "Pulsed
fluorescence method (Thermo Scientific 43i-HL), 'UV florescence method (KENTEK), Jinfrared CO analyzer (Thermo Scientific
48i-HL), 'Chemical lonization Mass Spectrometer (Slusher et al., 2004), ™Proton-Transfer-Reaction Time-of-Flight Mass
Spectrometer (IONICON), "Tunable Infrared Laser Direct Absorption Spectroscopy (Aerodyne), °Quantum Cascade Laser
spectrometer (Aerodyne), PUniverstiy of Oslo/Innsbruck Proton-Transfer-Reaction Time-Of-Flight Mass Spectrometer (Miiller et
al., 2014), *Whole Air Sampler (Colman et al., 2001), "Aerosol Mass Spectrometer (Aerodyne), $ Universtiy of Colorado, Boulder,
Aerosol Mass Spectrometer (Nault et al., 2018), 'NASA, Scanning Mobility Particle Size, "“NASA, Laser Aerosol Spectrometer,
YNCAR, Charged-couple device Actinic Flux Spectroradiometer (Shetter and Miiller, 1999)
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4.2 Results and Discussion

4.2.1 CINO2 Observations
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Figure 4.2 Temporal variation of trace gases measured at the (a) Olympic Park site (OP) and (b)
Taehwa Research Forest (TRF). For both OP and TRF, the frequency of the averaged data is 10 min
for NOx and 1 min for Os;

Figure 4.2 shows the temporal variation of trace gases measured during the campaign at
(a) the OP site (May 17" — June 11" and (b) the TRF site (May 5" — June 11"). The OP site,
which was located near heavy traffic, showed high levels of NOx throughout the campaign. During
most nights (except for May 24t — 26, 30t — 31, and June 6" — 71), O3 was completely titrated
by NO. On the other hand, at the TRF site, which is a forested region downwind of the urban area,
Os remained at ~ 30 ppbv throughout the night. During the measurement period, measurable
amount of CINO2 were observed at both ground sites (Figure 4.3). The maximum observed CINO2

was ~ 800 pptv (5 min averaged) and ~ 2.5 ppbv (5 min averaged) at the OP and TRF sites,
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respectively. At both sites, CINO:2 started accumulating at sunset and rapidly photolyzed upon
sunrise, which was ~ 5:30 local standard time (LST) during the campaign. Nighttime relationship
between CINO: and ClI varied day by day and did not show a clear correlation. This implies that
the sources or potentially loss processes of Cl2 and CINO2 were not consistent at night. This is
similar to Riedel et al (2012), where they reported a wide range of correlation between Cl2 and
CINO:2 off the coast of LA.

Daytime (11:00 — 18:00, LST) CINO2 was up to ~100 pptv at OP and ~250 pptv at TRF
(Figure 4.4). The level showed a positive correlation with Clz, especially in relatively high Os
conditions ( > 50 ppbv). When O3z was relatively low (< 50 ppbv), Cl2 production was suppressed,
while CINO2 was not necessarily limited. Excluding the days with low Oz (i.e., May 26" and 29
for OP and May 6%, 29™, and June 4™ for TRF), the relationship between daytime CINO2 and Cl>
showed positive correlation with R? of 0.49 and 0.80 for OP and TRF, respectively. This positive
correlation is consistent with the results reported by Liu et al. (2017) in the North China Plain. In
their study, up to ~ 450 pptv of both Cl2 and CINO2 was measured during the daytime (10:00 —
20:00, LST), with strong correlation of R? = 0.83. Cl2 levels were also suppressed in low Os and
OH conditions during low solar radiation periods. Therefore, the authors suggested that daytime
Cl2 levels could be positively related to photochemical activities. Considering the short lifetime of
Cl2 and CINO:2 during the day (i.e., 11:00 — 18:00 LST in our study), the levels we observed are
likely affected through local production. According to Liu et al. (2017), the air mass showed
moderate correlation to SO2 with possible influences from power plants. However, in this study,
the CINO2 measured at both the OP and TRF sites was uncorrelated with SO2 (R? = 0.02), which

implies that the air masses that we sampled are not fresh emissions from power plants.
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Figure 4.3 CINO; and Cl, observation results at (a) OP and (b) TRF averaged over 5min.
FLEXPART back trajectory analysis were made for source contribution of CO-like substance
originating from the ocean, assuming inert CO. Aerosol chloride mass concentration (ambient ug
m-%) was measured at the ground for the OP site and on the NASA DC-8 for TRF. For airborne
chloride, measurements below 1 km over the TRF site is shown. Red shades are the time frames
with limited CINO; production. The time frames for each meteorological condition that dominated
during the observation period are classified in black arrows at the bottom of the Figures 4.3 (a) and

(b).
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Figure 4.5 Aerosol pH calculated with E-AIM constrained with

airborne measurements.

3 orders of magnitude in acidic

surfaces (~ pH 1.8) leading to

direct production of gas-phase Clz. Aerosol acidity was mostly below pH 2 during the campaign,

based on thermodynamic calculations, constrained with airborne observations (Figure 4.5).

Therefore, the efficiency of this reaction in ambient conditions requires further investigation.

Another possibility is the autocatalytic production of Cl from heterogeneous reactions of gas-phase

CIONO:2 (i.e., CIONO2z@g) + Clag) + H*@g) — Cl2gg + HNOs3, (Deiber et al., 2004; Gebel and
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Finlayson-Pitts, 2001)) and HOCI (i.e., HOCl(g) + Cl'@ag) + H*@aq — Cl2 + H20, (Vogt et al.,
1996)) on particles. These reactions are also favored as particle acidity increases. In order to further
investigate its possibility, daytime Cl2 was simulated by constraining the box model with
measurements of CINO2 and other trace gases corresponding to each data point in Figure 4.4.
Based on the availability of parameters, we were able to simulate 1680 and 1229 runs for the OP
and TRF, respectively. This corresponds to more than 96 % of the daytime data points shown in
Figure 4.4. ycionoz2 and yHociwere set to 0.06 (Deiber et al., 2004; Hanson et al., 1994; Hanson and
Ravishankara, 1994), which is an upper-limit of previous laboratory studies, and the yields were
assumed to be unity. HCI generation from hydrogen abstraction of VOCs by Cl were included in
the mechanisms used in the model runs. The end points of the 72 hour simulation results are
presented in Figure 4.6. As shown in the Figure, the box model simulations were able to reproduce
the positive correlation between Cl2 and CINO2. Moreover, modeled Clz was suppressed in low O3
conditions, which corresponds to the observations. This can be explained by Cl reacting with Os,
producing CIO, leading to gas-phase CIONO2 and HOCI production. These can react on acidic
aerosols to generated Clz. Sources of Cl could be from photo-labile gas-phase chlorine compounds
(e.g., Clz, CINO2, CIONO2, HOCI) or oxidation of gas-phase HCI by OH. Although the reaction
between HCI and OH is relatively slow (k = 7.86 x 1013 cm® molecule s at 298 K, (Atkinson et
al., 2007)), it has been reported to be a significant source of Cl in the daytime (Riedel et al., 2012).
A sensitivity test was carried out by comparing modeled Clz between runs with and without HCI
production from oxidation of VOCs by CI (Figure 4.7 c¢,d). The results show that production of Cl2
was suppressed by 40-70 % when HCI was not generated in the model. This significant
contribution of gas-phase HCI as a Cl source, should be an upper-limit as the deposition of HCI

was not considered in the model. Nonetheless, our analysis leads us to concluded that the

75



mechanisms we have explored could be the main contributors of the daytime Cl2 production during
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measured CINO; at (a) OP and (b) TRF, color coded with measured Os.

3 40 ¢ + + +
(a) OP o Cl, (b) TRF o Cl,
— fit — fit
o & 304 ;
(R®=0.53)

(R = 0.48) Observed Cl, =
Observed Cl, = 0.73*Modeled Cl, +2.3
1.27*Modeled Cl, + 1.48  } 204

N
o

'y
(4}

Observed Cl, (ppt)
o o

-+

0 5 10 15 20 0 10 20 30 40

Modeled Cl, (ppt) Modeled Cl, (ppt)
104 + + + + + + +— 10 ¢ + + + H
= | oP ° S| _"l(a) TRF o O
=2 gl . 0] _S8 gl g “=- 0
20 D (R®=0.89) ° ) 8
Q3 (Modeled Cl, wo HCI) = a3
:g 6l 0.56"(Modeled Cl, w HCl) - 0.03 ] ‘;‘8 el
os oc
o o
%.I.. 41 1 %I 4+ (R*=0.92)
g 3 g ‘s E)MZOBd'ell/(laddC:Z(\jN%IHCUHzl 0.04
=< 24 {282l L e
B z
0 + + + + + + +— 0« 2 < . &
0 2 4 6 8 10 12 14 0 1'0 2'0 3'0 4'0
Macelad Ok, (Ppt) Modeled Cl, (ppt)
(with HCI production) (with HCI p,of,u';fion)

Figure 4.7 Correlation between measured Cl, and modeled Cl; at (a) OP and (b) TRF. Sensitivity
tests of HCI were carried out (c and d) by switching off HCI production from chlorine radicals
reacting with VOCs.

76



4.2.2 Sources of CINO,
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Figure 4.8 Trace gas measurements at the OP site on May 20t and 22"

FLEXPART source contribution analysis shows that the level of CINO: at the ground sites
was highly correlated with the origin of the air mass (Figure 4.3). During the nights shaded in red
in Figure 4.3 (OP: May 20t 22", June 2", and 7t"; TRF: May 11t 19t — 22 June 2", and June
6t — 7t), there was limited production of CINO: at the surface. These periods mostly corresponded
to meteorological conditions of stagnation or blocking events, which both resulted in localized air
masses to be more dominant with limited influence from the west coast. Stagnation events can be
characterized by low wind speeds and increased atmospheric stability, possibly leading to
enhanced levels of pollutants like NOx. Previous studies have shown that stagnant conditions can
result in enhanced levels of N2Os driven by high ozone and NO2. However, CINO2 production was
limited during stagnation events in this study. This is likely due to limited availability of chloride

as shown in submicron particle measurements of aerosol mass spectrometer (AMS) at the ground
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site for OP and airborne over TRF (Figure 4.3). Whether the chloride is from the ocean or
anthropogenic emissions is uncertain since large point sources, such as power plants or
petrochemical facilities, are also present along the west coast of the SMA. On the nights of May
20" and May 22", rapid changes in air quality were observed with fast shifts in O3, SO2, and CO.
This corresponded with changes in CINO2 and Cl2 (Figure 4.8). These events suggest the

importance of boundary layer advection in controlling the CINOz2 levels in the region.
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Figure 4.9 Diurnal variation of CINO; and other trace gases measured during the campaign and
averaged over selected days at (a) OP (7 days) and (b) TRF (9 days). Night time is shown as grey shades.

Different diurnal variations of CINO2 were observed between OP and TRF (Figure 4.9).

The measurements were averaged over selected days (OP: May 18t — 20t 22nd 231 29t June

4™ TRF: May 5t gth, oth 12t 17t 18t 30, June 8, 10™) that showed these two distinct profiles

at each site. The description on these profiles are further explained in the following sentences. At
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the TRF site (Figure 4.9 (b)), far from direct NO emissions, significant levels of CINO2 were
sustained throughout the night during most of the observation period with rapid photolysis upon
sunrise. On the other hand, at OP (Figure 4.9 (a)), CINO:2 started to increase upon sunset, followed
by a rapid drop at around 22:00 LST. The trend was consistent with slower nitrate radical
production rate (d[NOz]/dt = [NO2][Os]k, where k = 3.52 x 10"Y" cm3molecule’s? at 298 K,
(Atkinson et al., 2004)) as Os was titrated to zero by NO close to midnight. The wind direction,
SOz, and CO did not correlate. This suppressed CINO2 production in urbanized regions with high
NO levels, have also been reported by Osthoff et al. (2018). However, significant levels of N20s
and CINO: could have been present in the upper part of the surface layer as shown in previous
studies (Baasandorj et al., 2017; Young et al., 2012; Yun et al., 2018a). According to Baasandorj
et al. (2017), Oz was completely titrated at the surface in Salt Lake Valley, Utah, while elevated
mixing ratios of N2Os were observed at 155 meters above ground level, at a site along the valley
wall. On the other hand, airborne measurements at the LA basin (Young et al., 2012) showed a
relatively uniform CINO: profile throughout the nocturnal boundary layer as Os did not change
significantly within the observed altitude range (< 600 m). During the 2015 Megacity Air Pollution
Study (MAPS, Seoul, 2015), a Cavity Ringdown Spectrometer (CRDS) was installed on top of the
Seoul tower in May — June that measured N20Os, NOx, and Os (Brown et al., 2017). The elevation
of the measurement site was 360 m above sea level (ASL), allowing for sampling further away
from direct NO emissions. In their study, the average nighttime O3z mixing ratio was around 50
ppbv and N20s was observed most nights, with mixing ratios reaching up to 5 ppbv. Therefore, it
is very likely that CINO2 levels higher than the surface measurements could have been present at

higher elevation during the observation period.

79



154

0.0
05 U
2
(o]
& &’9
° 1.0 6
©
o
0
,-JQ? 15 :L
2.0
500 1000 1500 2000 2500 3000
CINO: (ppt)

Figure 4.10 Correlation between Cl, and CINO; measured at 7:00 — 9:00 am local time. Each data
pointis a 5 min averaged value and is color coded with the calculated production rate of the nitrate

radical
0.25 ¢ 1.0
JCINO, (a) OP (b) TRF
= Observed CINO, JCINO;
vse+ Modeled CINO, (5 am) — Observed CING,
0.20 4 *+++ Modeled CINO, (9 am) 0.84 ws14 Modeled CINO; (5 am)
+11+ Modeled CINO, (8 am)
3
5 = 25 d A
§0.15 g 0.61 gz.o ‘M
'Y = a8 [\
g ) 50 f [ \|
Z 0.10 Z 04 r (ki
3:00PM B8:00PM 1:00 AM 6:00 AM 11:00 AM
s/ane SsNe
0.05 0.2
0.00 rapes iy 0.04 ses} YT T —
5 10 15 20 0 5 10 15 20
Time of Day (h) Time of Day (h)

Figure 4.11 Diurnal variation of measured CINO- (black line) and simulated CINO; from photolytic loss
(dashed line). For the red and green dashed lines, the model was constrained with measured CINO; at
sunrise and at the time when CINO; started decreasing, respectively. Jcino2 used for the photolysis was
scaled with airborne measurements. The insert in (b) is the CINO, measured on May 5.

At both sites, CINOz2 levels started to increase or sustained after the first 2-3 hours of rapid
net loss upon sunrise. In the morning, CINO: positively correlated to Cl2 levels, but did not follow
the nitrate production rate at the site (Figure 4.10). Box model simulations, initially constrained
with observed CINO: level, showed rapid photolysis upon sunrise (Figure 4.11, red dashed line).

At TRF, this corresponded to the measurements until 7 — 8 am LST, when a second CINO2 peak
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was observed (Figure 4.9 (b)). This CINO2 peak in the morning was observed about half the
observations days during the campaign. With the net CINO2 production rate from the observation,
and the loss rate from the simulated CINO2 from photolysis, a production rate of 400 pptv h*
would be required to reconcile the observation. In the case of CINO2 observed on May 5" at TRF
(an insert of Figure 4.11(b)), a maximum of 2.5 ppb h of CINO2 production rate was required in
the morning to reconcile the observations. At OP, 18 pptv h-* was required for the 7 averaged days.
The CINO: production rate required in the morning at TRF was much higher than the previous
studies that have also reported high sustained levels of CINOz in the morning (i.e., 20 — 200 pptv
h"1) (Bannan et al., 2015; Faxon et al., 2015; Tham et al., 2016). In these previous studies, three
possibilities have been suggested that could explain the high sustained levels of CINO2 in the early
morning : 1) in-situ generation of CINO2, 2) transport of CINO:2 within the boundary layer, and 3)

entrainment of CINO2 from residual layer. Each possibility is explored below.
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Figure 4.12 Steady state CINO;, simulated from a box model constrained with airborne
measurements (blue) and ground site data form TRF (red), when there was a morning CINO,,
peak. Averaged values of the model runs are shown here with standard deviations
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In order to explore the possibility of in-situ formation, box model simulations of CINO2
production from heterogeneous reaction of N2Os and chloride containing aerosols were conducted.
N20s was calculated assuming a photo-stationary state of NOs (Brown et al., 2005). Aerosol
surface area was taken from airborne observations over TRF. Based on the box model results in
Figure 4.12, even with an assumption of 100% yield, CINO2 from heterogeneous reaction was not
able to reconcile the observed level. Using the dry surface area for the first order loss of N2Os on
aerosols would result in an underestimation of CINO:2 production in the model. According to Kim
etal. (2017, 2018), hygroscopic growth factor, defined in that study as the ratio of aerosol diameter
between wet aerosol at RH 88 % and dry aerosol, was less than 1.5 in the SMA region for particles
below 150 nm. Therefore, the discrepancy between observed and modeled CINO2 of more than
50-fold cannot be reconciled by this underestimation. The box model simulation on gas-phase
production of CINO:z (i.e., Clig) + NO2@g + M — CIONO(g) + M, Cl(g) + NO2@) + M — CINOz) +

M) showed at most 2 — 10 pptv of CINO2 and CIONO (Figure 4.13)
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Figure 4.13 Simulated CINO; and CIONO produced from gas phase reaction of Cl + NO (i.e., Clg) +

NOzg + M — CINOyg + M, k = 3.6 x 1012 Clg) + NOyg) + M > CIONO(y + M, k=1.63 x 10'12). The
model was constrained with Cl, and NO, observation with J values from the aircraft.
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Therefore, horizontal or vertical transport from local sources would be the most likely
explanation for the high CINO: in the morning. Although CINO: readily photolyzes during the day
(tcino2 = 30 min at midday), the lifetime could be significantly long enough in the early morning
to allow for transport of CINO:2 to the ground sites. Based on the NCAR TUV v 5.2 model, the
lifetime of CINO2, averaged between 5:30 and 8:30 LST was ~ 2 hours under clear sky conditions.
Figure 4.14 shows back trajectory analysis initiated at 9 am local time at TRF. At high CINO:2
days with the morning peaks, most of the air masses were from the west. During KORUS, the DC-
8 did not fly to the west of the SMA in the early morning. However, there are large point sources,
such as petrochemical facilities and industries, and vehicular emissions to the west and south west
of the SMA region. Sullivan et al. (2019) reported that this resulted in enhanced levels of O3 in
receptor regions (i.e., Taehwa Research Forest) downwind when westerlies were prevalent.
Therefore, favorable conditions such as high chloride content in aerosols from both anthropogenic
and natural sources and high levels of NOx-Os could have led to significant levels of CINO:2 to
build up and transported to TRF before being completely photolyzed. During the campaign,

influence of large biomass burning was negligible as reported in Tang et al. (2018, 2019).
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Figure 4.15 (a) Regional and (b) vertical distribution of airborne CINO, measured over the Seoul
Metropolitan Region (SMA in the morning (8:00 — 8:30 local time).
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At night time, the nocturnal boundary layer is decoupled from the residual layer (Stull,
1988), where the pollution from the previous day resides. Being removed from direct NO
emissions near the surface, N2Os can effectively accumulate in the residual layer, with the major
loss process being heterogeneous reaction on aerosols. Therefore, high levels of NO2 and O3
formed during the day can be trapped in the residual layer resulting in significant levels of CINO:
persisting throughout the night. Figure 4.15, shows (a) regional and (b) vertical distribution of
airborne CINOz2 throughout the campaign in the morning (8:00 — 8:30 LST) over the SMA region.
During 3 flights (i.e., May 25", May 31%, and June 10"), CINO2 was observed in the residual layer
with a max of ~ 230pptv. However, the remaining flights observed an average of 17 + 56 pptv of
CINO2 (black circles). Even the three days (i.e., May 25™, 31, and June 10, that CINO2 was
observed in the residual layer, the level (max 230 pptv) could not reconcile the observed levels at
the TRF site, which was 342 + 330 pptv when averaged over the corresponding 3 days at 8:00 —
8:30 LST. However, it is possible that the air mass that was measured by the DC-8 was not
representative of the air mass aloft at the west side of the ground observation sites. Backtrajecotry
analysis initialized at 9:00 local time showed that the TRF site was affected by both the residual
layer and below (Figure 4.16). The enhancement of O3z and SO2 concurrent to elevation of CINO2
could be due to the transport from the residual layer where pollution from high point sources from
the other day was trapped within. From the current dataset, it would be difficult to derive a clear
conclusion on whether the cause of the significant CINO2 in the morning was dominantly of

transport from horizontal, vertical, or both.
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4.2.3 Impacts of CINOz20n O3

Cl produced from CINO: photolysis can influence the local air quality through reactions
with VOCs followed by enhanced production of Os. The possible impact of Cl initiated reactions
on the local chemistry were investigated by running box model simulations constrained with
measured CINO2. A 24 hour diurnal variation of CINO2 was averaged over the same selected days
in Figure 4.9, and these were constrained throughout the model simulations. The results illustrate
that when the model was constrained with CINO2 and ClI initiated chemistry, higher levels of O3
were simulated compared to the base runs without CINO2 (Figure 4.17). The averaged net O3
production rate was enhanced by up to 2 % and 25 % at OP and TRF in the morning and by 1 %
to 2 % when averaged during the day. The OP had 7 times lower CI than the TRF site due to low
CINO:z levels (~ 60 pptv) in the morning. Since the box model simulations in our study did not
take into consideration boundary layer height dynamics, emission, and deposition, this net
production rate is the results of just chemical production and loss. For OH, the net production rate
at TRF increased by 2 % in the morning. The results particularly from TRF are comparable with
the previous study in the mountaintop site in Hong Kong, China (Wang et al., 2016). The
enhancement of O3 (max - min). was higher than their moderate CINO2 case (11 %) but lower than

the high CINOz plume case (41 %).

4.3 Conclusion
Comprehensive measurements of CINOz2, Clz, other trace gases, and aerosol concentrations
and properties have been conducted on the NASA DC-8 and at two ground sites during the
KORUS-AQ 2016 field campaign. The observed averaged diurnal variations are largely consistent

with the previous observations and our understanding on the photochemistry of CINO2. The
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presence of CINO2 was substantially suppressed during strong stagnation events, which could
have prevented the transport of chloride near the coast. During the night, Cl2 and CINO:2 levels
were not correlated while moderate to strong positive relationships were observed at daytime.
Through box model simulations, we presented a quantitative analysis of the daytime observations.
The results showed that heterogeneous reactions of CIONO2 and HOCI in acidic aerosols may be
responsible for the positive correlation between CI2 and CINOz, as well as its dependency on Os.
The second CINO2 peak in the morning, observed 4 — 5 hours after sunrise, required a significant
source of CINO: (up to 2.5 ppbv h?). Previous studies have attributed high sustained CINO2 in the
morning to transport from the residual layer (Tham et al., 2016; Wang et al., 2016). In this study,
box model runs of heterogeneous and gas-phase production of CINO:2 could not reconcile the
observed levels. Airborne observations near the ground sites in the early morning showed
negligible CINO: levels in the residual layer in most of the days. However, there is still a possibility
of the contribution of vertical transport from the residual layer. Although the current data set is
limited for us to pinpoint on the vertical locations (i.e., boundary layer v.s. residual layer), back
trajectories suggest that CINOz2 rich air masses were mostly transported from the west, where there
are significant sources of precursors. This shows that different meteorological or chemical
conditions of the sites can lead to various causes of high CINO2 levels in the early morning. Finally,
box model simulations constrained with observations suggest that Cl initiated chemistry can lead

up to ~ 25 % increase of net chemical Os production rate in the morning.

87



Time from initialization (h)

Time from initialization(h)

Time from initialization(h)

0 4 8 12 16 20 0 4 8 12 16 20 0 4 8 12 16 20
£ 194 + + + + + — 1.04 + + t ; }
£ 08 E os
o 0.6 o 06
S 04 T 04
= =
=02 /_/\ s 02
<0 < 00 )
40 40 T 40+ -
{ { May 8th { May 9th
38 L T 34 T 38-‘» 7 1
[} 3 [
g s g
=2 36T - E 367 - 2 364
® Coastline © Coastline = Coastline
R - —— Cel ©
- Center nter | —— Center
Cluster 1 gUS‘e’ ; Cluster 1
3471 Cluster 2 34 uster 21
ize (7 ize (%! 34+ Cluster 2|L
Marker Slzeég Cluster 3 ‘Maroker(S)lze ) g::::; i Marker Size (%) Cluster 3
00 Cluster 4 2o 9L G s .00 Cluster 4
22 10 30 :50 70 J . ?Iusters 32 : : : = - 10 30 50 70 ) C!uslersi
122 124 126 128 130 132 122 124 126 128 130 132 122 124 126 128 130 132
i Longitude .
Longitude 9 Longitude
Time from initialization(h) Time from initialization(h) Time from initialization(h)
0 4 8 12 16 20 0 1 16 20 0 4 8 6 20
£ 10 E1,o t t t t t —1.0 t t t t t
X 081 X038
) E .
S 0.6 © 0.6
g 0.4 E 0.4
= 0.21 =0.2
< 0.0- 0.0
40 - 40
[ May 12th
3# 1 38
° ° _ o
ES) ° °
S S S
£ 361 £ 361 £ 36+
= Coastline ‘a Coastline| ‘5 Coastline|
3 —— Center - —— Center - —— Center
Cluster 1 Cluster 1 Cluster 1
i Cluster 2L 34+ Cluster 2 34+ Cluster 2|t
3 Marker Size (%) CIE;Z: 3 Marker Size (%) Cluster 3 Marker Size (%) Cluster 3
Lo} OO Cluster 4 +00 O Cluster 4 .00 O Cluster 4
10 30 50 70 Cluster5| 10 30 50 70 Cluster 5 10 30 50 70 Cluster 5
32 : ; , =] 32 i : F——t 32 ; : : ; )
122 124 126 128 130 132 122 124 126 128 130 132 122 124 126 128 130 132
Longitude Longitude Longitude
Time from initialization(h) Time from initialization(h) Time from initialization(h)
4 12 16 20 0 4 8 12 16 0 0 4 8 2 16 20
—_ L + + + + n —~1.0+ N . ' n " =~1.0 + + + + +
€ 1.0
=
@
°
3
= &
=
< < .
40
T June 8th T June 10th
34 g 34 I
| — o |
g g 2
] . = 36 " £ 36 Coastline
© Coastline| © Coastline 3 P
- —— Center — —— Center —— Center
Cluster 1 Cluster 1 " g:us:er ;
341 Cluster 2fr 34 Cluster 2| — uster 2L
Marker Size (%) clﬂZt: 3 Marker Size (%) Cluster 3 Marker Size (%) Cluster 3
c00 Cluster 4| - O Ob Cluster 4 00 Cluster 4
10 30 50 70 Cluster 5| 10 30 50 70 Cluster 5 10 30 50 70 ) Cluster 5
32 f + : t 324 : t t : 4 32+ i t i t
122 124 126 128 130 132 122 124 126 128 130 132 122 124 126 128 130 132
Longitude Longitude Longitude

Figure 4.16 FLEXPART backtrajectories of the selected days when a second CINO; peak was observed at
TRF. Each run was initialized at 9:00 local time and each marker is an hour backward of its previous. The
red line represents the center of the mass-weighted particles and the clusters are fractional contributions of
airmasses in percentage.
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CHAPTERS

I> near the Antarctic Peninsula during Austral Fall 2018

5.1 Introduction

The relevance of halogen chemistry in the tropospheric boundary layer was first recognized
in the Arctic, where depletion of ozone levels from its background conditions were regularly
observed during springtime (Bottenheim and Gallant, 1986; Oltmans and Komhyr, 1986). Barrie
etal. (1988, 1989) firstly confirmed from filtered bromine that these ozone depletion events (ODES)
are caused by the photocatalytic cycle of gas-phase bromine during the Arctic spring. ODEs were
later observed also in the Antarctic (Kreher et al., 1996, 1997). Compared to OH, which is
primarily generated from O3 photolyzed in the UV range (< 300 nm), halogen gas species are
photolyzed in near UV to visible range. Therefore, halogen initiated chemistry is less sensitive to
Os column density and intensity of solar radiation. Studies by Foster et al. (2001) and Saiz-Lopez
et al. (2007) reported that bromine and iodine chemistry were active even in twilight conditions in
the Arctic and Antarctic boundary layer, respectively.

The presence of iodine gas species in the polar boundary layer can accelerate ODES since
the cross reaction between 10 and BrO is up to 2 orders of magnitude faster than the self-reaction
between BrO (Atkinson et al., 2007). Reactive gas-phase iodine species can also trigger new
particle formation that has implications towards the radiative forcing of the atmosphere. The first
evidence of correlation between iodine and ultrafine aerosols, which are particles with diameters
less than 50 nm, were found in coastal regions with tidal cycles (Alicke et al., 1999; Allan et al.,
2000; Carpenter et al., 1999; O’Dowd et al., 1999, 1998). Under tidal stress, macroalgae can emit

iodocarbons that can be photolyzed to produce iodine oxide species that polymerize and trigger
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new particle formation (O’dowd et al., 2002). Previous studies (Davison et al., 1996; O’Dowd et
al., 1997) reported new particle enhancements originating from coastal Antarctic region but the
cause of this increase was not clear. A following study by Atkinson et al. (2012) observed particle
formation and its following growth at the Weddell sea where significant levels of 12 (average of
5.8 ppt) and 10 (average of 5.1 ppt) in air and iodocarbons in sea ice brine channels were observed.

In the past two decades, observations of gas-phase iodine have been carried out in the
Arctic (Honninger et al., 2004; Mahajan et al., 2010a; Raso et al., 2017; Tuckermann et al., 1997)
and Antarctic (Atkinson et al., 2012; Friel3 et al., 2001; Grilli et al., 2013; Saiz-lopez et al., 2007)
boundary layer. The first direct observation of 10 in the Antarctic boundary layer was made by
Saiz-Lopez et al. (2007) using a long-path differential optical absorption spectroscopy (LP-DOAS).
In that study, they measured up to ~ 20 ppt of both 10 and BrO during springtime at the Halley
station, which is located in the Brunt ice shelf, Antarctica. Based on back trajectory analysis, the
significant levels of halogen oxides were found in airmasses that were mostly over sea ice. Another
study by Atkinson et al. (2012) measured I2 and HOI in the Weddell sea from late January to early
March by sampling air with a coupled diffusion denuder system, which was later on analyzed with
a gas chromatography mass spectrometer. I was measured up to 12 ppt and 31 ppt over sea ice
and surface snow near the Brunt ice shelf, respectively. 10 was also detected around 7 ppt by the
multiple axis-differential optical absorption spectroscopy (MAX-DOAS). While significant levels
of gas-phase iodine has been measured in West Antarctica, production might be limited in the east
part of the continent. Grilli et al. (2013) reported 10 and BrO observations with a near-UV-Visible
laser spectrometer based on mode-locked cavity-enhanced absorption spectroscopy (ML-CEAS)
during Austral Summer at the Dumont d’Urville station in East Antarctica, which was close to

detection limits, 0.04 ppt and 2 ppt, respectively. Therefore, they concluded that halogen chemistry
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might not be as significant in East Antarctica as in the West part of the continent. Discrepancies
in iodine chemistry also exist between the two polar regions. Satellite observations from 2004 to
2006 showed high levels of 10 in the Spring time Antarctic, especially over the Weddell sea, while
IO was not detected in the Arctic (Schonardt et al., 2008). Direct observations in the Arctic also
confirm this by reporting 10 levels of below detection limit (Honninger et al., 2004; Pohler et al.,
2010; Tuckermann et al., 1997). The only studies that measured over the detection limit in the
Arctic boundary layer are Mahajan et al. (2010a) and Raso et al. (2017) where they measured up
to 3.4 ppt of 10 in Hudson Bay, Canada and 1 ppt of Iz in Utgiagvik, Alaska. These levels in the
Acrctic are significantly lower than what has been observed in West Antarctica. Considering that
similar levels of BrO has been observed in both the north and south polar regions, this discrepancy
in iodine levels suggest that the mechanism or environment driving the chemistry remains
uncertain.

Concentration of aqueous iodide in the ocean is around 1000 times less than bromide due
to the uptake by marine organisms (Sugawara and Terada, 1969). Inorganic iodine gas species like
I2, 10, and HOI have a very short lifetime due to heterogeneous uptake and rapid photolysis with
a photolytic lifetime of ~13sec, ~ 9sec, and ~ 4 min, respectively, at noontime during spring near
the Antarctic peninsula (Madronich and Flocke, 1998). Therefore, a strong source is required to
explain the observed levels in west Antarctica. Possible sources of gas-phase iodine species have
been suggested such as biogenic sources from sea ice diatoms and accelerated reactions within the
ice matrix compared to the aqueous phase. Diatoms, which are microalgae, have been reported to
release iodocarbons (Moore et al., 1996; Tokarczyk and Moore, 1994), iodide (De La Cuesta and
Manley, 2009), and HOI (Hill and Manley, 2009). Sea ice, especially in the Weddell Sea, has been

reported to be rich in diatoms, living underneath or within the sea ice (Ackley et al., 2008; Gerhard
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et al., 2004; Haas et al., 2001). Moreover, significant levels of iodocarbons have been observed
in the sea ice water in coastal Antarctica (Carpenter et al., 2007; Fogelqgvist and Tanhua, 1995).
The iodocarbons emitted by sea ice diatoms can move up to the surface through brine channels of
the porous Antarctic sea ice (Garrison and Buck, 1989). Atkinson et al. (2012) reported visible
bands of sea ice diatoms along with enhanced chlorophyll- a and iodocarbons in the Weddell Sea.
In their study, calculated iodine flux from measured iodocarbons in sea ice could not reconcile the
observed levels of atmospheric 12 and 10. For this reason, the authors suggested that the gas-phase
I2 were mainly from iodide (I") concentrated in brine channels by sea ice diatoms and the following
multiphase reaction with gas-phase HOI. This mechanism was also supported by Saiz-Lopez et al.
(2015; 2008), where they were able to reconcile the observed 10 levels in the Weddell Sea through
a multiphase model embedded with mechanisms of I and HOI released from micro-organisms.
Accelerated reactions in the ice matrix have also been suggested as a mechanism producing gas-
phase iodine species. Previous laboratory studies (Kim et al., 2016a; O’Driscoll et al., 2006)
reported that conversion of iodide to molecular I2 and triiodide can occur when solutions are frozen.
Although these studies have not been proven in a real environmental condition, it is possible that
these ice-mediated reactions can accelerate the release of gas-phase I2 to the above atmosphere or
snowpack. However, due to limited ambient observations, the sources and impact of molecular 12
in polar regions are still uncertain.

Here, we present I2 observation results during the ARAON2018 campaign carried out in
April-May of 2018, which is the Fall season in the southern hemisphere. Year-long ground (Saiz-
lopez etal., 2007) and satellite observations (Schonardt et al., 2008) in Antarctica showed IO levels
peak in the Spring time and another possible smaller enhancement might exist during Austral Fall.

Measurements of I2 in Antarctica are very limited, especially in the Fall season. The main questions
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addressed in this study are: 1) What are the levels of iodine gas species in the Antarctic boundary
layer during Austral Fall?, 2) What are the possible sources?, 3) What are the possible impacts of

the halogen chemistry?

5.2 Results and Discussion
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Figure 5.1 Ship track of R/V ARAON during the ARAON2018 campaign. Sea ice concentrations are
from the Advance Microwave Scanning Radiometer (AMSR2 v 5.4) showing conditions in April 18t
2018. The entire track in which the observation were carried out are shown in left and the detailed
route near the Antarctic peninsula is shown in right.

5.2.1 12 Observation Results during ARAON2018

Figure 5.1 shows the cruise path of the Korean icebreaker ARAON during the
ARAON2018 campaign. The R/V ARAON started from Christchurch, New Zealand (March 27t),
went through the Southern Ocean, the Antarctic peninsula, and arrived in Punta Arenas, Chile
(May 3). VOCs were measured with a Proton Transfer Reaction-Mass Spectrometer (PTR-MS)
and data was collected during most of the campaign period. For the halogen measurements with a
CIMS, observations were mostly carried out near the Antarctic peninsula. Sea ice concentrations

from April 18th 2019 were taken from the Advanced Microwave Scanning Radiometer (AMSR2
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v 5.4) from the Bren University (Spreen et al., 2008). The CIMS measurements close to the
Antarctic peninsula was from April 13th to 28th and during this period, the sea ice extent did not
vary significantly from what is shown in Figure 5.1. As shown in the figure, the R/'V ARAON
went near the edges of the sea ice in the Weddell Sea and close to King Sejong station in King

George Island.
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Figure 5.2 Temporal variation of the solar zenith angle (SZA), HOI, I, and Br, during
ARAON2018 campaign.

Figure 5.2 shows temporal variations of the measured halogen gas species and solar zenith
angle during the campaign. All the CIMS measurements presented in this figure are from near the
Antarctic peninsula. 30 min averaged data show around ~ 1 ppt of background HOI and 12 levels
throughout the observation period. This background level is lower than what was reported by
Atkinson et al. (2012), where they measured 12 and HOI in the Weddell Sea from late January to
early March. From sampled air, which was analyzed afterwards with a GC, Atkinson et al. (2012)

observed 5 — 10 ppt of constant Iz in the Weddell Sea and over the Brunt Ice shelf. The max levels
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of ambient I2 they measured was around 31 ppt, which is about twice of the maximum levels we
observed during ARAON2018. The total of HOI and ICI reported in their study was around 2 ppt
and 4 ppt for background and maximum level, respectively. Overall, lower levels of ambient iodine
gas species were observed during Austral Fall, from our observations, than Austral Summer,
reported by Atkinson et al. (2012). The difference can be generally explained by the differences in
solar radiation intensity with limited photo-activity during Austral Fall. However, considering that
episodic levels of 12 and HOI were observed both in the presence and absence of solar radiation,
various production mechanisms should be responsible for driving the chemistry during

ARAONZ2018.
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5.2.2 Possible Sources of 12 during ARAON2018

Considering the short lifetime of I during the day under clear sky conditions (ti2 ~ 15
seconds based on TUV v 5.3), a strong source would be required to reconcile the daytime levels
of I2. Laboratory studies (Gélvez et al., 2016; Kim et al., 2016a) have shown that photolysis of
iodine species in ice media can be a pathway for gas-phase Iz release to ambient air. A field
observation study by Raso et al. (2017) reported up to 35 ppt of 12 within the Arctic snowpack
under irradiation while max levels of 12 was 1 ppt in the ambient atmosphere above the snowpack.
In their study, they suggested a pathway initiated by hydroxyl radicals that lead to iodine radicals
and subsequent production of triiodide and I2. This could have been the case also in our study but
further studies, such as a 1-D model simulations, are required to examine whether this route is
sufficient to explain the observed levels.

During ARAON2018, significant levels of 12 were also observed in the absence of light.
Figure 5.3 shows HYSPLIT backtrajectory results initiated at the time when |2 episodes were
observed under dark conditions, going 24 hours back in time. The trajectories show that in April
19th and 26th, airmasses were mostly coming from the open ocean while on the 24th, airmasses
were from over the sea ice of the Weddell sea. In the open ocean, laboratory studies (Carpenter et
al., 2013; Garland et al., 1980; Garland and Curtis, 1981) have suggested that the multi-phase
reaction between ambient O3z and iodide in the ocean can produce HOI, which can further react
with iodide and generate gas-phase l2. This reaction does not require the presence of light and
therefore could explain the background and episodes of I2 at nighttime.

Another possible source of gaseous iodine is from biotic sources from sea ice. The three 12
episodes shown in Figure 5.2 were all from when the ARAON was close to sea ices in King George

Island (April 26th) and Weddell Sea (April 29th and 24th). During the cruise, near the Antarctic
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peninsula, brown layers of sea ice diatoms were commonly observed on the sides of the broken
sea ice as shown in Figure 5.4. These microorganisms can emit iodine species (Hill and Manley,
2009; De La Cuesta and Manley, 2009; Moore et al., 1996) that can move up through brine
channels of the highly porous sea ice in the Weddell Sea and released to the surface above. Weddell
sea has been reported to have high biological activity with abundant diatoms underneath the sea
ice (Ackley et al., 2008; Atkinson et al., 2012; Gerhard et al., 2004; Haas et al., 2001). To further
investigate, other gas-phase tracers of biological activities have been compared in Figures 5.5 and
5.6. Figure 5.5 shows Iz (left) and dimethyl sulfide (DMS) (right) observations with the sea ice
concentration map in April 26™ 2018. Regions with red squares show episodes of |2 that also
showed enhanced DMS levels. On the other hand, the region within the blue square showed up to
20 ppt of 12 but did not observe increased DMS emissions. Rather, the data in the blue square were
collected when the airmass was mostly from over the sea ice based on backtrajecotry results. At
this time point, however, it is difficult to draw a clear correlation and further studies are required.
Another feature that was observed are the peaks of isoprene and DMS that lasted for 30 minutes
to 2 hours (Figure 5.6), which also corresponded to increased 2 concentration in the yellow shaded
periods. These peaks were observed when the ARAON was breaking through sea ice. A study by
Koga et al. (2014) also observed a similar trend during a cruise in Antarctica on the Shirase
icebreaker from December to March in 2009. During their observation period, they measured DMS
over the Southern Ocean with a PTR-MS and reported abrupt peaks of DMS while the Shirase was
breaking through sea ice. These sudden enhancement of VOCs can be released from biological
activities through the openings of the sea ice and therefore could be a possible source of iodine

release to the ambient atmosphere.
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Figure 5.4 Brown layers of sea ice diatoms underneath the sea ice observed near the Antarctic
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5.2.3 Impact of Iz in the Antarctic Boundary Layer

Ozone depletion events in polar regions are known to be initiated by bromine species in
the atmosphere (Barrie et al., 1988, 1989). The presence of iodine has long been hypothesized to
accelerate this process through faster reactions of iodine oxides with bromine oxides compared to
self-reactions of these halogen oxides. During ARAON2018, short ozone depletion events
corresponding to enhanced levels of iodine and bromine gas species were observed (Figure 5.7).
The reason for the fast restoration of the Os levels is probably due to the constant movement of the
icebreaker and from the horizonal and vertical mixing. Even low levels of 12 can significantly
impact the level of Os. Box model simulations by Raso et al. (2017) showed that in the presence
of the observed levels of ~1 ppt of I2 in the Arctic, the rate of ozone depletion increased by 31 %

compared to when only bromine and chlorine precursors are present. Therefore, the co-existence
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of significant levels of iodine and bromine gas-species observed during ARAONZ2018 is expected

to trigger accelerated ozone depletion episodes.
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Figure 5.7 Comparison between measured ozone, gas-phase iodine and bromine species, and
SZA. Yellow shades are when O3 depletion events were observed.

5.3 Conclusion
During the ARAON2018, up to 15 ppt of 12 and 20 ppt of HOI were observed during
Austral Fall onboard the Korean icebreaker ARAON. Constant background levels of ~1 ppt of
both compounds were measured throughout the cruise near the Antarctic peninsula. Significant
levels of these halogen gas species were observed both in the presence and absence of light, which
implies multiple mechanisms are driving the production of these compounds. The source of the
iodine species are rather uncertain but shows correlation to other biological tracers, such as DMS

and acetone. This could be an indication of possible sources from sea ice diatoms that are prevalent
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in the Weddell Sea. However, further studies are required to clarify the sources of these halogen
compounds. The presence of gas-phase iodine has long been hypothesized to trigger ODEs. Short
Os depletion events were observed onboard the ARAON corresponding to enhanced levels of I2
and Brz. This significant levels of iodine gas-species have implications towards new particle
formation and ODEs that will in turn influence the radiative forcing and oxidative capacity of the

pristine Antarctic boundary layer.
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CHAPTER 6

CONCLUSIONS

In this thesis, uncertainties remaining in the tropospheric oxidation capacity is explored
through box model studies and observations of hydroxyl radicals (OH) and halogen radical
precursors with a chemical ionization mass spectrometry (CIMS). Three field observations were
carried out in a wide range of chemical regimes from pristine to polluted environments, including
a pristine tropical forest frequently affected by pollution, a highly polluted Asian Megacity, and a
pristine Antarctic boundary layer.

The work from the GoAmazon2014/5 confirms that, contrary to previous reports in
forested environments, our understanding of the HOx-NOx-VOC chemistry is sufficient to
reconcile the observed OH levels in the tropical rainforest environment. Box model simulations
embedded with near-explicit chemical mechanism and five condensed mechanisms, used in
chemical transport models, showed great agreement to OH levels measured with the CIMS.

Studies during the KORUS-AQ 2016 investigated the levels of CINO: in the Seoul
Metropolitan Area (SMA) and explored the possible implications in the regional chemistry. High
levels of night time CINO2 were observed both at the city center and a forested area downwind. A
second CINOz2 peak early in the morning and significant daytime levels illustrate that this nighttime
radical precursor is important in driving the oxidation chemistry within the boundary layer.
Observation constrained box model simulations confirmed that the net chemical production of O3
was enhanced up to 25 % in the presence of CINO2.

Finally, the first time 2 observation with the CIMS was carried out in the Antarctic

boundary layer during ARAON2018. The measurements during Austral Fall measured up to ~ 20

114



ppt of both I and HOI near the Antarctic peninsula. This confirms that West Antarctica,
specifically the Weddell Sea, is indeed rich in gas-phase iodine in the atmospheric boundary layer.
Short ozone depletion events, which was long hypothesized to be accelerated by iodine, were
observed on board the R/V ARAON.

The results presented in this thesis demonstrates, from field observations and box model
studies, halogen radicals are crucial in understanding the tropospheric chemistry in certain
environments such as polluted coastal areas or polar regions. However, observations are still very
limited, especially in the polar regions, and simultaneous measurements of other halogen radical
precursors in both the Arctic and Antarctic would help enhance our understanding. Moreover, a
well-controlled experiment in a field environment is also needed to better examine the sources of

halogen precursors.
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