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Abstract

Atmospheric aerosol particles are a serious health risk, especially in regions like
East Asia. We investigated the photochemical aging of ambient aerosols using a potential
aerosol mass (PAM) reactor at Baengnyeong Island in the Yellow Sea during August 4-12,
2011. The size distributions and chemical compositions of aerosol particles were measured
alternately every 6 min from the ambient air or through the highly oxidizing environment
of a Potential Aerosol Mass (PAM) reactor. Particle size and chemical composition were
measured by the combination of a Scanning Mobility Particle Sizer (SMPS) and a High
Resolution-Time of Flight-Aerosol Mass Spectrometer (HR-ToF-AMS). Inside the PAM
reactor, O; and OH levels were equivalent to 4.6 days of integrated OH exposure at typical
atmospheric conditions. Two types of air masses were distinguished on the basis of the
chemical composition and the degree of aging: air transported from China, which was
more aged with higher sulfate concentration and O:C ratio; and the air transported across
the Korean Peninsula, which was less aged with more organics than sulfate and lower O:C
ratio. For both episodes, the particulate sulfate mass concentration increased in the 200-
400 nm size range when sampled through the PAM reactor. A decrease in organics was
responsible for the loss of mass concentration in 100-200 nm particles when sampled
through the PAM reactor for the organic-dominated episode. This loss was especially
evident for the m/z 43 component, which represents. The m/z 44 component, which
represents further oxidized organics increased with a shift toward larger sizes for both
episodes. It is not possible to quantify the maximum possible organic mass concentration
for either episode because only one OH exposure of 4.6 days was used, but it is clear that
SO, was a primary precursor of secondary aerosol in northeast Asia especially during the
long-range transport from China. In addition, inorganic nitrate evaporated in the PAM
reactor as sulfate was added to the particles. These results suggest that the chemical
composition of aerosols and their degree of photochemical aging particularly for organics,

are also crucial in determining aerosol mass concentrations.
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1. Introduction

In East Asia, atmospheric aerosols are a cause of public concern because of the
frequent occurrence of haze in mega cities and industrial areas, dust storms in deserts and
extremely dry regions, and their transboundary transport (Takami et al., 2007; Wu et al,
2009; Kim et al, 2009; Ramana et al., 2010; Kang et al., 2013). These occurrences impact
the regional air quality and climate (Li et al., 2011; Huang et al., 2014). Aerosol plumes are
able to remain in the atmosphere for up to 10 days and can be transported across the
Pacific Ocean. During transport, air masses become photochemically aged, leading to the
generation of secondary aerosols and subsequent modification of the optical and
microphysical properties of aerosols (Dunlea et al.,, 2009; Lim et al., 2014; Lee et al.,, 2015).
This transformation process has been studied by collecting ambient air across the Pacific
Ocean or by tracking the Asian plumes onboard aircraft (Brock et al., 2004; Aggarwal and
Kawamura, 2009; Dunlea et al., 2009; Peltier et al., 2008).

Secondary aerosols comprise inorganics such as sulfate and nitrate as well as
organics. Of these, secondary organic aerosols (SOA) are of more interest because they are
produced in the atmosphere from numerous organic species and are aged through
complex mechanisms, during which their physicochemical properties such as volatility,
hygroscopicity, and optical properties are altered. The absorption and scattering properties
of aerosols in northeast Asia was reported to be intimately linked with their chemical
composition (Lim et al, 2014). As aerosols are oxidized, the hygroscopicity of organic
aerosols (OAs) increases, suggesting photochemically driven CCN activation of SOA
(Massoli et al,, 2010; Lambe et al.,, 2011; King et al.,, 2010; Morgan et al.,, 2010).

To understand SOA formation and aging processes, experiments have been
conducted using environmental chambers (Kroll and Seinfeld, 2008; Hallquist et al., 2009).
In these large environmental chambers, atmospheric simulations are limited to the
equivalent of only about a day, which is much shorter than the nominal atmospheric

lifetime of aerosols, which is about a week. In addition, ambient air masses are under
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influence of various emissions and mixing processes, which are not properly represented in
these well-mixed and long-residence time chambers (Jimenez et al., 2009; Ng et al., 2010).

Thus, we introduced the potential aerosol mass (PAM) chamber, a continuous flow
reactor under high levels of OH and Os;, which is applicable for both controlled lab studies
and ambient air (Cubison et al, 2011; Kang et al,, 2007, 2011b; Lambe et al., 2012; Massoli
et al., 2010). The highly oxidizing conditions of the PAM reactor are suitable for examining
SOA formation and oxidation processes for the equivalent of a week or more (Jimenez et
al., 2009; George and Abbatt, 2010). In particular, the PAM reactor has less wall loss mainly
due to much shorter residence time compared to conventional chambers. Thus, PAM
reactor is able to reasonably simulate aging processes of SOA after formation (Kang et al,
2011a). In the first field deployment of PAM in northeast Asia, Kang et al. (2011a) reported
PAM simulation results for different air masses and demonstrated that oxidation processes
occurring in the natural atmosphere were plausibly integrated in the PAM reactor.
Recently, PAM reactor has been used to examine secondary aerosol formation and
evolution from ambient air masses (Hu et al., 2016; Ortega et al., 2016; Palm et al., 2016)
and emission sources (Ortega et al., 2013; Link et al., 2017; Timonen et al,, 2017). The wall
losses of aerosols and condensable gases and photochemistry of the PAM reactors have
been studied to quantitatively understand the experimental results of PAM reactor (Lamb
et al,, 2015; Palm et al., 2016; 2017; Peng et al., 2015; 2016).

In this study, we deployed a PAM reactor at an island site in the Yellow Sea to
investigate the photochemical aging of ambient aerosols in sulfate-dominated northeast
Asia. The particle size, mass and chemical characteristics of ambient and PAM-processed
aerosols were compared for different air masses transported from nearby continents. Their
aging characteristics were examined in terms of secondary aerosol formation and
evolution of pre-existing aerosol particles. The discussion mainly focused on the formation
of sulfate and further oxidized organics and the loss of less oxidized organics upon

photochemical oxidation in PAM reactor.
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2. Experimental methods

Experiments were conducted at a measurement station on Baengnyeong Island in
the Yellow Sea (37.967°N, 124.630°E, 100 m asl) from August 4 to August 12, 2011 (Fig.
la). As the northernmost and westernmost part of South Korea, Baengnyeong Island is
located 740 km west of Beijing and 211 km east of Seoul. The measurement station was
established by the National Institute of Environmental Research (NIER) as a core
background site of the National Monitoring Network to observe dust and pollution plume
transported from China. In previous studies conducted at the same site, sulfate and
organic aerosols were enhanced under the influence of pollution plumes transported from
eastern China and the Korean Peninsula (Choi et al., 2016; Lee et al,, 2015).

Ambient air sampled using a PM,s cyclone was pulled through a tubing (1 cm
diameter) into the PAM reactor for 6 minutes, during which time the ambient aerosols
were oxidized (hereafter referred to as “PAM aerosols”). For another 6 minutes, the
sampled ambient air was directly pumped into the analytical instruments, bypassing the
PAM reactor. The ambient and PAM aerosols were alternately measured every 6 minutes,
thereby producing pseudo-simultaneous measurements.

The PAM reactor employed in this study is the same version as that described in
Lambe et al. (2011), which was also used for laboratory studies of SOA aging (Lambe et al.
2012; 2015) (S1). The ambient air was introduced into the PAM reactor through a
Silconert-coated (Silcotech, Inc) inlet plate and endcap and then rapidly dispersed before
entering the reactor through a Silconert-coated stainless-steel screen. For aerosol
sampling, copper or stainless steel 1/4 inch OD tubes were used to minimize the particle
loss on the tubing walls. The 1/4 inch PTFE Teflon tubes were used for the bypass flow.
The total flow rate through the both ambient sampling and PAM reactor was 5 liters per
minute. The flow in the PAM reactor was laminar (Reynolds number <50), and aerosols
were sampled at the center line. The residence time of air in the PAM reactor was 100

seconds based on flow rate and the volume of the reactor. During the experiment, the loss
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associated with PAM reactor and inlet was determined. The SO, loss through a cyclone
and inlet plate was 11 + 7 % and aerosol particle loss in the PAM reactor was about 12 %
(Figure S2-1; S2-2). The loss of particles and SO, gas was measured as difference in the
concentration between ambient air and air pulled through PAM reactor with UV lights off.
In addition, the three-way switching valve might cause the evaporation of ambient and
PAM aerosols when it was getting hot during operation.

The PAM reactor is equipped with 30-cm long Hg lamps emitting 185 nm and
254 nm light (82-9304-03, BHK Inc.) in order to produce large amounts of OH and O;,
creating a highly oxidizing environment (Figure S1). The UV lamps were housed in Teflon
sleeves being purged by nitrogen with a flow rate of ~50 sccm to prevent O; from
building up inside the sleeves. This flow also slightly lowers the amount of heat being
transferred from the lamps to the air in the chamber. The results of Ortega et al. (2016)
using the PAM reactor same as that used in the present study, demonstrated that
temperature increased by about 2 °C inside the PAM reactor. In a recent discussion, a
10 °C difference between PAM and ambient air caused the evaporation of inorganic nitrate
up to 34 % and OA up to 25 % (2016-10-17_PAM_Users_Mtg_Jimenez_Group_Final_v2.pdf).
However, the ambient temperatures were 20~26°C which equaled or exceeded the
temperature of the air-conditioned laboratory, which was set to 20°C. As a result, the
temperature difference between the PAM reactor and the ambient air was at most a few
degrees. Thus, temperature-induced evaporation of OA or nitrate in the PAM reactor
would likely have been small.

In this study, the OH exposure of the PAM reactor was dependent on the
humidity of the ambient air but not modulated by UV lamps. The exposure was originally
set to 3-4 days for spring time to get near-maximum mass concentration. However, the
experiment was delayed by logistic problem and the OH exposure was closer to 4.6 days
due to high humidity in summer.

The OH exposure of PAM reactor was estimated to be 7 x 10! molecules cm™ s

against sulfur dioxide decay that was conducted by Kang et al., 2011b (Figure S3-1.). When
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corrected for calculated OH suppression, it was 25% lower than from the SO, calibration
and was equivalent to an integrated OH concentration over 4.6 days at a typical noon-
time concentration of 1.5 x 10® molecules cm™ (Mao et al, 2010). The OH suppression
from VOCs and other OH-reactive gases were calculated using the oxidation chemistry
model (Peng et al, 2016) with 30 s of external OH reactivity, representing rural areas
(Feiner et al., 2016; Lee et al., 2008; Peng et al., 2016; Yoshino et al,, 2006). Using this OH
exposure, the calculated sulfate production matches the measured sulfate increase in the
PAM reactor to within 16 % (Figure S4-1).

The chemical composition of the aerosol particles was measured by a high-
resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS, hereafter referred to as
"AMS"). The number concentration was determined in the mobility diameter range of
10.4-469.8 nm with a scanning mobility particle sizer (SMPS 3034, TSI) (Jayne et al., 2000;
Jimenez et al., 2003; DeCarlo et al., 2006; Drewnick et al., 2006). Detailed descriptions of
the HR-ToF-AMS and the sampling site can be found elsewhere (Lee et al,, 2015). For AMS
measurements, a composition-dependent collection efficiency was applied by adopting the
result of Middlebrook et al. (2012). Due to the detection range of the SMPS, the
enhancement or loss of particles greater than 500 nm in diameter were not observed in
SMPS measurement. The particle mass concentration from SMPS was obtained from the
volume concentration multiplied by a fixed particle density of 1.4 g cm™3,

Some of the condensable gases formed in the PAM reactor do not contribute to
the observed particle mass concentration sampled by the SMPS and AMS at the exit of the
PAM reactor. Some are deposited on the PAM reactor walls, and some do not condense
before the particles are sampled. The calculation of the condensation sink indicates the
fraction that are measured as particles. These calculations indicate that typically 60 % to
70 % of the condensable gases did condense on particles before the particles were
measured (Figure S5). The particle mass concentrations shown in the results have been
corrected for this loss and the details of the correction is described in supplemental

information (S6). The resulting mass concentrations sampled through the PAM reactor and
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sampling system have an uncertainty of +20 % (20 confidence).

The overall mass spectra of organics indicate substantial loss of less oxidized OAs
(e.g, m/z41, 42, 43, ..) in the PAM reactor. In addition, CO* and CO,* groups increased
and decreased in the PAM aerosol particles during these measurements. The terms m/z 43
and m/z 44 from the mass spectra correlate with less oxidized OAs and further oxidized
organics such as carboxylic acids, respectively. Therefore, the discussion of ions observed
at m/z 43 and m/z 44 should be broadly applicable to these two classes of organic
compounds.

Gas-phase ozone (Os), nitrogen dioxide (NO;), carbon monoxide (CO), and
particle-phase elemental carbon (EC) and organic carbon (OC) were simultaneously
measured, along with meteorological parameters (Table 1). The HYSPLIT backward
trajectory model, which was developed by the National Oceanic and Atmospheric
Administration (NOAA), was used to examine the history of the sampled air masses (Wang
et al., 2009).

In thist study, therefore, we examined how the air masses reaching Baengnyeong
Island were further oxidized during the effective aging time of 4.6 days, which is consistent
with transport time from China but slightly longer than the time of typical maximum SOA
production from aging (Ortega et al., 2016) under an OH diel-mean of 1.5 x 10° molecules

cm 3.

3. Results

3.1. Measurement overview of ambient and PAM aerosols

PM;, aerosol particle mass concentrations varied from 0.5 to 44 pg m™ for both
the PAM aerosol particles and the ambient aerosol particles (Figure 2(a)) during the entire
experiment period. Choi et al. (2016) reported the AMS measurements (PM;o) made at the
same site during March-April, 2012 and November-December, 2013, where PM;, varied

from the detection limit to ~100 ug m=. These PM;, concentrations were lower than those

8
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measured in Changdao that is located in Bohai Sea (Hu et al,, 2013; Choi et al,, 2016; Lee
et al., 2015). The PAM particle mass concentration was generally greater than the ambient
particle mass concentration.

Particle mass concentration distributions of the ambient and PAM aerosol particles
were averaged for the entire experiment and their difference is presented in Fig. 3. In the
PAM reactor, the formation of nucleation mode particles were always observed (average
dN/dlogDp = 2 x 10° cm™, see Figure S9), but their contribution to the total particle mass
concentration was relatively insignificant due to their small sizes of less than 50 nm in
diameter (Dp). In comparison, the mass concentration of PAM aerosol particles increased
at sizes larger than 200 nm. The averaged particle mass concentration between 50 and
200 nm in diameter was enhanced in PAM reactor for the sampling period (Fig 3), but in
detail, particles were either lost or produced in the PAM reactor, depending on the history
of the air masses (Figures 5 and Figure S9). The formation of nucleation mode particles in
PAM reactor were also observed in previous studies (Kang et al., 2011b; Ortega et al.,
2016; Palm et al., 2016). Major constituents including sulfate, organics, ammonium, and
nitrate for both ambient and PAM particles are presented in Fig 3. Sulfate and ammonium
concentrations in the PAM reactor were mostly higher or similar to those in the ambient
air. In contrast, total organics and nitrate were mostly lower in the PAM aerosol particles
than in ambient aerosol particles.

Previous studies show that the SOA formation from VOCs including
Semi/Intermediate Volatile Compounds (S/IVOCs) near the sources could be enhanced up
to a few times greater than SOAs from VOCs only (Hayes et al., 2015; Palm et al.,, 2016). It
is possible that S/IVOCs could be lost to the reactor inlet plate as well as reactor wall due
to their low saturation vapor pressures, leading to the underestimation of their
contribution to SOA formation in the PAM reactor of this study. However, in our
experiment, air masses had traveled at least a day from the Korean Peninsula or from east
China before they were sampled in the PAM reactor. Thus, it is likely that S/IVOCs were

already partitioned into the particle phase before the particles were sampled at the
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measurement station on Baengnyeong Island.

3.2. Organics- and sulfate-dominated episodes

Throughout the study, ambient aerosol particles were enhanced during two
separate periods (shaded in Fig. 2a), with distinct differences in chemical composition
between the two. While the ambient air was enriched in organics during the first episode
(August 6, 11 AM to August 7, 9 AM), sulfate was dominant in the second episode (August
9, 1 AM to August 9, 6 PM). During the two episodes, the levels of gaseous precursors
including NOx, SO,, and CO were higher than in the remaining periods (Fig. 4). The ratios
of both SO,/NOx and OC/EC were higher and the ratio of O;/CO was lower for the first
case.

These two cases were distinguished by the air-mass backward trajectories (Fig. 1b).
Air passing over the Korean Peninsula had higher concentrations of organics than sulfate
during the first episode. For the second episode, the air mass backward trajectory
indicates that the sulfate—dominated air had been transported from southeast China. In
addition, the air mass trajectories imply that sulfate-dominated aerosols lingered over the
Yellow Sea and were aged more than the organic-dominated aerosols.

In addition, the aerosol particles differed in terms of size distributions between the
two episodes (Fig. 5 and Table 1). In the PAM reactor, the particle mass concentration
increased for particles smaller than 50 nm and larger than 200 nm increased for both
episodes. At size between 50 and 200 nm, however, the mass concentration of PAM-
processed particles increased during sulfate-dominated episode but slightly decreased
during organic-dominated episode.

The difference between AMS measured particle mass concentration and SMPS
measured particle mass concentration was greater in sulfate-dominated episodes than in
organic-dominated episode (Table 1 and Fig. 2(c)). The disagreement is largely associated

with AMS and SMPS measurement uncertainties. However, the role of elemental carbon or
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soil particles that are abundant in the study region (Lee et al, 2007; Lim et al., 2012) may
not be ruled out because there are captured by SMPS but not by AMS.

The measurement results of size-separated chemical compositions provide detailed
information on transformation processes in the PAM reactor. In general, aerosol particles
in the PAM reactor experienced an increase in sulfate but a decrease in total organics and
nitrate compared to the ambient aerosol particles (Fig. 6). The enhancement of sulfate in
PAM reactor was greater for sulfate-dominated episode, and the reduction of organics in
PAM reactor was greater for organic-dominated episode. The contribution of ammonium
ions to the total mass concentration was also greatest when aerosol particles were
enriched in sulfate. The m/z 43 decreased and m/z 44 increased in the PAM reactor for
both episodes. (Fig. 5).

Therefore, the following discussion is focused on these two distinct aerosols
episodes. The size-separated chemical compositions are thoroughly examined and
compared in order to elaborate on the formation of secondary aerosols and the evolution

of ambient aerosols upon photo-oxidation in the PAM reactor.

4. Discussion

4.1. Nucleation of particles

In the current study, freshly nucleated particles (Dp <50 nm) were always observed
in the PAM reactor (Figure 2(d)). In both cases, there was sufficient SO, and likely
ammonia to nucleate new particles, but nucleation by extremely low-volatility organics
cannot be ruled out. In previous field studies, increases in the mass concentration of PAM
aerosol particles were dependent on the ambient SO, concentrations (Kang et al., 2013).
Palm et al. (2016) also observed the nucleation mode particles formed, competing for the
role of condensation sink with pre-existing accumulation mode particles. The number
concentrations of nucleation-mode particles in PAM reactor in the organic-dominated

episode was an order of magnitude greater than them in the sulfate-dominated episode
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while the SO, mixing ratios were similar (details in Figure S9). This could be evidence for
nucleation of the extremely low volatility organic compounds called Highly Oxygenated
Molecules (HOMs) (Trostl et al., 2016). Chemical composition was not available for
nucleation mode particles due to an AMS cut-off size of 50 nm in the present study. VOC

concentrations for ambient air were not determined either.

4.2. Formation and evolution of organic aerosols

The SMPS mass size distributions highlight the size range of 100~200 nm, where
PAM particle mass concentration was reduced for organic-dominated episode (Fig. 5). A
previous study showed that the less oxidized organic aerosols were found more often than
more oxidized OAs in particles smaller than 200 nm (Sun et al, 2012). In addition, the
mass concentration of m/z 43 was higher in less oxidized OAs than more oxidized OAs
(Sun et al, 2012). In the present study, the contribution of m/z 43 to total organics was
greater in the organics-dominated episode than in the sulfate-dominated episode, and the
loss of organics in PAM reactor was also greater in the organics-dominated episode. These
results suggest that the less oxidized OAs were more in the organics-dominated episode
than in the sulfate-dominated episode. The ratios of O:C were lower for organic-
dominated aerosol particles than those of sulfate-dominated aerosol particles (Fig. 7).
These results for the particle composition are consistent with the air mass trajectories (Fig.
1b), which show that the organic-dominated air masses were relatively less aged than
those of the sulfate-dominated episode (Jimenez et al., 2009; Ng et al., 2011).

The AMS measurement results indicate that total organics and the m/z 43
component were consistently reduced in the PAM reactor. Possible loss mechanisms are
the deposition of aerosol particles on the chamber wall (McMurry and Grosjean, 1985; La
et al, 2016) and fragmentation reactions from further photo-oxidation to form products
with higher vapor pressure (Lambe et al, 2012). As described in the section 3, the
condensable organics loss by wall surface and by heterogeneous oxidation were calculated

to be about 30~40%. Also, mass concentration loss due to temperature differences in the
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ambient air and in the PAM reactor are estimated to be minimal. For the entire
experiment, the O:C ratios of PAM aerosol particles were greater than those of ambient
aerosols, with O:C ratios corresponding to less oxidized OAs and more oxidized OAs (Zhu
et al, 2018). Thus, a chemical transformation from low O:C to high O:C probably explains
the organic mass loss.

Organics are known to be oxidized by OH undergoing functionalization and
fragmentation. The pathway by which this occurs is determined by the oxidation state of
the existing organic aerosol particles. Functionalization dominates in the early stage of
oxidation, which increases total organics and m/z 43, while fragmentation dominates in
the later stage of oxidation, reducing OA mass concentration (Jimenez et al., 2009; Kroll et
al., 2009; Chacon-Madrid et al,, 2010; Henry and Donahue, 2012; Lambe et al., 2012). For
highly oxidized OAs with O:C ratios greater than 0.4, fragmentation becomes especially
dominant, resulting in OA mass concentration loss.

In this study, the measured O:C ratios of the ambient aerosol particles were
greater than 0.4 for both episodes (Fig. 7), which indicates that the observed ambient
organic aerosol particles were aged enough to be fragmented. Figure 7 also shows that
PAM OAs have higher O:C ratio and lower H:C ratio than ambient aerosol particles do and
that the Van Krevelen slope (A(H:C)/ A(O:C)) of both episodes were about -0.6. In a
laboratory PAM experiment, Lambe et al. (2012) observed a similar tendency and explained
that as SOA oxidized, the Van Krevelen slope changed from minor fragmentation of
carbonyl and acids/alcohol to major fragmentation of acids. In addition, Hu et al. (2016)
demonstrated that fragmentation became an important pathway of OAs oxidation at OH
exposure greater than 10! molecules cm= s. At OH exposure of 7 x 10! molecules cm™ s,
they observed 20 % of OA mass concentration loss by volatilization followed by
fragmentation of heterogeneous reaction products on the particles. In the present study,
the OH-induced OA mass concentration loss in PAM reactor was about 25 % and 28 % for
organic-dominated and sulfate-dominated episode, respectively at our OH exposure of 7 x

10 molecules cm3 s (Table 1).

13



353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

The m/z 44 mass concentration increased in PAM aerosol particles. In particular,
the increase in m/z 44 mass concentration was associated with larger sizes than the m/z
43 mass concentration loss (Fig. 6). As mentioned above, m/z 43 mass concentration loss
was significant for sizes less than 200 nm in AMS measurement, but most of the increase
in m/z 44 mass was concentration observed in the size greater than 200 nm. If particles
grew in size by heterogeneous oxidation of carbonyls to carboxylic acids on pre-existing
particle surfaces, the mass concentration decrease in m/z 43 should also have been
associated with an increase in the m/z 44 mass concentration by the addition of oxygen.
For both episodes, m/z 43 reduction was associated with m/z 44 enhancement in PAM
reactor, however the total organics mass concentration was decreased. This result implies
that the observed loss of particle mass concentration was caused by heterogeneous
oxidation, which resulted in fragmentation and evaporation. The oxidation of organics in
the atmosphere can occur both in the gas phase and through heterogeneous reactions.
The gas-phase reaction is tens of times faster than the heterogeneous reaction, being
limited by diffusion to the particle surface (Lambe et al., 2012). In our experiment, it was
not feasible to distinguish gas-phase oxidation of semi-volatile organics in equilibrium
with the particle phase from heterogeneous oxidation of organics on the particle surface.
The distributions of less oxidized organics such as carbonyl groups with a semi-volatile
nature in gaseous and particulate phases are controlled by the partitioning equilibrium
between the two phases. In contrast, further oxidized organics such as organic acid
groups with low volatility tend to preferentially remain in the particle phase (Ng et al,
2011). It is, therefore, quite likely that the gas-phase concentration of m/z 43-like
compounds decreased by further oxidation in the PAM reactor, leading to evaporation of
organic m/z 43 in particle phase to be re-equilibrated with the decreased concentration in
gas phase. On the other hand, m/z 44-like compounds were sufficiently less volatile, thus
they underwent little evaporation to the gas phase. During the ~100 s of the residence
time in the PAM reactor, the gas-phase reactions would be more efficient than relatively

slower heterogeneous oxidation, but as the semi-volatile SOA compounds are depleted,
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then heterogeneous oxidation becomes more important(Lambe et al., 2012).

It was also found in a previous study that the loss of OA mass concentration was
less for highly oxidized OAs than for less oxidized OAs due to heterogeneous oxidation
(Kessler et al., 2012). In addition to the loss of less oxidized organics (m/z 43), the AMS
measurements indicated that highly oxidized OAs (m/z 44) were produced in the PAM
reactor. In particular, the m/z 44 peak was found to occur in the same size range as that
of sulfate. These results suggest that SOAs formed by gas-phase oxidation and subsequent
condensation on the surface of existing sulfate particles. Indeed, robust evidence for this
can be found in detailed laboratory studies of SOA formation on acidic seed particles
(Jang et al., 2002; Jang et al., 2006; Kang et al., 2007).

This difference in behavior between the two episodes is consistent with the
evolution of particle aging. The organic-dominated episode had particles that have been
aged less and therefore contain less oxygenated molecules that can be further oxidized.
The sulfate-dominated episode had more aged particles that were more depleted in semi-
volatile organics so that further oxidation would need to proceed through heterogeneous

oxidation even though it is slower than gas-phase oxidation.

4.3. Formation and evolution of inorganic aerosols

In the PAM aerosol particles, sulfate concentrations were always greater than or
similar to those of the ambient aerosol particles for the entire experiment period. This
increase is expected because ambient SO, was about 3 ppbv in both episodes and some
of this SO, would be converted to sulfate and either nucleate or be deposited on existing
particles in the PAM reactor (Kang et al., 2007). For the two selected episodes, sulfate
mass concentration noticeably increased in accumulation mode (Figure 6). Although
nucleation mode particles increased in number concentration to a great extent, their mass
concentration contribution was small at the ambient level of gaseous precursors. In this

study, the variation in ammonium concentrations was similar to that of sulfate (Fig. 2b). In
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addition, the equivalent ratios of sulfate and nitrate to ammonium indicated that the
ambient particles were mostly acidic.

In the organic-dominated episode, the increase of the PAM aerosol particles mass
concentration for particles larger than 200 nm resulted from the formation of sulfate and
myz 44 as described earlier (Figs. 5, 6), in which sulfate exhibited a broad peak in 200-500
nm particles, as in ambient particles. In comparison, the sulfate increase shifted toward
smaller sizes in 200400 nm range during the sulfate-dominant episode, leading to a
sharp peak at 200 nm. An increase in sulfate mass concentration was noticeable between
200-400 nm. A major inorganic constituent, nitrate, was lost in the PAM reactor during
both episodes, with an ambient nitrate concentration that was comparable to the levels of
sulfate and organics concentration (Fig. 2b). The nitrate concentration loss occurs in the
PAM reactor because of the efficient conversion of SO, to sulfate, causing the particles to
become acidic and causing particulate nitrate (HNO;(p)) to evaporate. A plausible source
of HNOjs(p) in the PAM reactor is the formation of gaseous HNOs(g) and deposition on
the particles. If a particle is acidic in the presence of sulfuric acids, nitrate easily
evaporates back to the gas phase. As stated in section 2, the loss of nitrate by
temperature-induced evaporation would be insignificant.

In organic-dominated episode, the normality balance of ammonium with sulfate and
nitrate (sulfate + nitrate) [ueq/L] / ammonium [peqg/L] was 1.34 in ambient particles, which
was reduced to 1.22 in PAM particles with enhanced sulfate and ammonium but with
nitrate being lost (details in Figure S8). In the sulfate-dominated episode, the ammonium
balance remained unchanged in PAM particles due to an equivalent loss of nitrate over
the condensation mode with its mode being shifted toward larger size. These results
illustrate the role of sulfate in determining chemical compositions and mass loadings of

aerosol particles in northeast Asia.

4.4. Atmospheric implications
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The ambient OAs in the present study were moderately to well-aged, as indicated
by their O:C ratios being greater than 04. They were chemically and physically
transformed in the PAM reactor, resulting in increased O:C ratios and decreased OA mass
concentrations by photochemical oxidation and fragmentation processes. Although the
oxidant levels of OH and O; in the PAM reactor far exceeded the ambient levels, the H:C
and O:C ratios of the ambient and PAM OAs were in close agreement with those observed
in the atmosphere (Ng et al., 2011) (Fig 7). These results provide good evidence for the
ability of the PAM reactor to accelerate oxidation processes in ambient air under high Os;
and OH conditions and to represent atmospheric aging of approximately 5 days without
physical removal processes such as dry/wet deposition. It further confirms that the PAM
reactor is applicable for field studies to observe aging processes of various types of
precursors and aerosols including emission sources and long-range transported air masses.

The O:C ratios of OAs from this study were plotted against aging time and
compared with those observed in east Asia (Fig. 8), where the O:C ratios were found to
increase with transport time across the Pacific Ocean (Takegawa et al., 2006; Takami et al,
2007; Dunlea et al, 2009). The O:C ratios of the bulk OAs depend on the mass
concentrations of organic constituents because the saturation vapor pressure varies with
the molecular weight of the organics (Donahue et al, 2006). Thus, the O:C ratios from
different studies are not directly comparable if their OA concentrations vary over a wide
range. In Figure 8, OA mass concentrations ranged up to 10 ug m* and thus a comparison
among different sets of measurements is suitable. In the real atmosphere, the fate and
evolution of secondary aerosols could be affected by scavenging of oxidized OAs and
inorganic aerosols on the cloud droplets by aqueous aerosol surface reaction (Dunlea et
al, 2009), nucleation of new particles due to the entrainment of free tropospheric air
(Song et al, 2010), or dry deposition on the dust particles (Dunlea at al, 2009). It is
noteworthy that the increase in O:C ratios with photochemical aging was slightly higher in

our results than in those of previous studies, which is possibly due to the omission of
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these scavenging processes in PAM reactor.

The results of this study imply that SO, plays a key role in increasing secondary
aerosol concentrations in east Asia because the lifetime of SO, is longer than those of
VOCs and because sulfate is relatively stable in the particle phase once formed, contrary to
nitrate and organics. While SOA formation is more important near sources or in fresh air
masses, OAs oxidation occurs continuously during the transport of air masses. The
formation yield of sulfate from SO, is greater than that of organic aerosol particles during
3~4 days of aging in the Asian pollution plume because of fast depletion of SOA
precursors (Dunlea et al, 2009), which is consistent to our results. In particular, this study
indicates that relatively less aged OAs were in equilibrium with the gas phase, through
which oxidation of less oxidized OAs was carried out, leading to increased OA mass
concentration in the CCN size range (200400 nm). The increased O:C ratios rendered
particles more hygroscopic, thereby facilitating their activation as CCNs (Massoli et al,
2010). Thus, climate effect of OA aging should be considered along with decreases in OA

mass loading when they are transported across long distances.
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Table 1. Meteorological parameters and measurement summary for organic-dominated

and sulfate-dominated episodes.

Organic-dominated

Sulfate-dominated

Aug. 6, 11 AM~ Aug. 7,9 AM  Aug. 9, 1 AM~ Aug. 9, 2 PM

Meteorological parameters

Temp(°C) 26 £ 0.8 20 £ 0.6
Relative humidity (%) 84 + 7.7 9% + 0.2
Wind speed (m/s) 5+16 8+17
Wind direction easterly southwesterly
Weather mark Cloudy Fog
Gaseous species
SO; (ppbv) 31 +03 34 +0.2
NO; (ppbv) 24 £ 0.8 09+03
CO (ppmv) 02 +0.0 04 +0.1
Os (ppbv) 46 + 22 54 + 8
SMPS particle mass concentration”
Ambient PAM Ambient PAM
Total mass conc. 14.04+4.49 17.96+5.66 25.00+6.41 2344 + 891
10~50 nm 0.03+0.03 0.73+0.33 0.01+0.01 0.29+0.12
50~200 nm 5.55+2.33 5.21+2.19 7.78+2.01 9.53+2.54
200~500 nm 8451227 12.03+3.47 17.21+549 13.62+8.09
AMS particle mass concentrations®
Sulfate 295+ 131 459 + 191 1145 + 465 1466 + 5.01
Nitrate 1.16 + 0.85 0.52 + 0.22 1.56 + 1.01 045 + 0.20
Ammonium 1.03 £ 0.62 1.51 £ 0.67 344 + 136 407 £ 148
Organics 10.59+ 3.71 797 + 2.66 5.34 £ 1.85 3.84 + 1.00
my/z 43 0.66 + 0.04 0.31 £0.01 0.24 + 0.02 0.10 + 0.02
my/z 44 147 + 0.08 191 + 0.01 0.93 £ 0.06 0.98 + 0.05

# SMPS particle mass concentrations were obtained from SMPS measurements corrected

with a particle density of 1.4 ug cm3, and units are pg cm™.

& AMS particle mass concentrations of sulfate, nitrate, ammonium and organics were

obtained from MS mode AMS measurements, and units are ug cm™,
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Figure Captions

Figure 1. (a) The location of the measurement site on Baengnyeong Island, the

northernmost island in South Korea. The red circle indicates the measurement
station location. (b) 72-hour backward trajectory for the two episodes. Green
represents the organics-dominated episode during August 6, 11 AM to August 7,
9 AM, 2011, while red represents the sulfate-dominated episode during August 9,
1 AM to August 9, 2 PM, 2011.

Figure 2 (a) Aerosol particle mass concentrations from SMPS measurements for ambient

and PAM aerosols. (b) Mass concentrations of major components measured by
HR-ToF-AMS including organics, nitrate, sulfate, ammonium, chloride, and m/z 43
and my/z 44. Solid lines and lines with markers represent ambient aerosol particles
and PAM aerosol particles, respectively. Shaded periods represent the organics-
dominated episode (August 6, 11 AM to August, 7 9 AM) and the sulfate-
dominated episode (August 9, 1 AM to August 9, 2 PM). The lowest mass
concentration observed on August 8 was due to rain. (c) Time series of particle
volume concentration measured from AMS and SMPS. Particle volume
concentration from AMS was calculated with mass concentration and composition
dependent density. (d) The size-separated number concentrations of ambient and

PAM aerosols particles measured by SMPS.

Figure 3. SMPS mass concentration difference between PAM and ambient aerosol particles

averaged for the entire sampling period.

Figure 4. Hourly measurements of SO, NOx, CO, Os;, EC, OC and meteorological

parameters for the entire sampling period.

Figure 5. (a) AMS mass spectra of organics and SMPS mass size distribution averaged for

organics-dominated episode and (b) AMS mass spectra of organics and SMPS

mass size distribution averaged for sulfate-dominated episode.
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Figure 6. AMS p-ToF size distributions of PAM and ambient particles components
averaged for each case.

Figure 7. Van Krevelen diagram for two episodes. Dashed lines represent the Van Krevelen
slopes, A(H:C)/ A(O:C) to show the direction of particular functional group
additions (Heald et al.,, 2010). Shaded gray areas represent the H:C and O:C ranges
observed in ambient OAs (Ng et al,, 2011).

Figure 8. Comparison of O:C ratios in this study and other studies with respect to
photochemical age. The photochemical ages in our measurement were obtained
by the transport time calculated from a backward trajectory analysis and
photochemical aging times in the PAM reactor. Other study data were obtained

from Takegawa et al. (2006), Takami et al. (2007), and Dunlea et al. (2009).
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Figure 2(c)
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