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Abstract 18 

We investigated the photochemical aging of ambient aerosols using a potential 19 

aerosol mass (PAM) reactor at Baengnyeong Island in the Yellow Sea during August 4–12, 20 

2011. The size distributions and chemical compositions of the ambient and aged PAM 21 

aerosols were measured alternately every 6 min by Scanning Mobility Particle Sizer (SMPS) 22 

and High Resolution-Time of Flight-Aerosol Mass Spectrometer (HR-ToF-AMS), respectively. 23 

Inside the PAM reactor, O3 and OH levels were equivalent to 4.6 days of integrated OH 24 

exposure at typical atmospheric conditions. Two types of air masses were distinguished on 25 

the basis of the chemical composition and the degree of aging: The air  transported from 26 

China was more aged with higher sulfate concentration and O:C ratio and the air mass 27 

coming through the Korean Peninsula was less aged with more organics than sulfate and 28 

lower O:C ratio. In PAM reactor, sulfate was constantly formed, resulting in the increase of 29 

particle mass at 200–400 nm size range. Organics were responsible for an overall loss of 30 

mass in 100–200 nm particles. This loss was especially evident for the m/z 43 component 31 

representing less oxidized organics. Conversely, the m/z 44 component corresponding to 32 

further oxidized organics increased with a shift toward larger sizes during the organics-33 

dominated episode. The oxidation of less oxidized organics was likely facilitated by gas-34 

phase oxidation and partitioning for re-equilibrium between the gas and particle phases. 35 

Nitrate evaporated in the PAM reactor upon the addition of sulfate to the particles. These 36 

results suggest that the chemical composition of aerosols and their degree of 37 

photochemical aging particularly for organics are also crucial in determining aerosol mass 38 

concentrations. Because sulfate in the atmosphere was stable for about a week of the 39 

nominal lifetime of aerosols, SO2 is an unquestionably primary precursor of secondary 40 

aerosol in northeast Asia. In comparison, the contribution of organics to secondary 41 

aerosols is more variable during transport in the atmosphere. Note that the integrated OH 42 

exposure of 4.6 days emphasized the sulfate contribution on aerosol in this study  43 

because further oxidation leads to the loss of OAs over a couple days of aging. Notably, 44 

an increase in low-volatility organics was associated with sulfate and evident at 200–400 45 
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nm, highlighting the potential role of secondary organic aerosol (SOA) in cloud 46 

condensation nuclei (CCN) formation.  47 

 48 

1. Introduction 49 

 50 

In East Asia, atmospheric aerosols are a cause of public concern because of the 51 

frequent occurrence of haze in mega cities and industrial areas and dust storms in deserts 52 

and extremely dry regions, and their transboundary transport (Takami et al., 2007; Wu et 53 

al., 2009; Kim et al., 2009; Ramana et al., 2010; Kang et al., 2013). These occurrences impact 54 

the regional air quality and climate (Li et al., 2011; Huang et al., 2014). Aerosol plumes are 55 

able to remain in the atmosphere for up to 10 days and can be transported across the 56 

Pacific Ocean. During transport, air masses become photochemically aged, leading to the 57 

generation of secondary aerosols and subsequent modification of the optical and 58 

microphysical properties of aerosols (Dunlea et al., 2009; Lim et al., 2014; Lee et al., 2015). 59 

This transformation process has been studied by collecting ambient air across the Pacific 60 

Ocean or by tracking the Asian plumes onboard aircrafts (Brock et al., 2004; Aggarwal and 61 

Kawamura, 2009; Dunlea et al., 2009; Peltier et al., 2008).  62 

Secondary aerosols (SA) comprise inorganics such as sulfate and nitrate as well as 63 

organics. Of these, secondary organic aerosols (SOA) are of more interest because they are 64 

produced in the atmosphere from numerous organic species and are aged through 65 

complex mechanisms, during which their physicochemical properties such as volatility, 66 

hygroscopicity, and optical properties are altered. The absorption and scattering properties 67 

of aerosols in northeast Asia was reported to be intimately linked with their chemical 68 

composition (Lim et al., 2014). As aerosols are oxidized, the hygroscopicity of organic 69 

aerosols (OAs) increases, suggesting photochemically driven CCN activation of SOA 70 

(Massoli et al., 2010; Lambe et al., 2011; King et al., 2010; Morgan et al., 2010). 71 

To understand SOA formation and aging processes, experiments have been 72 

conducted using environmental chambers (Kroll and Seinfeld, 2008; Hallquist et al., 2009). 73 
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In these large environmental chambers, atmospheric simulations are limited to the 74 

equivalent of only about a day, which is much shorter than the nominal lifetime of 75 

aerosols, which is about a week. In addition, ambient air masses are under influence of 76 

various emissions and mixing processes, which are not properly represented in these well-77 

mixed and long-residence time chambers (Jimenez et al., 2009; Ng et al., 2010).  78 

Thus, we introduced the potential aerosol mass (PAM) chamber, a continuous flow 79 

reactor under high levels of OH and O3, which is applicable for both controlled lab studies 80 

and ambient air (Cubison et al., 2011; Kang et al., 2007, 2011b; Lambe et al., 2012; Massoli 81 

et al., 2010). The highly oxidizing conditions of the PAM reactor are suitable for examining 82 

SOA formation and oxidation processes for the equivalent of a week or more (Jimenez et 83 

al., 2009; George and Abbatt, 2010). In particular, the PAM reactor has less wall loss mainly 84 

due to much shorter residence time compared to conventional chambers. Thus, PAM 85 

reactor is able to reasonably simulate aging processes of SOA after formation (Kang et al., 86 

2011a). In the first field deployment of PAM in northeast Asia, Kang et al. (2011a) reported 87 

PAM simulation results for different air masses and demonstrated that oxidation processes 88 

occurring in the natural atmosphere were plausibly integrated in the PAM reactor. Recently, 89 

PAM reactor has been used to examine secondary aerosol formation and evolution from 90 

ambient air masses (Hu et al., 2016; Ortega et al., 2016; Palm et al., 2016) and emission 91 

sources (Ortega et al., 2013; Link et al., 2017; Timonen et al., 2017). The wall losses of 92 

aerosols and condensable gases and photochemistry of the PAM reactors have been 93 

studied to quantitatively understand the experimental results of PAM reactor (Lamb et al., 94 

2015; Palm et al., 2016; 2017; Peng et al., 2015; 2016). In this study, we deployed a PAM 95 

reactor at an island site in the Yellow Sea to investigate the photochemical aging 96 

processes of ambient aerosols such as secondary aerosol formation and evolution of pre-97 

existing aerosol over the northeast Asia. Their size, mass, chemical, and transformation 98 

characteristics were thoroughly examined with a particular emphasis on SOA formation 99 

and transformation. 100 

 101 
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2. Experimental methods  102 

 103 

Experiments were conducted at a measurement station on Baengnyeong Island in 104 

the Yellow Sea (37.967°N, 124.630°E, 100 m asl) from August 4 to August 12, 2011 (Fig. 1a). 105 

As the northernmost and westernmost part of South Korea, Baengnyeong Island is located 106 

740 km west of Beijing and 211 km east of Seoul. The measurement station was 107 

established by the National Institute of Environmental Research (NIER) as a core 108 

background site of the National Monitoring Network to observe dust and pollution plume 109 

transported from China. In previous studies conducted at the same site, sulfate and 110 

organic aerosols were enhanced under the influence of pollution plumes transported from 111 

eastern China and the Korean Peninsula (Choi et al., 2016; Lee et al., 2015).  112 

 Ambient air sampled using a PM1.0 cyclone and was pulled through a tubing (1 113 

cm diameter) into the PAM reactor for 6 minutes, during which time the ambient aerosols 114 

were oxidized (hereafter referred to as “PAM aerosols”). For another 6 minutes, the 115 

sampled ambient air was directly pumped into the analytical instruments, bypassing the 116 

PAM reactor. The ambient and PAM aerosols were alternately measured every 6 minutes, 117 

thereby producing pseudo-simultaneous measurements.  118 

The PAM reactor employed in this study is the same version as that described in 119 

Lambe et al. (2011), which was also used for laboratory studies of SOA aging (Lambe et al. 120 

2012; 2015). The ambient air was introduced into the PAM reactor through an inlet plate 121 

and endcap and then rapidly dispersed before entering the reactor through a Silconert-122 

coated (Silcotech, Inc.) stainless steel screen. For sampling, copper or stainless steel tubing 123 

was used to minimize the particle loss on the tubing walls. The residence time of air in the 124 

PAM reactor was 100 seconds based on flow rate and the volume of the reactor. During 125 

the experiment, the loss associated with PAM reactor and inlet was determined. The SO2 126 

loss through a cyclone and inlet plate was 11 ± 7 % and aerosol loss in the PAM reactor 127 

was about 12 %. The loss of aerosol and SO2 gas was measured as difference in the 128 

concentration between ambient air and air pulled through PAM reactor with UV lights off.  129 
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The PAM reactor is equipped with long Hg lamps emitting 185 nm and 254 nm 130 

light (82-9304-03, BHK Inc.) in order to produce large amounts of OH and O3, creating a 131 

highly oxidizing environment. The UV lamps were housed in Teflon sleeves being purged 132 

by nitrogen to prevent heat and O3 from building up. The results of Ortega et al. (2016) 133 

using the PAM reactor same as that used in the present study, demonstrated that 134 

temperate was increased by about 2 °C inside the PAM reactor and its effect on 135 

evaporation of OA or nitrate was insignificant. 136 

The OH exposure of PAM reactor was estimated to be 7 x 1011 molecules cm−3 s 137 

against sulfur dioxide decay that was conducted by Kang et al., 2011b. It is equivalent to 138 

an integrated OH concentration over 4.6 days at a typical noon-time concentration of 1.5 x 139 

106 molecules cm−3 (Mao et al., 2010), which is lower by 25 % than was expected due to 140 

the external OH suppression. The OH suppression from VOCs and other OH-reactive gases 141 

were calculated using the chemistry model with 30 s-1 of external OH reactivity, 142 

representing rural areas (Feiner et al., 2016; Lee et al., 2008; Peng et al., 2016; Yoshino et 143 

al., 2006). In the present study, therefore, we examined how the air masses reaching 144 

Baegnyeong Island were further oxidized during the effective aging time of 4.6 days, which 145 

is consistent with transport time from China but slightly longer than the time of typical 146 

maximum SOA production from aging (Ortega et al., 2016) under OH diel-mean of 1.5 x 147 

106 molecules cm−3. The chemical composition of aerosol was measured by a high-148 

resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS, hereafter referred to as 149 

“AMS”) and their number concentration was determined in the mobility diameter range of 150 

10.4–469.8 nm with a scanning mobility particle sizer (SMPS 3034, TSI) (Jayne et al., 2000; 151 

Jimenez et al., 2003; DeCarlo et al., 2006; Drewnick et al., 2006). The aerosol mass 152 

concentration was obtained from the volume concentration multiplied by a fixed particle 153 

density of 1.2 g cm−3
. Detailed descriptions of the HR-ToF-AMS and the sampling site can 154 

be found elsewhere (Lee et al., 2015). For concentrations measured by AMS, composition 155 

dependent collection efficiency was applied by adopting the result of Middlebrook et al. 156 

(2012). Ozone (O3), elemental carbon (EC), and organic carbon (OC) were simultaneously 157 
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measured, along with meteorological parameters (Table 1). The HYSPLIT backward 158 

trajectory model, which was developed by the National Oceanic and Atmospheric 159 

Administration (NOAA), was used to examine the history of the sampled air masses (Wang 160 

et al., 2009).  161 

 162 

3. Results  163 

3.1. Measurement overview of ambient and PAM aerosols  164 

 165 

PM1.0 aerosol mass concentrations varied from 0.5 to 38 μg m−3 for both the PAM 166 

aerosols and the ambient aerosols (Figure 2a) during the entire experiment period. Choi et 167 

al. (2016) reported the AMS measurements (PM1.0) made at the same site during March-168 

April, 2012 and November-December, 2013, where PM1.0 varied from the detection limit to 169 

~100 μg m-3. These PM1.0 concentrations were lower than those measured in Changdao 170 

that is located in Bohai Sea (Hu et al., 2013; Choi et al., 2016; Lee et al., 2015). The PAM 171 

aerosol masses were generally greater than the ambient aerosol masses, but not all the 172 

time. The difference in mass concentrations between the PAM aerosols and the ambient 173 

aerosols either a gain or loss of particle mass in the range of -3 ~ 7 μg m−3, indicating that 174 

photo-oxidation.  175 

Particle mass distributions of the ambient and PAM aerosols were averaged for the 176 

entire experiment and their difference is presented in Fig. 3. In the PAM chamber, nuclei-177 

mode particles were formed (average dN/dlogDp = 2 x 105 cm−3) but their contribution to 178 

the total aerosol mass was relatively insignificant due to their small sizes of less than 50 179 

nm in diameter (Dp). In comparison, the mass of PAM aerosol was distinctively increased at 180 

sizes larger than 200 nm. Particles between 50 and 200 nm in diameter were either lost or 181 

produced in the PAM reactor, depending on the history of the air masses. The formation of 182 

nuclei mode particles in PAM reactor were  also observed in previous studies (Ortega et 183 

al., 2016; Palm et al., 2016). The enhancement of accumulation mode particles was 184 

dependent on the equivalent ages of PAM reactor and condensation sink (CS) by 185 
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preexisting aerosols. Major constituents including sulfate, organics, ammonium, and nitrate 186 

for both ambient and PAM aerosols are presented in Fig 3. Sulfate and ammonium 187 

concentrations in the PAM reactor were mostly higher or similar to those in the ambient 188 

air. In contrast, total organics and nitrate were mostly lower in the PAM aerosols than  189 

ambient aerosols.  190 

The measurement results of PAM experiment include uncertainty associated with 191 

losses of condensable gases and aerosols in PAM reactor and sampling system. The 192 

condensable gases fate model for PAM reactors (Palm et al., 2016) predicts 57~66% and 193 

62~81% of organic gases and sulfates to be condensed on the existing aerosols, 194 

respectively at 4.6 days of equivalent aging time. We used the same constants as those in 195 

Palm et al. (2016) for our PAM condition (residence time of 100 s and aging time of 4.6 196 

days). The fraction of low-volatility gases that were not condensed in the PAM reactor was 197 

higher for organic-dominated case (33%) than sulfate-dominated case (27%) because of 198 

greater CS in latter than former. Previous studies showed that the SOA formation from 199 

VOCs including Semi/Intermediate Volatile Compounds (S/IVOCs) could be enhanced up to 200 

a few times greater than SOAs from VOCs only (Hayes et al., 2015; Palm et al., 2016). In 201 

our experiment, air masses that were transported from the Korean Peninsula or from east 202 

China for at least 1 day were sampled in the PAM reactor, thus it is likely that S/IVOCs 203 

were already partitioned into the aerosol phase, if existed and the loss of S/IVOCs or their 204 

contribution to SOA formation would be much less significant than was reported in 205 

previous studies. Nonetheless, S/IVOCs could be lost to the reactor inlet plate as well as 206 

reactor wall due to their low saturation vapor pressures, leading to the underestimation of 207 

their contribution to SOA formation in the PAM reactor of this study. 208 

 209 

3.2. Organics- and sulfate-dominated episodes 210 

 211 

Throughout the experiment, ambient aerosols were highly enhanced during two 212 

separate periods (shaded in Fig. 2a), with distinct differences in chemical composition 213 
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between the two. While the ambient air was enriched in organics during the first episode 214 

(August 6, 11 AM to August 7, 9 AM), sulfate was dominant in the second episode (August 215 

9, 1 AM to August 9, 6 PM). During the two episodes, the levels of gaseous precursors 216 

including NOx, SO2, and CO were higher than in the remaining periods (Fig. 4). However, 217 

the ratios of both SO2/NOx and OC/EC were higher for the first case than the second case. 218 

It was opposite for O3/CO ratios. These two cases were distinguished by the air masses 219 

backward trajectories (Fig. 1b). Higher concentrations of organics than sulfate during the 220 

first episode resulted from air that had passed through the Korean Peninsula. The sulfate-221 

dominated air in the second episode had been transported from Southeast China. In 222 

addition, the air mass trajectories imply that sulfate-dominated aerosols lingered over the 223 

Yellow Sea and were aged more than the organic-dominated aerosols.  224 

In addition, the aerosol masses differed in terms of size distributions between the 225 

two episodes (Fig. 5). The mass difference between the ambient and PAM aerosols (gain 226 

and loss) was greater in all size ranges for the organic-dominant episode than the sulfate-227 

dominant episode. In the PAM reactor, the mass of particles smaller than 50 nm and larger 228 

than 200 nm increased, but it decreased in the size range of 100–200 nm. The particles 229 

masses of separate size range are summarized for ambient and PAM processed aerosols in 230 

Table 1. For the two cases, aerosol masses increased at nuclei (10-50 nm) and 231 

condensation (200-500 nm) mode in PAM reactor. At size between 50 and 200 nm, 232 

however, the mass of PAM-processed aerosol was not evidently increased during sulfate-233 

dominated episode and even decreased during organic-dominated episode. The 234 

measurement results of size-separated chemical compositions provide detailed information 235 

on transformation processes in the PAM reactor. In general, sulfate increased but total 236 

organics and nitrate were reduced in the PAM reactor compared to the ambient aerosols 237 

(Fig. 6). The contribution of ammonium ions to the total mass was also greatest when 238 

aerosols were enriched in sulfate. The organic m/z 43 and m/z 44 components exhibited 239 

different behavior in the PAM reactor between the two episodes (Fig. 5). While m/z 43 240 

decreased in the PAM reactor in both episodes, m/z 44 only increased during the sulfate-241 
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dominant episode.  242 

 Therefore, the following discussion is focused on these two distinct aerosols 243 

episodes, for which the size-separated chemical compositions were thoroughly examined 244 

and compared in order to elaborate on the formation of secondary aerosols and the 245 

evolution of ambient aerosols upon photo-oxidation in the PAM reactor.  246 

 247 

4. Discussion 248 

4.1. Formation of nuclei-mode particles  249 

 250 

In the current study, the formation of nuclei-mode particles (Dp <50 nm) was 251 

always observed in the PAM reactor. SO2 is primarily responsible for the formation of new 252 

nuclei mode particles. In previous field studies, increases in the amounts of PAM aerosols 253 

were dependent on the ambient SO2 concentrations (Kang et al., 2013). Palm et al. (2016) 254 

also observed the nuclei mode particles formed, competing for the role of condensation 255 

sink (CS) with preexisting accumulation mode particles. For the two episodes in this study, 256 

the number concentrations of nuclei-mode particles differed by less than an order of 257 

magnitude and SO2 concentrations were similar. Chemical compositions are not available 258 

for nuclei-mode particles due to an AMS cut-off size of 50 nm in the present study. VOC 259 

concentrations for ambient air were not determined, either. In the previous laboratory 260 

experiment, Kang et al. (2011) examined the transient peaks of OA mass concentration at 261 

nuclei mode and smaller stable peaks at larger size range under high OH exposure. These 262 

transient peaks were supposed to be related to the non-linear oscillatory nucleation and 263 

growth of OA, which was referred by McGraw and Saunders (1984). An initial burst of 264 

particles followed by the oscillatory mode with a lower particle number density was 265 

explained by the competition between the rapid formation of nuclei mode clusters and the 266 

condensation onto new particle surfaces of condensable species. 267 

 268 

4.2. Formation and evolution of organic aerosols  269 



11 

 

The SMPS mass size distributions highlight the size range of 100~200 nm, where 270 

PAM aerosol was reduced in mass only for organic-dominated episode (Fig. 5). Mohr et al. 271 

(2012) observed that the ambient Semi-Volatile Oxygenated Organic Aerosols (SV-OOAs) 272 

and Low-Volatile Oxygenated Organic Aerosols (LV-OOAs) were mostly found in the range 273 

of 100–200 nm and greater than 200 nm, respectively. In addition, the concentration of 274 

organic m/z 43 was higher in SV-OOAs than LV-OOAs. In the present study, the 275 

contribution of m/z 43 to total organics was greater in organics-dominated than sulfate-276 

dominated episode. So was the loss of organics in PAM reactor. Volatility of organics with 277 

m/z 43 and 44 were previously described in Ng et al., (2011). These results suggest that 278 

there were less oxidized OAs (e.g., SV-OOAs) in the organics-dominated than the sulfate-279 

dominated episode. The ratios of O:C were lower for organic-dominated aerosols than 280 

those of sulfate-dominated aerosols (Fig. 7). In conjunction with O:C ratio, the air mass 281 

trajectories (Fig. 1b) imply organics-dominated air masses were relatively less aged thereby, 282 

including more less oxidized OAs than those of the sulfate-dominated episode (Jimenez et 283 

al., 2009; Ng et al., 2011). 284 

The AMS measurement results indicate that total organics and the organic m/z 43 285 

component were consistently reduced in the PAM reactor. Possible loss mechanisms are 286 

the deposition of aerosols on the chamber wall (McMurry and Grosjean, 1985; La et al., 287 

2016) and fragmentation reactions from further photo-oxidation to form products with 288 

higher vapor pressure (Lamb et al., 2012). As described in the section 3, the condensable 289 

organics loss by wall surface and by heterogeneous oxidation were calculated to be about 290 

30~40%. For the entire experiment, the O:C ratios of PAM aerosols were greater than 291 

those of ambient aerosols, with O:C ratios corresponding to SV-OOAs and LV-OOAs 292 

(Jimenez et al., 2009). Thus, a chemical transformation from low O:C to high O:C is more 293 

likely to explain the organic mass loss.  294 

Organics are known to be oxidized by OH undergoing functionalization and 295 

fragmentation. The pathway by which this occurs is determined by the oxidation state of 296 

the existing organic aerosols. Functionalization dominates in the early stage of oxidation, 297 
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which increases total organics and organic m/z 43, while fragmentation dominates in the 298 

later stage of oxidation, reducing OA mass (Jimenez et al., 2009; Kroll et al., 2009; Chacon-299 

Madrid et al., 2010; Henry and Donahue, 2012; Lambe et al., 2012). For highly oxidized 300 

OAs with O:C ratios greater than 0.4, fragmentation becomes especially dominant, 301 

resulting in OA mass loss. In this study, the measured O:C ratios of the ambient aerosols 302 

were greater than 0.4 for both episodes (Fig. 7), which indicates that the observed ambient 303 

organic aerosols were aged enough to be fragmented. Figure 7 also shows PAM OAs have 304 

higher O:C ratio and lower H:C ratio than ambient aerosols do and the Van Krevelen slope 305 

(Δ(H:C)/ Δ(O:C)) of both episodes were about -0.6. In a laboratory PAM experiment, Lambe 306 

et al. (2012) observed a similar tendency and explained that as SOA oxidized, the Van 307 

Krevelen slope changed from minor fragmentation of carbonyl and acids/alcohol to major 308 

fragmentation of acids. In addition, Hu et al. (2016) demonstrated that fragmentation 309 

became an important pathway of OAs oxidation at OH exposure greater than 1011 310 

molecules cm-3 s. At OH exposure of 7 x 1011 molecules cm-3 s, they observed 20 % of OA 311 

mass loss by volatilization followed by fragmentation of heterogeneous reaction products 312 

on the particles. In the present study, the OH-induced OA mass loss in PAM reactor was 313 

about 22 % and 37 % for organic-dominated and sulfate-dominated episode, respectively 314 

at our OH exposure of 7 x 1011 molecules cm-3 s (Table 1).   315 

In comparison, the organic m/z 44 mass increased in PAM aerosols for the 316 

organics-dominated episode but not for the sulfate-dominant episode. In particular, the 317 

increase in organic m/z 44 mass was associated with larger sizes than the organic m/z 43 318 

mass loss (Fig. 6). As mentioned above, organic m/z 43 loss was significant for sizes less 319 

than 200 nm in AMS diameter, but most of the increase in organic m/z 44 mass was 320 

observed in the size greater than 200 nm. If particles grew in size by heterogeneous 321 

oxidation of carbonyls to carboxylic acids on pre-existing particle surfaces, the mass 322 

decrease in m/z 43 should also have been associated with an increase in the m/z 44 mass 323 

by the addition of oxygen in the sulfate-dominated episode. During the sulfate-dominated 324 

episode, however, there was no difference in the organic m/z 44 mass between the 325 
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ambient and PAM aerosols, implying that a gas-phase reaction in the photo-chemical 326 

oxidation of organic aerosols was involved. Thus, the mass increase of the m/z 44 327 

component in PAM aerosols was considered in terms of gas-to-particle partitioning. 328 

Upon being aged, OAs are not only formed from precursor gaseous phases but 329 

also evaporated by partitioning between gas and aerosol phases. The evaporated OAs 330 

possibly undergo chemical oxidation, being partitioned into aerosol phase again. Therefore, 331 

SOAs can form from the oxidation of evaporated primary OAs as well as VOCs and 332 

Intermediate VOCs (Donahue et al., 2009). The organic-dominated episode of this study 333 

was characterized by higher organic concentrations and higher OC/EC ratios than the 334 

sulfate-dominated episode, which implies the availability of primary OAs and relatively less 335 

loss by aging or greater SOA formation, compared to photo-chemically inert EC.  336 

The oxidation of organics in the atmosphere can occur both in the gas phase and 337 

through heterogeneous reactions. The gas-phase reaction is tens of times faster than the 338 

heterogeneous reaction, being limited by diffusion to the particle surface (Lambe et al., 339 

2012). In our experiment, it was not feasible to distinguish gas-phase oxidation of semi-340 

volatile organics in equilibrium with the particle phase from heterogeneous oxidation of 341 

organics on the particle surface. Nonetheless, the main result of this study demonstrates 342 

that a distinct loss in m/z 43 was accompanied by little change in m/z 44, which supports 343 

the possibility that gas-phase oxidation was involved in SOA formation. The distributions 344 

of m/z 43-like compounds such as carbonyl groups with a semi-volatile nature in gaseous 345 

and particulate phases are controlled by the partitioning equilibrium between the two 346 

phases. In contrast, m/z 44-like compounds such as organic acid groups with low volatility 347 

tend to preferentially remain in the particle phase (Ng et al., 2011). It is, therefore, quite 348 

likely to occur in PAM reactor that the gas-phase concentration of m/z 43-like compounds 349 

was decreased by further oxidation, leading to evaporation of organic m/z 43 in particle 350 

phase to be re-equilibrated with the decreased concentration in gas phase. On the other 351 

hand, m/z 44-like compounds were sufficiently less volatile that they underwent little 352 

evaporation to the gas phase. During the ~100 s of the residence time in the PAM reactor, 353 
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the gas-phase reactions would be more efficient than relatively slower heterogeneous 354 

oxidation (Lambe et al., 2012). It was also found in a previous study that much less OA 355 

mass loss occurred for highly oxidized OAs with low volatility than for less oxidized OAs 356 

due to heterogeneous oxidation (Kessler et al., 2012). In addition to the loss of less 357 

oxidized organics (m/z 43), the AMS measurements indicated that highly oxidized OAs 358 

(m/z 44) were produced in the PAM reactor. In particular, the m/z 44 peak was found to 359 

occur in the same size range as that of sulfate. These results suggest that SOAs formed by 360 

gas-phase oxidation and subsequent condensation on the surface of existing sulfate 361 

particles. Indeed, robust evidence for this can be found in detailed laboratory studies of 362 

SOA formation on acidic seed particles (Jang et al., 2002; Jang et al., 2006; Kang et al., 363 

2007) 364 

In the present study, the overall mass spectra of organics indicate significant loss of 365 

less oxidized OAs (e.g., m/z 41, 42, 43, …) in the PAM reactor for both episodes. In addition, 366 

CO+ and COO+ groups increased and decreased in the PAM aerosols for the organic-367 

dominant and sulfate-dominant episodes, respectively (Fig. 5). Therefore, the discussion on 368 

single mass of organic m/z 43 and m/z 44 will also be valid for the entire organic classes.  369 

 370 

4.3. Formation and evolution of inorganic aerosols 371 

 372 

In the PAM aerosols, sulfate concentrations were always greater than or similar to 373 

those of the ambient aerosols for the entire experiment period. This indicates a significant 374 

contribution of sulfate to secondary aerosols in the PAM reactor, in which sulfuric acid was 375 

produced through photo-oxidation of SO2 under high OH exposure and then nucleated or 376 

was deposited on pre-existing particles (Kang et al., 2007). For the two selected cases 377 

especially, sulfate mass was noticeably increased in condensation mode where the 378 

condensation of gas on particle surfaces would be favored, particularly under highly 379 

oxidative conditions. Although nuclei-mode particles increased in number to a great extent, 380 

their mass contribution was insignificant at the ambient level of gaseous precursors. In this 381 
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study, the variation in ammonium concentrations was similar to that of sulfate (Fig. 2b). In 382 

addition, the equivalent ratios of sulfate and nitrate to ammonium indicated that the 383 

ambient particles were mostly acidic  384 

In the organic-dominated episode, the increase of the PAM aerosol mass in 385 

particles larger than 200 nm resulted from the formation of sulfate and organic m/z 44 as 386 

described earlier (Figs. 5, 6), in which sulfate exhibited a broad peak in 200–500 nm 387 

particles, as in ambient air. In comparison, the sulfate increase shifted toward smaller sizes 388 

in the 200–400 nm range during the sulfate-dominant episode, leading to a sharp peak at 389 

200 nm. Unlike the organic-dominated episode, the loss of organic m/z 43 was not 390 

accompanied by an increase in organic m/z 44 during the sulfate-dominated episode. The 391 

loss of organic m/z 43 was observed in smaller size than the increase in organic m/z 44 392 

was observed. These features resulted in the difference in overall mass distributions 393 

between the two episodes shown in Fig. 5.  394 

For organic dominated episode, the aerosol mass was decreased at 100-200 nm in 395 

PAM reactor, of which particles seemed to grow in size into the condensation mode by the 396 

addition of sulfuric acid formed from the oxidation of SO2. In figure 6, m/z 44 of PAM 397 

aerosol was enhanced in the condensation mode (AMS size >200nm) where the sulfate of 398 

PAM aerosol was enhanced. It suggests that further oxidized OAs were formed together 399 

with sulfate at condensation mode in the PAM reactor. This then implies that photo-400 

oxidation efficiently activates organic particles to become cloud condensation-mode 401 

particles under SO2-sufficient conditions.  402 

In addition, an increase in sulfate mass was noticeable between 200–400 nm. A 403 

major inorganic constituent, nitrate was lost in the PAM reactor during both episodes, with 404 

an ambient nitrate concentration that was comparable to the levels of sulfate and organics 405 

(Fig. 2b). The nitrate loss is rather explicit in the PAM reactor because of efficient 406 

conversion of SO2 to sulfate, causing the aerosols to become acidic and causing 407 

particulate nitrate (HNO3(p)) to evaporate. A plausible source of HNO3(p) in the PAM 408 

reactor is the deposition of gaseous HNO3(g) or heterogeneous reaction of NO2 on the 409 
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particle surfaces (Underwood et al., 2001),even though the latter is not clearly understood.  410 

If a particle is acidic in the presence of sulfuric acids, nitrate easily evaporates back to the 411 

gas phase.  As stated in section 2, the loss of nitrate by temperature-induced evaporation 412 

would be insignificant.  413 

  In organic-dominated episode, the balance of ammonium with sulfate and nitrate 414 

[(sulfate+nitrate)(μN)]/[ammonium(μN)] was 1.34 in ambient aerosol, which was reduced to 415 

1.22 in PAM aerosol with enhanced sulfate and ammonium but with nitrate being lost. In 416 

sulfate-dominated episode, the ammonium balance remained unchanged in PAM aerosol 417 

due to an equivalent loss of nitrate over the condensation mode with its mode being 418 

shifted toward larger size. These results illustrate the role of sulfate in determining 419 

chemical compositions and mass loadings of aerosols in northeast Asia. 420 

 421 

4.4. Atmospheric implications 422 

 423 

The ambient OAs in the present study were moderately to well aged, as indicated 424 

by their O:C ratios greater than 0.4. They were chemically and physically transformed in 425 

the PAM reactor, resulting in increased O:C ratios and decreased OA mass concentrations 426 

by photochemical oxidation and fragmentation processes. Although the oxidant levels of 427 

OH and O3 in the PAM reactor far exceeded the ambient levels, the H:C and O:C ratios of 428 

the ambient and PAM OAs were in close agreement with those observed in the 429 

atmosphere (Ng et al., 2011) (Fig 7). These results provide good evidence for the ability of 430 

the PAM reactor to accelerate oxidation processes in ambient air under high O3 and OH 431 

conditions and to represent atmospheric aging of approximately 5 days without physical 432 

removal processes such as dry/wet deposition. It further confirms that the PAM reactor is 433 

applicable for field studies to observe aging processes of various types of precursors and 434 

aerosols including emission sources and long-range transported air masses.   435 

The O:C ratios of OAs from this study were plotted against aging time and 436 
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compared with those observed in East Asia (Fig. 8), where the O:C ratios were found to 437 

increase with transport time across the Pacific Ocean (Takegawa et al., 2006; Takami et al., 438 

2007; Dunlea et al., 2009). The O:C ratios of the bulk OAs depend on the concentrations of 439 

organic constituents because the saturation vapor pressure varies with the molecular 440 

weight of the organics (Donahue et al., 2006). Thus, the O:C ratios from different studies 441 

are not directly comparable if their OAs concentrations vary over a wide range. In Figure 8, 442 

OA concentrations ranged up to 10 μg m3 and thus a comparison among different sets of 443 

measurements is suitable. In the real atmosphere, the fate and evolution of secondary 444 

aerosols could be affected by scavenging of oxidized OAs and inorganic aerosols on the 445 

cloud droplets by aqueous aerosol surface reaction (Dunlea et al., 2009), nucleation of new 446 

particles due to the entrainment of free tropospheric air (Song et al., 2010), or dry 447 

deposition on the dust particles (Dunlea at al., 2009). It is noteworthy that the increase in 448 

O:C ratios with photochemical aging was slightly higher in our results than in those of 449 

previous studies, which is possibly due to the omission of these scavenging processes in 450 

PAM reactor .  451 

The results of this study imply that SO2 plays a key role in increasing secondary 452 

aerosol concentrations in East Asia because the lifetime of SO2 is longer than those of 453 

VOCs and because sulfate is relatively stable in the particle phase once formed, contrary to 454 

nitrate and organics. While SOA formation is more important near sources or in fresh air 455 

masses, OAs oxidation occurs continuously during the transport of air masses. The 456 

formation yield of sulfate from SO2 is greater than that of organic aerosols during 3~4 457 

days of aging in the Asian pollution plume because of fast depletion of SOA precursors 458 

(Dunlea et al., 2009), which is consistent to our results.   In particular, this study indicates 459 

that relatively less aged OAs were in equilibrium with the gas phase, through which 460 

oxidation of less oxidized OAs was carried out, leading to increased OA mass in the CCN 461 

size range (200–400 nm). The increased O:C ratios rendered particles more hygroscopic, 462 

thereby facilitating their activation as CCNs (Massoli et al., 2010). Thus, climate effect of OA 463 

aging should be considered along with deceases in OA mass loading when they are 464 
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transported across long distances.  465 

 466 

5. Conclusions 467 

 468 

A PAM reactor was used to analyze ambient air at Baengnyeong Island in the 469 

northern part of the Yellow Sea during August 4–12, 2011. The chemical compositions and 470 

number concentrations of ambient and PAM aerosols were alternately determined with 471 

ToF-AMS and SMPS, respectively. The integrated OH exposure was equivalent to 4.6 days 472 

of atmospheric photo-oxidation. The results of the present study demonstrate that the 473 

high levels of OH and O3 in the PAM reactor can expedite slow atmospheric reactions and 474 

that chemical aging processes of the natural atmosphere are plausibly represented.  475 

During the experiment, two periods of noticeably enhanced aerosol concentrations 476 

with different chemical compositions and degrees of air mass aging were observed. While 477 

organic concentrations were highest during August 6–7 and sulfate was more elevated on 478 

August 9, the ratio of O:C was higher for the latter than the former. In addition, the size-479 

dependent mass distributions of major constituents were clearly distinguished between the 480 

two episodes, which were used to understand the photochemical and volatile properties of 481 

the aerosols. 482 

In the PAM reactor, sulfate formed in condensation mode in particle sizes between 483 

200 and 400 nm and presumably in nucleation mode for particles smaller than 50 nm, 484 

which suggests that SO2 was not limited in the study region for generating secondary 485 

aerosols, even during summer. In contrast, nitrate was lost in particles of all size ranges 486 

due to evaporation by the addition of sulfate. The total mass of organics was reduced in 487 

particles between 100 and 400 nm, where the loss in the m/z 43 component was evident 488 

for both episodes. In contrast, the more oxidized organic m/z 44 component was 489 

produced at larger sizes of 200–400 nm only during the organic-dominated episode. These 490 

results suggest partitioning of less oxidized OAs into a gas-phase that was in equilibrium 491 

with the particle phases. As the concentration of m/z 43 and total organics decreased 492 
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upon oxidation, less oxidized OAs were likely evaporated away from the particle phase in 493 

the process of re-equilibration.  494 

As the air mass aged, the loss was apparent for photochemically and physically 495 

unstable component such as organics and nitrate, whereas sulfate was stable in the 496 

aerosol phase. Therefore, organics and nitrate are likely to be relatively more important in 497 

near-source regions while sulfate is probably dominant in areas far from the source. Note 498 

that caution needs to be exerted when interpreting the results of the present study, 499 

considering that only one OH exposure was used in the PAM reactor, and that maximum 500 

organic SOA mass may not have been observed. The results highlight the importance of 501 

chemical composition and oxidation processes in determining the aerosol-forming 502 

potential of an air mass. Although organic mass concentrations decreased with 503 

photochemical aging, OAs were transformed from less oxidized OAs to further oxidized 504 

OAs, as demonstrated by an increase in the organic m/z 44 component at sizes of 200–505 

400 nm where sulfate was consistently increased. In conjunction with the increased O:C 506 

ratio of organics, this underscores the potential of organics to act as cloud condensation 507 

nuclei under SO2-sufficient conditions. 508 

  509 



20 

 

Table 1. Meteorological parameters and measurement summary for organic-dominated 510 

and sulfate-dominated episodes. 511 

 Organic-dominated 

Aug. 6, 11 AM~ Aug. 7, 9 AM 

Sulfate-dominated 

Aug. 9, 1 AM~ Aug. 9, 2 PM* 

Meteorological parameters 

Temp(°C) 26 ± 0.8 20 ± 0.6 

Relative humidity (%) 84 ± 7.7 96 ± 0.2 

Wind speed (m/s) 5 ± 1.6 8 ± 1.7 

Wind direction easterly southwesterly 

Weather mark Cloudy Fog 

Gaseous species 

SO2 (ppbv) 3.1 ± 0.3 3.4 ± 0.2 

NO2 (ppbv) 2.4 ± 0.8 0.9 ± 0.3 

CO (ppmv) 0.2 ± 0.0 0.4 ± 0.1 

O3 (ppbv) 46 ± 22 54 ± 8 

Aerosol species# 

 Ambient PAM Ambient PAM 

Mass& 14.04±4.49 16.31±5.14 25.00±6.41 27.48 ± 7.32 

10~50nm 0.03±0.03 0.66±0.30 0.01±0.01 0.24±0.10 

50~200nm 5.55±2.33 4.73±1.99 7.78±2.01 7.83±2.09 

200~500nm 8.45±2.27 10.92±3.15 17.21±5.49 19.41±6.65 

Sulfate 2.95 ± 1.31 4.19 ± 1.81 11.45 ± 4.65 12.37 ± 4.68 

Nitrate 1.16 ± 0.85 0.47 ± 0.21 1.56 ± 1.01 0.38 ± 0.18 

Ammonium 1.03 ± 0.62 1.38 ± 0.63 3.44 ± 1.36 3.44 ± 1.37 

Organics 10.59± 3.71 7.33 ± 2.54 5.34 ± 1.85 3.36 ± 0.95 

m/z 43 0.66 ± 0.04 0.29 ±0.01 0.24 ± 0.02 0.09 ± 0.02 

m/z 44 1.47 ± 0.08 1.76 ± 0.01 0.93 ± 0.06 0.86 ± 0.05 
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* Data from 9 AM to 12 AM, August 9 were excluded because of rain. 512 

# Units are μg cm−3. 513 
& Aerosol mass concentrations were obtained from SMPS measurements with an aerosol 514 

density of 1.2 μg cm-3 and sulfate, nitrate, ammonium and organics were from HR-ToF-515 

AMS measurements.  516 

  517 
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Figure Captions  518 

Figure 1. (a) The location of the measurement site on Baengnyeong Island, the 519 

northernmost island in South Korea. The red circle indicates the measurement 520 

station location. (b) 72-hour backward trajectory for the two episodes. Green 521 

represents the organics-dominated episode during August 6, 11 AM to August 7, 522 

9 AM, 2011, while red represents the sulfate-dominated episode during August 9, 523 

1 AM to August 9, 2 PM, 2011. 524 

Figure 2 (a) Aerosol mass concentrations from SMPS measurements for ambient and PAM 525 

aerosols. (b) Mass concentrations of major components measured by HR-ToF-AMS 526 

including organics, nitrate, sulfate, ammonium, chloride, and organic m/z 43 and 527 

m/z 44. Solid lines and lines with markers represent ambient aerosols and PAM 528 

aerosols, respectively. Shaded periods represent the organics-dominated episode 529 

(August 6, 11 AM to August, 7 9 AM) and the sulfate-dominated episode (August 530 

9, 1 AM to August 9, 2 PM). The lowest mass concentration observed on August 8 531 

was due to rain.. 532 

Figure 3. SMPS mass difference between PAM and ambient aerosols averaged for the 533 

entire sampling period.  534 

Figure 4. Hourly measurements of SO2, NOx, CO, O3, and meteorological parameters for 535 

the entire sampling period. 536 

Figure 5. (a) AMS mass spectra of organics and SMPS mass size distribution averaged for 537 

organics-dominated episode and (b) AMS mass spectra of organics and SMPS 538 

mass size distribution averaged for sulfate-dominated episode. 539 

Figure 6. AMS p-ToF size distributions of PAM and ambient aerosol components averaged 540 

for each case. 541 

Figure 7. Van Krevelen diagram for two episodes. Dashed lines represent the Van Krevelen 542 
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slopes, Δ(H:C)/ Δ(O:C) to show the direction of particular functional group 543 

additions (Heald et al., 2010). Shaded gray areas represent the H:C and O:C ranges 544 

observed in ambient OAs (Ng et al., 2011).  545 

Figure 8. Comparison of O:C ratios in this study and other studies with respect to 546 

photochemical age. The photochemical ages in our measurement were obtained 547 

by the transport time calculated from a back trajectory analysis and 548 

photochemical aging times in the PAM chamber. Other study data were obtained 549 

from Takegawa et al. (2006), Takami et al. (2007), and Dunlea et al. (2009).   550 
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Figures 551 

Figure 1(a) 552 

 553 

 554 

Figure 1(b) 555 

 556 

 557 

558 
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Figure 2(a)  559 

 560 

 561 

Figure 2(b) 562 
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Figure 3.  566 

   567 
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Figure 4.  568 
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Figure 5(a) 571 
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Figure 5(b)  574 

 575 

 576 

577 

 



30 

 

Figure 6.  578 
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Figure 7. 580 

 581 

582 

      

     

  
 
 

  
 

 

  

    

   

  
  

  
  

+ alcohol/peroxide (slope = 0)

 slope = -0.5

+ carboxylic acid
(slope = -1)

+ ketone/aldehyde 
(slope = -2)

      

O:C

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

H
:C

0.0

0.5

1.0

1.5

2.0

2.5

Ambient OA (Ng et al, 2011)
Org-rich, PAM
Org-rich, Ambient
slope = -0.62
SO4-rich, PAM

SO4-rich, Ambient

slope = -0.67

+ alcohol/peroxide (slope = 0)

 slope = -0.5

+ carboxylic acid
(slope = -1)

+ ketone/aldehyde 
(slope = -2)



32 

 

Figure 8. 583 
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