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Abstract 23 

Over the past few decades, northeast Asia has suffered from the extreme levels of PM2.5 (particulate matter with 24 

an aerodynamic diameter smaller than 2.5 m). Despite extensive efforts and the scientific advances in 25 

understanding PM2.5 pollution, the fundamental mechanisms responsible for the occurrence of high PM2.5 26 

concentrations have not been comprehensively understood. In this study, we investigated the physical and 27 

chemical drivers for the formation and transformation of atmospheric particles using a four-year dataset of 28 

nanoparticle number size distributions, PM2.5 chemical composition, gaseous precursors, and meteorological 29 

variables in northeast Asia outflows. The empirical orthogonal function (EOF) analyses of size-separated 30 

particle numbers extracted two modes representing a burst of nanoparticles (EOF1) and an increase in PM2.5 31 

mass (EOF2) associated with persistent anticyclone and synoptic-scale stagnation, respectively. The vertical 32 

structure of the particles demonstrated that the synoptic conditions also affected the daily evolution of boundary 33 

layer, promoting either the formation of nanoparticles through deep mixing or conversion into accumulation-34 

mode particles in shallow mixed layers. In the haze-development episode equivalent to EOF2 during the 35 

KORUS-AQ (KORea-US Air Quality) campaign, the PM2.5 mass reached 63 g m-3 with the highest 36 

contribution from inorganic constituents, which was accompanied by a thick coating of refractory black carbon 37 

(rBC) that linearly increased with condensation-mode particles. This observational evidence suggests that the 38 

thick coating of rBC resulted from an active conversion of condensable gases into particle-phase on the BC 39 

surface, thereby increasing the mass of the accumulation-mode aerosol. Consequently, this result complies with 40 

the strategy to reduce black carbon as a way to effectively mitigate haze pollution as well as climate change in 41 

northeast Asia.  42 

 43 
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ABBREVIATIONS 

EOF: empirical orthogonal function; SIA: secondary inorganic aerosols; NPF: new particle formation; CS: 

condensation sink; SOR: sulfur oxidation ratio; NOR: nitrogen oxidation ratio; GR: growth rate; OC: organic 

carbon; EC: elemental carbon; CBH: cloud base height; MLH: mixed layer height; DRH: deliquescence relative 

humidity; PBL: planetary boundary layer; rBC: refractory black carbon; KORUS-AQ: Korea–US Air Quality 
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1. Introduction 48 

Countries in northeast Asia have experienced severe atmospheric pollution over the past few decades. 49 

Severe and persistent haze pollution with high levels of PM2.5 (particulate matter with aerodynamic diameter 50 

smaller than 2.5 m) has been the primary public issue, particularly in terms of its strong relationship with 51 

adverse human health impacts, such as cardiovascular and respiratory disease and lung cancer, both of which 52 

lead to increased risk of mortality (Apte et al., 2018; Atkinson et al., 2015; Burnett et al., 2018; Lelieveld et al., 53 

2015). In Seoul, the capital of South Korea, the annual PM2.5 concentration has remained consistently as high 54 

as 20-30 g m-3 during the past decade (Yeo et al., 2019), easily exceeding the national annual air quality 55 

standard (15 g m-3) as well as the World Health Organization (WHO) annual air quality standard (10 g m-3). 56 

High-concentration PM2.5 events tend to occur frequently in the cold months from November to March (Lim et 57 

al., 2012, 2014), when daily mean PM2.5 concentrations often exceed the Korean daily air quality standard ( 35 58 

g m-3) with a composition dominated by secondary inorganic aerosols (SIA), namely SO4
-2, NO3

-, and NH4
+. 59 

In contrast to the role of SIA as an important driver of high PM2.5 levels in cold months, organic carbonaceous 60 

aerosol accounts for a large proportion in fine aerosol mass during warm months (e.g., Kim et al., 2018). 61 

Meanwhile, black carbon (BC), a strong climate-forcing agent (Bond et al., 2013; Boucher et al., 2013), has 62 

been recently known that its insoluble and inert nature facilitate its long-range transport across China during 63 

haze pollution events (Wang et al., 2016; Zheng et al., 2019). The characteristic occurrence of PM2.5 events has 64 

been commonly observed over the northeast Asia region (Fan et al., 2020; Liu et al., 2018).  65 

Long-term regulatory actions to control emissions have been implemented in South Korea as well as China. 66 

However, severe haze events have been unpredictable and more frequent over the last couple of years in Seoul 67 

(Park et al., 2021). Existing knowledge does not explicitly explain the complex processes responsible for the 68 

occurrence of high PM2.5 concentration (e.g., An et al., 2019). Most of all, the relevant chemical (trans)formation 69 

mechanisms and meteorological contributions as well as emission sources that are vital for the effective 70 

mitigation of haze pollution, have yet to be fully identified.  71 

Theoretically, the formation of aerosol particles begins with new particle formation (NPF) and subsequent 72 

growth; aerosols are formed via the gas-to-particle conversion of condensable gases, which include SO2, NOx, 73 

VOCs, and NH3. This process, known as NPF, is dependent primarily upon two parameters: (i) a source strength 74 

of condensable gas and (ii) a level of pre-existing particles that act as a condensation sink (CS). In a polluted 75 

urban environment, such as China and India, NPF often occurs under high levels of both condensable gases and 76 

CS, both resulting in a high growth rate of particles, unlike the clean European environment (Chu et al., 2019; 77 

Mönkkönen et al., 2005; Wu et al., 2007). In a sulfur-rich environment, such as northeast Asia (China and Korea) 78 

(Yao et al., 2018), NPF is highly sensitive to meteorological conditions that control the levels of both 79 

condensable gas and CS (Song et al., 2010; Quan et al., 2017; Wang et al., 2014). However, the processes 80 
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responsible for particle growth and the further increase in fine-aerosol mass may not be explained in the same 81 

manner across the Asian continent. In China, NPF events often occurred during haze-pollution episodes or led 82 

to high concentrations of PM2.5 (Guo et al., 2014; Wiedensohler et al., 2009). Nanoparticles formed through 83 

NPF continued to grow to condensation mode (~100 to 200 nm) or further to droplet mode (~400 to 500 nm) 84 

particles, which can contribute to fine aerosol mass (e.g., Guo et al., 2014). In contrast, such a phenomenon has 85 

rarely been observed in Seoul or at background sites in South Korea (e.g., Kim et al., 2013). Therefore, the 86 

conditions and mechanisms responsible for the rapid increase in PM2.5 mass are still poorly understood.  87 

In this regard, we analyzed the size-separated number distributions of nanoparticles in conjunction with 88 

the PM2.5 chemical composition, gaseous precursors, and meteorological variables in the East Asia outflow 89 

region. Based on the results, we aimed to elucidate the mechanisms of transformation of number-dominated or 90 

mass-dominated particles and to constrain key physical and chemical drivers. 91 

 92 

2. Methods 93 

2.1 Measurements 94 

We measured aerosol number concentrations, the mass concentrations of PM2.5 and its chemical 95 

constituents, the mixing ratios of reactive gases, and meteorological parameters at the Jeju Air quality 96 

Monitoring Research Center (33.21° N, 126.23° E, 600 m asl; hereinafter referred to “Aewol”) in Jeju island, 97 

South Korea (Fig. S1), from January 2013 to December 2016. This station has been served as the national 98 

background air pollution monitoring station without evidently significant local pollution sources.  99 

The number concentrations of size-separated particles at aerosol diameter (Dp) ranging from 10.4 to 469.8 100 

nm were measured every 30 min using a Scanning Mobility Particle Sizer (SMPS, TSI, USA). PM2.5 mass 101 

concentrations were continuously measured using a beta attenuation mass monitor (Thermo Scientific, USA). 102 

For PM2.5 chemical composition, water-soluble ions and carbon components (organic carbon, OC; and elemental 103 

carbon, EC) were determined. Water-soluble ions of PM2.5 were measured with a Monitor for Aerosols. & Gases 104 

in Ambient Air (MARGA, Metrohm, Swiss) every hour. In addition, OC and EC concentrations were 105 

simultaneously analyzed using a Sunset Lab OCEC Analyzer (Sunset Laboratory Inc., USA). Reactive gases 106 

including CO, NO2, NH3, and O3 were continuously monitored. Meteorological parameters including 107 

temperature, relative humidity, wind speed, wind direction, and cloud base height were obtained from Korean 108 

Meteorological administration (KMA, https://data.kma.go.kr/cmmn/main.do). All measurements were 109 

assimilated into one-hour averages. In addition, SO2 was further measured at Gosan Climate Observatory (GCO, 110 

33.17° N, 126.10° E) in Jeju island. To find collective evidence, another set of the cloud base height 111 

measurement by ceilometer at GCO, were incorporated into the results of Aewol. 112 
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In addition, the Korea–US Air Quality (KORUS-AQ) campaign provided a unique opportunity to observe 113 

distinctive events from May to June 2016, during which the vertical profiles of size-segregated aerosol number 114 

concentrations and meteorological parameters were obtained by balloon measurements in SMA (in specific, 115 

Ansan (33.17° N, 126.10° E, 70 m asl) and Icheon (37.27° N, 127.43° E), which are satellite cities of Seoul; 116 

Fig. S1). The balloon measurements were conducted in Ansan at 11:26-11:45 a.m. in local time on 20 May and 117 

at 8:55-09:05 a.m. and 16:05-16:13 p.m. on 25 May. The aerosol number concentrations in size ranges of Dp>3.5 118 

nm, 0.3 m<Dp<0.5 m, and 0.5 m <Dp<1.0 m were measured by a Condensation Particle Counter (CPC) 119 

and two Optical Particle Counters (OPC), respectively (Querol et al., 2017, 2018). Together with the physical 120 

properties of refractory BC (Sect. 2.2), the vertical profiles were used in the subsequent analyses of this study.  121 

To add data interpretation, aerosol liquid water (ALW) content was calculated in “forward mode” using the 122 

ISORROPIA-II thermodynamic model (Fountoukis and Nenes, 2007).  123 

 124 

2.1 Single Particle Soot Photometer 125 

In parallel, during the KORUS-AQ campaign at GCO, the physical properties of refractory BC (number 126 

and mass concentrations, size distributions, and coating thickness of rBC) were determined using the Single 127 

Particle Soot Photometer (Droplet Measurement Technology, Boulder, CO, USA) (Moteki and Kondo, 2010; 128 

Schwarz et al., 2006; Stephens et al., 2003).  129 

The SP2 uses a laser-induced incandescence technique to quantify the mass of a single refractory BC 130 

(Petzold et al., 2013), was utilized to determine the mass concentration, size distribution, and mixing state of 131 

rBC particles. The incandescence signal was calibrated using well-characterized fullerene soot particles (Alfa 132 

Aesar; #FS12S011), and the scattering detector was calibrated with a spherical polystyrene latex size standard 133 

(Thermo Scientific, formerly Duke Scientific) (Baumgardner et al., 2012; Laborde et al., 2012b). The detection 134 

range of a single-particle mass is 0.33–128 fg, corresponding to rBC mass equivalent diameters (DrBC = 70–514 135 

nm), assuming a void-free material density of 1.8 g cm-3 (Bond et al., 2006). To correct for the rBC mass outside 136 

the lower detection limit, the rBC mass size distribution was fitted with a lognormal function, and a correction 137 

was achieved by adding 10% of the total uncorrected rBC mass on average. An rBC mass larger than the upper 138 

detection limit was treated as the largest mass detectable. Basically, using the leading-edge-only approach (Gao 139 

et al., 2007; Laborde et al., 2012a), the optical diameter of the rBC-containing particle, Dshell, was inferred from 140 

the leading-edge scattering signal using Mie theory with refractive indices of 1.5 − 0i and 2.26 − 1.26i for the 141 

rBC coating material and rBC core, respectively, at an SP2 operating wavelength of 1064 nm. The coating 142 

thickness of the rBC particle was determined as (Dshell − DrBC)/2 and was restricted to the rBC core with a DrBC 143 

of 200  20 nm. Coating was defined as a coating thickness 10 nm, considering the systematic uncertainty in 144 
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estimating the coating thickness (Laborde et al., 2012a). For the concentration, size distribution, and mixing 145 

state of rBC particles, data were averaged hourly to be comparable to hourly-based PM2.5 chemical properties. 146 

 147 

3. Results and Discussion 148 

3.1. The characteristic variation of PM2.5 concentration   149 

The PM2.5 concentration of Aewol was much lower as a background site than that of Seoul (Fig. 1). In 150 

Seoul, the annual mean PM2.5 concentration ranged from 27.3 g m-3 to 38.3 g m-3 during 2013 ~ 2016, 151 

exceeding the national annual air quality standard (15 g m-3) every year. For the same period, the annual 152 

PM2.5 concentration was 13.9 ~ 19.7 g m-3 at Aewol. The daily mean PM2.5 concentration violated the standard 153 

(35 g m-3) by 33% and 9% of the entire period in Seoul and Aewol, respectively. Despite the difference in 154 

PM2.5 level, the seasonal variation was similar at the two sites with high levels in the cold months, 155 

demonstrating the enhancement of wintertime PM2.5 is a significant regional issue over the east Asia (Fan et 156 

al., 2020; Li et al., 2020; Liu et al., 2018).     157 

 158 

3.2. Detecting the two modes of particle number distributions 159 

Continuous measurements of size-separated number concentrations, spanning four years from 2013 to 2016, 160 

were analyzed using an empirical orthogonal function (EOF) method (e.g., Kim et al., 2014). Consequently, two 161 

largest modes explained 64% of the total variation; the first mode explains a considerable portion (55%) of the 162 

total variability, the second mode accounted for 9% of the total variation, and each of the other modes accounted 163 

for less than 4%. The first and second modes clearly showed contrast in terms of the diurnal evolution of the 164 

particle number concentrations and dominant particle sizes (Fig. 2). The difference between the two modes is 165 

explicitly demonstrated in the average number-size distribution of the particles for the top 10 % days with the 166 

highest principle component (PC) scores (Fig. S2a). Thereinafter, these cases were considered to be 167 

representative of the two modes and referred to as “EOF1” and “EOF2”, respectively. Out of the four-year 168 

measurement period, each 143 days were categorized as EOF1 and EOF2, respectively. While EOF1 frequently 169 

occurred in May and October, the monthly frequency of EOF2 was high in March and June (Fig. S2b and c). In 170 

EOF2, the mode of number, surface area, and volume was larger in size, compared to EOF 1(Fig. S3). Using 171 

these particle number distributions, CS was calculated for the entire range of diameters from 10 nm to 470 nm 172 

(Text S1) (Kulmala and Kerminen, 2008). In addition, EOF1 and EOF2 were compared each other for PM2.5, 173 

including SO4
2-, NO3

-, and NH4
+ (namely, SIA), and the reactive gases in terms of the sulfur oxidation ratio 174 
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(SOR), nitrogen oxidation ratio (NOR), and ammonia conversion ratio (Fig. 3).  175 

In EOF1, the variation of the number concentration is equivalent to what used to be observed during the 176 

NPF and growth event, with the maximum number concentration greater than 104 cm-3 at ~20–30 nm around 177 

noon (Fig. 2c). The nucleation-mode particles dominated number concentrations with a mean GR10~30 of 178 

2.28 ± 1.99 nm h-1 (growth rate of particles at 10–30 nm in diameter; Table 1 and Text S1), which was close to 179 

the lower bound of the growth rate (GR) observed across China (1–15 nm h-1; Chu et al., 2019 and references 180 

therein) and in the range of the global GR (1–10 nm h-1; Nieminen et al., 2018 and references therein). In this 181 

case, the levels of condensable gases, such as SO2 and NOx, were higher by 45% and 14%, respectively, relative 182 

to the mean of the entire period (Fig. 3a). In contrast, CS100-470nm equal to 1.26  0.86 (Table 1 and Text S1) was 183 

relatively lower than the mean (Fig. 3a). Thus, EOF1, characterized by the dominant nucleation-mode particles 184 

and relatively high condensable gases and low CS, clearly represent the NPF. 185 

In comparison, for EOF2, the accumulation-mode particles are dominantly distributed throughout the day 186 

(Fig. 2d). As the number concentration of accumulation-mode particles increased in the afternoon through the 187 

evening, the maximum concentration reached 5000 cm-3 at 100–130 nm; in addition, the mode of the volume 188 

concentration was found to be at larger sizes over 300 nm (Fig. S3). In this case, the level of condensable gases 189 

was noticeably lower, with higher CS100-470nm (1.76  1.04) than that of EOF1 (Table 1). The large surface areas 190 

of pre-existing particles would strongly suppress NPF, as newly formed clusters are scavenged by pre-existing 191 

particles before reaching observable sizes of 3-nm diameters (Kulmala et al., 2017; Kulmala and Kerminen, 192 

2008). It turned out that on the days of EOF2 that was the second principal component of the EOF analysis, the 193 

characteristics of the particles and precursors are completely opposite to those of EOF1 days. It is noteworthy 194 

that EOF2 as well as EOF1 occurred the most frequently in March, when PM2.5 concentration is the highest in 195 

Korea including Jeju and Seoul (Fig. 1 & Fig.S2). If EOF1 actually represents the NPF event responsible for 196 

the increase in aerosol number, then the physical and chemical properties of EOF2 can be regarded as conditions 197 

for the increase in aerosol mass. 198 

 199 

3.3. Meteorological constraints and chemical consequences 200 

The chemical properties of the two modes were clearly distinguished by the level of precursor gases and 201 

PM2.5 chemical compositions, which were evidently coupled with meteorological conditions.  202 

NPF is known to be sensitive to meteorological conditions. In accordance with what has been reported in 203 

previous studies, EOF1 mode was frequently observed on sunny and clear days in the study region, where it 204 

was situated under a high-pressure system after frontal passage (Chu et al., 2019; Dall’Osto et al., 2018) during 205 
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spring and fall (Fig. 4a and Fig. S2b). This mode occurred under lower ambient temperature and relative 206 

humidity and under higher solar radiation with less cloud coverage, compared with EOF2 (Table 1). The 207 

predominant northerly winds (Fig. 4a and Fig. S4) brought dry air with relatively high levels of SO2 (Liang et 208 

al., 2016; Tian et al., 2019; Wu et al., 2007), and the concentrations of all precursor gases were increased in the 209 

afternoon (Fig. 3a). The meteorological conditions and the SO2 level and its diurnal variation imply the efficient 210 

conversion of SO2 to H2SO4, leading to NPF (Spracklen et al., 2006). In contrast to the precursor gases, SO4
2- 211 

concentration was half that of EOF2 and even lower than the mean of the entire experiment (Table 1 and Fig. 212 

3). 213 

The mean PM2.5 concentration of EOF2 was 26.5  21.3 g m-3, being higher by 40% than EOF1 (19.1 15.0 214 

g m-3). The chemical composition of PM2.5 was dominated by SIA, with a mean contribution of 41% to the 215 

mass (20% SO4
2-, 10% NO3

-, 10% NH4
+) (Table 1). Of the days exceeding the daily Korean air quality threshold 216 

value during the four-year period, 10% and 29% belong to EOF1 and EOF2, respectively. Particularly, EOF2 217 

days with PM2.5 concentrations above the national standard were mostly observed in cold months, for which the 218 

PM2.5 concentration and contribution of SIA was noticeably elevated. Therefore, it is reasonable to argue that 219 

EOF2 represents a unique condition favorable for an increase in PM2.5 mass concentration, which is particularly 220 

driven by SIA. The mean geopotential height reveals that the EOF2 was associated with synoptic-scale 221 

stagnation (Fig. 4b). As shown in Fig. 4b, slow, and thus humid by picking up water vapor over the sea,   222 

westerly winds were dominant throughout the EOF2 periods (Fig. 4b and Table 1). The diurnal variation in SIA 223 

concentrations (Fig. 3) closely follows the hourly contribution of westerly winds (Fig. S4c). Although 224 

photochemical activity is expected to be weak owing to a low solar radiation intensity with a high amount of 225 

cloud coverage for EOF2, SOR was significantly elevated and PM2.5 chemical constituents were completely 226 

neutralized (equivalent ratio of ([SO4
2-] + [NO3

-])/[NH4
+] = 1) (Table 1). In contrast, the mean mass fraction of 227 

EC and its diurnal variation remained almost the same between the two modes.  228 

Clearly, the typical meteorological conditions differ between the two modes and so do their chemical 229 

properties, leading to different consequences in aerosol number size distributions. In this context, questions arise 230 

as to what physical and chemical mechanisms cause such differences in the two modes. Based on the findings 231 

above, we particularly focus on the EOF2 period in the subsequent analyses.  232 

 233 

3.4. Chemical evolution coupled with boundary layer expansion 234 

Recently, boundary layer processes were found to play a crucial role in increasing PM2.5 concentration 235 

through vertical diffusion and aerosol dispersion (Ding et al., 2016; Miao et al., 2017; Ye et al., 2016). In addition, 236 

entrainment through the boundary layer has been suggested as an important mechanism for enhancing surface 237 

O3 (Hu et al., 2018; Lee et al., 2003). For NPF, the combined effect of boundary layer dynamics and atmospheric 238 
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chemistry on aerosol composition was emphasized (Hao et al., 2018; Song et al., 2010). In this study, the 239 

concentrations of all precursor gases were elevated in the afternoon for both cases, when the boundary layer 240 

was expanded the most (Fig. 3).  241 

Therefore, the evolution of the boundary layer was investigated based on the cloud base height (CBH), 242 

which was continuously monitored. A mid-low CBH corresponds fairly well to a maximum mixed layer height 243 

(MLH) particularly in the afternoon (Huang et al., 2018; Seidel et al., 2010). Meanwhile, the hourly averaged 244 

CBH exhibits a clear diurnal variation, similar to the typical MLH (Fig. 3). Moreover, in addition to the chemical 245 

properties of gases and aerosols, the cloud coverage and CBH were distinguished between the two periods; for 246 

EOF2, a higher cloud coverage, a lower CBH, and consequently lower solar radiation intensity, relative to the 247 

another period.  248 

 In EOF1, under a high-pressure system, the radiation heating under the high pressure caused the boundary 249 

layer to be unstable, leading to strong vertical mixing and a weak inversion. Meanwhile, the greater cloud 250 

coverage with the lower CBH resulted in a stable boundary layer and strong inversion in EOF2 under stagnant 251 

conditions (Table 1 and Fig. 3). The deep vertical mixing diluted the pre-existing particles, resulting in CS 252 

lowered. All gaseous precursors, including SO2, increased in concentration at surface, whereas SOR was slightly 253 

decreased in the afternoon (Fig. 3a). The gas-phase oxidation of SO2 by OH is a slow process, with a 254 

corresponding SO2 lifetime of 5–10 days. In contrast, NOR slightly increased in the afternoon, suggesting the 255 

photochemical production of nitrate (Fig. 3a) through gaseous oxidation and subsequent gas–solid equilibrium 256 

under low temperature and relative humidity below the deliquescence relative humidity (DRH) for NH4NO3 257 

during the day.  258 

In comparison, for EOF2, particle number concentration was low at night and in the morning; however, it 259 

gradually increased during the day, reaching its maximum in the late afternoon (Fig. 2d). In urban areas with 260 

heavy local emissions, a strong inversion forces the local circulation to be confined to the atmospheric boundary 261 

layer under undesirable ventilation, thereby acting as a lid; thus, pollutants are accumulated within the boundary 262 

layer (e.g., Ning et al., 2018; Ye et al., 2016). In contrast to the heavily polluted sites, in the background or 263 

outflow sites, the significant elevation in aerosol concentration during the day is believed to occur primarily by 264 

the intrusion of pollutants carried from the upper atmospheric layer, e.g., residual layer formed at night or free 265 

troposphere, upon the expansion of the planetary boundary layer (PBL). Evidently, the PM2.5 mass increased 266 

during the daytime when the PBL was expanded and the wind direction was shifted to a westerly flow (Fig. 3b 267 

and S4). Therefore, the rapid increase in PM2.5 mass accompanying the development of the PBL was 268 

conspicuously explained by the entrainment of particles transported from upstream areas.  269 

To further examine the role of the boundary layer, specific cases corresponding to EOF1 and EOF2 were 270 

explored. The vertical profiles of particle number concentrations and meteorological variables were obtained 271 
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from balloon measurements in satellite cities of Seoul during the two periods (18-22 May and 25-27 May) of 272 

the KORUS-AQ campaign. It provides a unique opportunity to investigate the relationship between the 273 

boundary layer and aerosol chemical evolution. The profiles from May 20 and May 25 contrast the atmospheric 274 

conditions of “persistent anticyclone” and “low-level transport and haze development”, leading to an enhanced 275 

ozone production and a high PM2.5 concentration, respectively (Peterson et al., 2019). Likewise, the aerosol 276 

number size distributions were obviously different in Jeju during these two periods that are categorized as EOF1 277 

and EOF2, respectively, based on the EOF analysis in previous sections (Fig. 5). Hereafter, the two important 278 

periods during the campaign referred to as “EOF1 case” and “EOF2 case”, respectively, which were compared 279 

for meteorology and atmospheric chemical properties in subsequent sections (Table 2).  280 

 281 

The high surface temperature resulted in a deep mixing layer on May 20 (“EOF1 case”) (Fig. 6a). The 282 

particle number concentrations at all size ranges decreased with the altitude, revealing the dilution of pre-283 

existing particles by vertical mixing.  284 

In contrast, in the morning on May 25 (“EOF2 case”), the mixed layer was shallow with a temperature 285 

inversion layer at about 1000 m (top gray box in Fig. 6b). The morning profile illustrates visibly high 286 

concentrations of the particle>3.5 nm (about 104 cm-3) both at surface and at around the inversion (gray boxes in 287 

Fig. 6b). The latter was similar to the previous observation of a considerably large number of ultrafine particles 288 

commonly found above the cloud (Clarke, 1993). While the former was attributed to an effect of fresh emissions 289 

in the morning, even higher concentration of the particle>3.5 nm at around the inversion can be reasonably 290 

explained by another process. In the afternoon, the large amount of particle>3.5 nm observed in the morning (Fig. 291 

6b) collapsed at around 1000 m, but below which the layer was well-mixed in terms of particle concentrations 292 

(Fig. 6c). The evolution of particle vertical profile demonstrates the possible processes as follows; an 293 

entrainment of nanoparticles transported from upstream areas and carried through the upper layer, trapping of 294 

the particles in residual layer at night, and their traveling down toward boundary layer after subsequential break-295 

up of the inversion and a mixing of air within the mixed layer during day.  296 

Furthermore, in the mixed layer, the concentrations of particle0.3-0.5 m and particle0.5-1.0 m remarkably 297 

increased relative to those in the morning (gray box in Fig. 6c). This feature was more clearly observed in the 298 

upper layer than surface, indicating an effect of condensational and/or hygroscopic growth of particles rather 299 

than an effect of emissions from surface. The vertical profiles indicate that the particle number concentrations 300 

were significantly affected by ambient RH. Compared to the EOF1 case with a deep vertical mixing and dilution, 301 

the EOF2 case was characterized by discernable layers in the vertical structure of meteorological variables 302 

including RH, temperature, and wind direction. Such a shallow mixed layer of low temperature and high RH is 303 

favorable for condensation of precursors and hygroscopic growth of particles, thereby greatly affecting the 304 
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concentration and size distribution of particles.   305 

We considered the deliquescence relative humidity (DRH) of inorganic salts, such as NH4NO3 and 306 

(NH4)2SO4, as a crucial factor for the rapid particle growth, because the SIA was the predominant constituent of 307 

PM2.5 during the KORUS-AQ period (Jordan et al., 2020). In the morning, the burst of particle>3.5 nm above 104 308 

was found near the surface and just above the inversion layer with RH below the DRHs of both (NH4)2SO4 and 309 

NH4NO3 (Fig. 6b). This layered structure became uniform in the afternoon with the development of the 310 

boundary layer, resulting in the noticeable reduction in the number of particle>3.5 nm at altitudes between 1000 m 311 

and 1500 m (Fig. 6c). Here, RH increased well above the DRH of NH4NO3 and the number concentration of 312 

particle0.3-0.5 m and particle0.5-1.0 m was noticeably increased. In contrast, the number of particle>3.5 nm tended to 313 

be backed up below 1000 m. The mixing through the inversion layer can cause gas-to-particle partitioning and 314 

further hygroscopic growth, leading to an increase in the number of accumulation-mode particles. Considering 315 

the fact that the synoptic circulation is the main factor determining the level of atmospheric constituents over 316 

the Korean peninsula (Jordan et al., 2020; Peterson et al., 2019), this process would have been active throughout 317 

the entire EOF2 period. 318 

Therefore, the vertical profiles of nanoparticles and their evolution during the EOF2 case suggest that the 319 

entrainment of nanoparticles from the upper layer into the shallow and humid boundary layer and the increase 320 

in their size via hygroscopic growth, consequently contributing to increase in PM2.5 mass concentration. In fact, 321 

the PM2.5 mass concentration increased at Aewol, up to 63 g m-3 (Table 2), as well as Seoul during the EOF2 322 

case (Jordan et al., 2020). Recently, it was suggested that pollutants were carried from the upstream areas in the 323 

upper layer by westerly winds, remained above the nocturnal boundary layer, and entrained into the PBL during 324 

the day; this led to a high PM10 concentration at the surface (Lee et al., 2019). Similarly, the evolution of the 325 

boundary layer played a key role in the increase in PM2.5 mass under EOF2 conditions.  326 

 327 

3.5. rBC as a robust tracer for particle growth in size and mass 328 

In addition to the evolution of the boundary layer, the role of accumulation-mode particles in increasing 329 

the aerosol surface and mass was highlighted above. Among aerosol particles, BC is of particular interest, as 330 

bare BC particle is insoluble and small, generally peaking below 100 nm in diameter and thus it potentially 331 

provides a chemically inert surface on which volatile substances can condense to form a coating and further 332 

grow on. In terms of climate effect, BC has been well established as the second strongest warming agent after 333 

CO2 (Bond et al., 2013). To assess a role of BC particle in aerosol transformation, the mass and mixing state of 334 

rBC particles were determined at GCO and compared between the two periods of the KORUS-AQ campaign 335 

(EOF1 case and EOF2 case) (Table 2 and Fig. 6).  336 
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When the PM2.5 mass concentration was highly elevated over the Korean peninsula during EOF2 case (May 337 

25–27) (Jordan et al., 2020), the coating of rBC was noticeably thick (48  39 nm) relative to other period of 338 

the campaign (Fig. 7a). Together with the enhanced SIA concentrations and the thicker coating of rBC, the 339 

aerosol liquid water content (ALWC) was as high as 10.38.2 g m-3 (Fig. 7b and Table 2). Given that the RH 340 

remained high at greater than 60% during the day and up to 90% at night (Fig. 7b), gas-to-particle conversion 341 

and hygroscopic growth of NH4NO3 and (NH4) 2SO4 by uptake of water were expected to be promoted, leading 342 

to a large increase in ALWC. SOR was almost linearly increased with RH (Fig. S5b and d). More importantly, 343 

it is known that sulfuric acid readily condenses on the rBC surface (Kiselev et al., 2010; Zhang et al., 1993, 344 

2008), which provides an active surface for heterogeneous reaction by changing its hygroscopic properties 345 

(Khalizov et al., 2009). Hence, the characteristic features observed during the transport and haze period suggest 346 

an effective condensation of precursors to SIA and its growth on the rBC surface, forming thick coating on it, 347 

during the transport of air masses (Adachi et al., 2014; Lim et al., 2018; Ueda et al., 2016). As coated with 348 

inorganic salts, the shell size of rBC with a core diameter of 200 nm reached approximately 300 nm. Given that 349 

the PM2.5 concentration increased linearly with the volume concentration of particles200-470 nm (Fig. 7a), the role 350 

of internally-mixed BC particles is critical to the increase in the mass of accumulation-mode aerosol, as they 351 

provide surfaces for precursors of SIA to condense on.  352 

In contrast, a thinner coating (29  31 nm) and a lower concentration (by 40%) of rBC particles as well as 353 

the low levels of SIA were evident under low RH (53  9%) conditions during EOF1 case (May 18–20). In this 354 

case, the organic carbon (OC) fraction was the greatest in PM2.5. ALWC was very low as well. It is likely that 355 

the weather condition suppressed the condensation of volatile materials on aerosol surface and thus the 356 

secondary aerosol formation on rBC surface. It is also possible that organic materials may form an organic film 357 

on the BC surface, inhibiting the uptake of SIA and increase of the rBC coating (Saxena et al., 1995; Sellegri et 358 

al., 2003). Instead, they promoted the growth of nucleation-mode particles smaller than 60 nm under low RH 359 

conditions (Fig. 7a). The mass size distributions of OC, NO3
-, and SO4

-2 estimated by the aerosol mass 360 

spectrometer generally show organics enriched in nucleation-mode particles (e.g., Kang et al., 2018; Kim et al., 361 

2018).  362 

In this regard, the coating thickness of rBC particle is suggested to be a useful parameter to understand the 363 

chemical mechanisms responsible for the occurrence of SIA-driven fine aerosol pollution. This, in turn, implies 364 

that reducing BC emissions will be one of the effective ways to combat high PM2.5 mass concentrations in 365 

northeast Asia, especially during the cold months.  366 

 367 

4. Conclusions 368 
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In Jeju, a background site, in the northeast Asia, the four-year (2013-2016) dataset of nanoparticle 369 

distributions, PM2.5 chemical composition, and gaseous precursors were analyzed together with the vertical 370 

profiles of nanoparticles and rBC properties that were measured during the KORea-US Air Quality (KORUS-371 

AQ) study. An empirical orthogonal function (EOF) analysis of the size-separated number distribution 372 

distinguished the two types of diurnal evolution of nanoparticles. Their occurrence was intimately coupled with 373 

synoptic atmospheric conditions, which creates preconditions for the burst in nucleation-mode (EOF1) and the 374 

mass increase in accumulation-mode (EOF2) particles. These two orthogonal modes were consistently 375 

applicable to the distinct episodes (“persistent anticyclone” and “low-level transport and haze development”) 376 

observed during the KORUS-AQ campaign. A high-pressure system promotes instability of the boundary layer 377 

and deep vertical mixing, resulting in new particle formation (NPF) and growth event. In contrast, under 378 

synoptic-scale stagnation, secondary inorganic aerosol (SIA), such as (NH4)2SO4(s) or NH4NO3(s), likely 379 

formed above the boundary layer while the air was slowly transported, entrained into the shallow boundary 380 

layer upon vertical mixing, and condensed onto the pre-existing particles at high RH exceeding the DRH of 381 

those inorganic salts, leading to an increase in PM2.5 mass. Not to mention, RH played a critical role in this 382 

process, and the estimated aerosol liquid water content reached 30~40 % of the average PM2.5 mass. In addition, 383 

the first measurement sets of rBC properties at Jeju demonstrates the convincing evidence that BC particles 384 

provide surfaces for SIA to condense and form coating on, facilitating an increase in aerosol mass, particularly 385 

in the accumulation-mode. In the haze development period equivalent to EOF2, PM2.5 mass increased with 386 

major inorganic composition, and the coating thickness and mass of BC was increased proportionally with the 387 

condensation mode-particles.   388 

As a result, the coating thickness of rBC is hypothesized to serve as a proxy indicating the occurrence of 389 

SIA-driven high PM2.5 mass in the study region. Consequently, our result supports strategies for reducing 390 

emissions of BC particles that provides the co-benefits of mitigating fine aerosol pollution and climate change.  391 
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Tables 665 

Table 1. Comparison between EOF1 and EOF2 categorized based on size-separated number concentrations 666 

measured in Jeju during 2013–2016. (Mean  1 standard deviation).  667 

EOF mode EOF 1 EOF 2 

Event Characteristics Number event 

New particle formation (NPF)  

Mass event  

No particle burst 

Number mode diameter (nm) < 30 ~80–150 

Growth Rate10-50nm (nm h-1)  2.1  1.6 - 

Condensation Sink10-25nm (×10-2 s-1) 

CS100-470nm (×10-2 s-1) 

0.011  0.020  

1.26  0.86 

0.002  0.003  

1.76  1.04 

Meteorology Anticyclone Synoptic-scale stagnation  

Temp. (C) 13  7 16  8 

RH (%) 65  18 73  1.6 

Wind direction (mode) Northeasterly (NE 56%) Westerly (SW 56%) 

Wind speed (m s-1) 2.3  1.6 2.7  2.1 

Daily solar radiation (MJ m-2) 16.5  12.5  

Fraction of mid-low cloud (%) 40  30  70  30 

Low cloud height (m) 1384  1016 1048  706 

Chemical constituents   

OH potential (ppbv*MJ m-2)* 63.0 (121.9) 62.8 (115.0) 

SO2 (ppbv) 0.8  0.9 0.7  0.8 

NOx  3.9  5.1 4.0  2.7 

NH3  2.5  3.7 2.8  2.4 

PM2.5 mass (g m-3) 19.1  15.0 26.5  21.3 

SO4
2- 2.7  2.8 (14%) 5.4  4.7 (20%) 

NO3
- 1.2  1.9 (6%) 2.6  4.1 (10%) 

NH4
+ 1.2  1.5 (6%) 2.7  2.6 (10%) 

([SO4
2-]+[NO3

-])/[NH4
+]** 1.1 1.0 
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ALWC (g m-3)*** 4.6  7.9 11.6  14.5 

Organic carbon (OC) 3.5  22 (18%) 4.1  2.7 (15%) 

Elemental carbon (EC) 1.0  0.6 (5%) 1.2  0.7 (5%) 

* OH potential is the product of daily max solar radiation and max O3 concentration. 668 

** Equivalent ratio. 669 

***Aerosol Liquid Water Content (ALWC) was calculated using ISORROPIA II with forward mode. 670 

 671 

Table 2. Comparison between two periods (“EOF1 case” and “EOF2 case”) occurred during the KORUS-AQ 672 

campaign in 2016.  673 

Event May 18–20 May May 25–27 

Event characteristics Persistent anticyclone Low-level transport and 

haze development  

EOF mode EOF1: NPF observed EOF2: PM2.5 mass 

increased 

Meteorology   

Temp. (C) / RH (%) 18  4 / 53  9 18  3 / 73  13 

Wind direction* / speed (m s-1) Easterly / 1.6  0.9 Westerly / 1.2  0.6 

Boundary layer:   

depth / inversion / stability  

 

deep / weak / unstable  

 

shallow / strong / stable 

Free troposphere: 

 temp / wind  

 

low /weak northerly 

 

high / strong westerly 

Aerosol size–number distribution   

Number mode diameter (nm) < 60  ~100  

Volume mode diameter (nm) 198-305 305-470 

rBC properties   

rBC mass conc. (g m-3) 0.4  0.1 0.6  0.2 

rBC count mode (CMD) (nm) 90 110 
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rBC mass mode (MMD) (nm)  200 220 

rBC coating thickness (nm) *  

(mean  1 SD, 50th, 75th) 

29  31, 20, 40 48  39, 40, 75 

Chemical constituents   

SO2 (ppbv) 1.0  0.4 0.7  0.4 

NOx (ppbv) 7.0  2.1 4.3  1.6 

NH3 (ppbv) 3.4  8.7 3.8  2.4 

PM2.5 mass (g m-3) 14.3  5.9 34.5  13.1 (max: 63.0) 

SO4
2- 0.7  0.5 6.2  2.7 

NO3
- 0.1  0.2 1.1  1.2 

NH4
+ 0.3  0.3 3.3  1.4 

([SO4
2-] + [ NO3

-])/[ NH4
+]** 1.0 0.8 

ALWC (g m-3) 0.90.3 10.38.2 

Organic carbon (OC) 3.8  1.3 4.1  1.7 

* Restricted to 200  20 nm-rBC core; Coating defined as coating thickness  10 nm considering systematic 674 

uncertainty (Laborde et al., 2013). 675 

** Equivalent ratio. 676 
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Figures  686 

Figure captions 687 

Figure 1. Monthly variation of PM2.5 mass concentration at Aewol in Jeju (left) and Bulgwang in Seoul 688 

(right). The dotted line indicates the national standard of yearly mean PM2.5 (15 g m-3). Shaded 689 

boxes denote the range of annual mean PM2.5 concentrations for 2013-2016. 690 

Figure 2. The two main modes of empirical orthogonal function (EOF) analysis for the number size 691 

measurements at Aewol in Jeju from 2013 to 2016. (a) and (b) the diurnal variation of EOF1 and EOF2 692 

patterns for each size bin, respectively and (c) and (d) the ambient number size distributions of 693 

particles for “EOF1” and “EOF2” days (see Sect. 2 for definition). Note the different color scales for 694 

the two cases.  695 

Figure 3. Mean diurnal variations of cloud properties and chemical constituents for (a) EOF1 and (b) EOF2. 696 

Cloud properties are given for the fraction of mid-low cloud (red) and cloud base height (blue); For 697 

reactive gases, SO2 (red) and NO2 (blue) concentrations are presented; As major inorganic constituents 698 

of PM2.5, sulfate (red) and nitrate (blue) are presented with sulfur and nitrogen oxidation ratio, and 699 

condensation sink (SOR in red, NOR in green, and CS in blue); and concentrations of OC (red), EC 700 

(green), and PM2.5 (blue) are shown together in the bottom panel. Points and error bars indicate the 701 

hourly mean and standard deviation, respectively.  702 

Figure 4. Averaged geopotential height at 925 hPa combined with endpoints of air mass backward trajectories 703 

starting at 800 m for (a) EOF1 and (b) EOF2. The color bar is on a logarithmic scale. 704 

Figure 5. Aerosol size distributions measured during the 2016 KORUS-AQ campaign at Aewol. (a) Aerosol 705 

number size distribution and (b) aerosol volume size distribution. Black boxes indicate two periods: 706 

the former for EOF1 case and the letter for EOF2 case. In (b), the black dotted line indicates a peak 707 

size where the maximum of volume concentration exists in each sampling duration.  708 

Figure 6. Vertical profiles of meteorological parameters and aerosol number concentrations in SMA during the 709 

2016 KORUS-AQ campaign. (a) Morning time of May 20, 2019 during “persistent anticyclone” 710 

period corresponding to “EOF1 case”, (b) morning time of May 25, 2019, and (c) afternoon time of 711 

May 25, 2019 during “low-level transport and haze development” period corresponding to “EOF2 712 

case”. The left panels present ambient temperature (solid blue), relative humidity (dotted red), and 713 

deliquescence relative humidity of NH4NO3 (sky blue) and (NH4)2SO4 (green). The middle panels 714 

present wind direction color-coded by wind speed (km h-1). The right panels present number 715 

concentrations of particles with Dp > 3.5 nm (particle>3.5 nm) in green, Dp of 0.3–0.5 m (particle0.3-0.5 716 
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m) in purple, and Dp of 0.5-1.0 m (particle0.5-1.0 m) in yellow, and row data in gray open symbol and 717 

mean ± standard deviation of each 500 m altitude range in closed symbol with fence. In (c), the vertical 718 

profiles of (b) are shown together in light gray. Altitudes of particular interest are shown by shaded 719 

gray boxes.  720 

Figure 7. The properties of rBC measured during the KORUS-AQ campaign. (a) the relationship between 721 

number concentration of particles with > 200 nm in diameter, PM2.5 mass concentration, and rBC 722 

properties (mass concentration and coating thickness) and (b) the relationship between PM2.5 chemical 723 

constituents and rBC coating thickness. The measurement data are divided into periods of May 18–20 724 

and May 25–27, corresponding to EOF1 and EOF2, respectively.  725 
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