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Abstract 13 

In this paper, we investigated production and growth of new particles in the marine 14 

atmosphere during two cruise campaigns in China Seas using a Fast Mobility Particle 15 

Sizer. Only eight new particle formation (NPF) events (> 30 min) occurred on 5 days 16 

out of 31 sampling days and the subsequent growth of new particles were observed 17 

only in five events. Apparent formation rates of new particles (in the range of 5.6-30 18 

nm) varied from 0.3 to 15.2 particles cm-3 s-1 in eight events and growth rates ranged 19 

from 2.5 to 10 nm h-1 in five NPF events. Modeling results simulated by U.S. EPA 20 

Community Multi-scale Air Quality Model (CMAQ) showed that ammonium nitrate 21 

(NH4NO3) was newly formed in the atmosphere over the corresponding sea zone 22 



during 2 out of 5 events, in which new particles partially or mostly grew over 50 nm. 23 

However, in the remaining three events, new particles cannot grow over 30 nm and 24 

the modeling results showed that no NH4NO3 was newly formed in the corresponding 25 

marine atmosphere. Modeling results also showed that formation of secondary 26 

organics occurred through all new particle growth periods. Difference between the 27 

two types of new particle growth patterns suggested that a combination of ammonium 28 

nitrate and organics newly formed likely contributed to the growth of new particles 29 

from 30 nm to larger size. However, the findings were obtained from the limited data 30 

and the simulations of CMAQ also suffered from several weaknesses such as only 31 

having three size bins for different particles, lack of marine aerosol precursors, etc. 32 

More future study is thereby needed for confirmation. 33 
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Seas, CMAQ model 35 

 36 

1. Introduction 37 

Atmospheric particles play important roles in regional visibility deterioration and 38 

global climate change by directly scattering and absorbing the sunlight and indirectly 39 

acting as cloud condensation nuclei (CCN) (Sloane et al., 1991; Curtius, 2006; IPCC, 40 

2007; Luo and Yu, 2011) and they have primary and secondary origins (Holmes, 2007; 41 

Kulmala and Kerminen, 2008; Pierce et al., 2012; Riipinen et al., 2011, 2012; Yao 42 

and Zhang, 2011). Nucleation has been reported as an important secondary source of 43 

atmospheric particles because it can quickly increase the number concentration of 44 



atmospheric particles from hundreds to dozens of thousands particles per cubic 45 

centimeter air in a few hours (Kulmala and Kerminen, 2008). However, atmospheric 46 

particles <30 nm in diameter are conventionally considered to be nucleation mode 47 

particles and particles in this size range are less likely to be activated as CCN under 48 

the typical range of atmospheric supersaturation (Dall’Osto et al., 2005; Dusek et al., 49 

2006; Quinn et al., 2008). New particles growing over 50 nm in diameter have been 50 

found to be an important source of CCN while ~80 nm particles can be activated to be 51 

CCN at a moderate supersaturation (e.g., ~0.2%, Petters and Kreidenweis, 2007; 52 

Pierce and Adams, 2009; Pierce et al., 2012; Riipinen et al., 2011, 2012). The size of 53 

new particles can be used to roughly evaluate their potential as CCN, although other 54 

factors such as their chemical composition and mixing state also affect the potential 55 

(Dusek et al., 2006; Quinn et al., 2008; Kerminen et al., 2012). However, it is still 56 

quite unclear which chemicals contribute to the condensational growth of new 57 

particles to CCN size (Kulmala et al., 2013), particularly the growth of new particles 58 

from ~ 30 nm to CCN size. 59 

Oceans account for approximately 70% of areas on the earth. Huge efforts have been 60 

taken to improve understanding of the relationship between production of new 61 

particles in marine atmosphere and their impacts on the climate in the last three 62 

decades (Charlson et al., 1987; O’Dowd et al., 2007; Quinn and Bates, 2011). Several 63 

earlier studies focused on new particle formation (NPF) in remote marine atmosphere 64 

and some clear coastal environments such as Mace Head, where dimethylsulfide 65 

(DMS) and iodine have been proposed to be important precursors for new particles 66 



(Cover et al., 1996; Clarke et al, 1998; O’Dowd et al., 2002; O’Dowd et al., 2007; 67 

Chang et al., 2011). In polluted marine atmosphere, high concentrations of secondary 68 

particulate species generated from anthropogenic and/or biogenic precursors as well 69 

as a small amount of particulate methanesulfonic acid from marine biogenic sources 70 

were frequently observed and these observed species were proposed to have important 71 

impacts on regional climate (Yang et al., 2009; Shi et al., 2010; Feng et al., 2012; 72 

Wang et al., 2014). For indirect climate effects, the number concentration of 73 

atmospheric particles is critical. However, direct measurements of NPF events are still 74 

limited and the same can be said for assessing their potential contribution to CCN 75 

(Lin et al., 2007). In addition, the characters of NPF among in polluted, remote 76 

marine and clear coastal environments could be very different. Thus, more 77 

observations for NPF events in polluted marine atmosphere are essential. 78 

To improve understanding the characters of NPF events in polluted marine 79 

atmosphere in different extents and evaluating their potential climatic impacts, we 80 

investigated NPF and their subsequent growth in the marginal seas of China including 81 

the Yellow Sea and the East China Sea during two cruise campaigns from 16 October 82 

to 5 November 2011 and from 2 to 11 November 2012. A Fast Mobility Particle Sizer 83 

spectrometer (FMPS) was used for on-board sampling to study NPF events and the 84 

US EPA Community Multi-scale Air Quality Model (CMAQ) was used to simulate 85 

chemical and physical processes of particulate species over the study marginal seas to 86 

facilitate data analysis. On five days during the two campaigns, eight NPF events with 87 

or without a subsequent growth of new particles were observed. An in-depth analysis 88 



was conducted to interpret these events with a particular attention to investigate 89 

factors determining the growth of 30-40 nm new particles to larger size. 90 

 91 

2. Experimental 92 

2.1 Cruise routes, particle sizers and computer method 93 

In the fall of 2011 and 2012, two cruise campaigns were organized by Ocean 94 

University of China (OUC) using a research vessel Dongfanghong 2 (Fig. 1a and b). 95 

The two campaigns were to provide services for research projects funded by National 96 

Natural Science Foundation of China and these projects covered a variety of basic 97 

research from sea bed to lower layer marine atmosphere. The cruise route during the 98 

period 16 October to 5 November 2011 included the south Yellow Sea and the East 99 

China Sea, while the second campaign was limited in the south Yellow Sea during the 100 

period of 2-11 November 2012. 101 

A FMPS (TSI Model 3091) downstream of a dryer (TSI, 3091) was used for 102 

measuring number concentrations of marine atmospheric particles in one-second time 103 

resolution, which was placed on the front board of Dongfanghong 2. To investigate the 104 

potential relationship of NPF events between in-land and marine atmosphere, 105 

simultaneous measurements were conducted at a 5-story building in the campus of 106 

Ocean University of China (Lat:36.1°N, Long:120.5°E, distance to the nearest coast 107 

line is 7.5 km) using a NanoScan Scanning Mobility Particle Sizer Spectrometer 108 

(SMPS) Nanoparticle Sizer (TSI, 3910) in Novermber 2012, but not in November 109 

2011. The sizer was equipped with a Radial Differential Mobility Analyzer (RDMA) 110 

and an internal Condensation Particle Counter (CPC) and operated in one-minute time 111 



resolution. Particle apparent formation rate (J30) was calculated using the method 112 

provided by Dal Maso et al. (2005): 113 

3030 /nm growth coagJ dN dt F F                              (1) 114 

where nmN 30  is the number concentrations of the 5.6-30 nm particles for the FMPS 115 

and 10-30 nm for the NanoScan SMPS during the initial 1-2 h of new particle burst; 116 

growthF  (the flux of particles grow out of the size range, we chose the size range for the 117 

nucleated particles to be 5.6-30 nm) is conventionally assumed to be zero, because 118 

particles rarely grew out of 30 nm in the initial 1-2 h (Dal Maso et al., 2005); coagF  is 119 

the sum of particle-particle inter- and hetero-coagulation rate calculated in the same 120 

way as Yao et al. (2005). 121 

Particles size distributions in this study were not uni-modal during most of the time, 122 

and they were dominated by bi-modal distribution. Therefore, aerosol particle size 123 

distributions in this study are fitted with the multi log-normal distribution function 124 

(Whitby, 1978), which is expressed mathematically by: 125 
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where Dp is the diameter of aerosol particle. Three parameters characterize an 127 

individual log-normal mode i: the mode number concentration Ci, geometric 128 

variance 2
,ig , and geometric mean diameter Dpg,i. The number of individual log-normal 129 

modes that characterize the particle number size distribution is denoted by n (i is in the 130 

range of 1-n). In this study, n is usually equal to 2, and Dpg,1 represents for the 131 

geometric median diameter of new particles followed by particle growth in the 132 

observed events. The growth of preexisting Aitken mode particles was also observed 133 

in this study, and Dpg,2 represents for the geometric median diameter of the preexisting 134 



particles.
          

                135 

Particle apparent growth rate (GR) in this study was calculated by: 136 
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where Δt is the time slot for the growth of particles. Particle apparent shrinkage rate 138 

(SR) was calculated using the same equation as GR but the value is negative. 139 

2.2 Model description 140 

The U.S. EPA Community Multi-scale Air Quality Model (CMAQ v4.7.1; Byun and 141 

Ching, 1999) was used for simulating concentrations of gases and particulate species 142 

in PM2.5 during NPF events. The meteorological data were provided by the Weather 143 

Research and Forecasting (WRF) model (v3.2) (Skamarock et al., 2008) and 144 

processed by the Meteorological-Chemical Interface Processor (MCIP v3.3) for 145 

CMAQ-ready inputs. Emissions were generated on basis of the NASA’s project 146 

emission inventory (The Intercontinental Chemical Transport Experiment Phase B, 147 

INTEX-B, Q. Zhang et al., 2009; Liu et al., 2010a), which included major air 148 

pollutants such as SO2, NOx, CO, and 30 lumped VOC species. The vertical resolution 149 

includes 14 logarithmic structure layers from the surface to the tropopause, with the 150 

first model layer height of 36 m above the ground level, while the horizontal 151 

resolution is 36 × 36 km. Particle in CMAQ is represented by three lognormal 152 

sub-distributions, e.g., Aitken, accumulation and coarse mode. Riipinen et al (2011) 153 

and Ehn et al (2014) recently reported the important role of extremely low volatility 154 

secondary organic aerosol (SOA) in growing <30 nm new particles in continental 155 

atmosphere. In CMAQ version4.7.1, four types of non-volatile SOA were simulated, 156 



while other SOA species was treated as semi-volatile (Carlton et al., 2010). Validation 157 

of CMAQ application in China has been reported by Liu et al. (2010a, b). The CMAQ 158 

model does not include chemical reactions of amines which have been proposed as an 159 

important species to grow nucleated particles (Smith and Mueller, 2010; Riipinen et 160 

al., 2012; Zhang et al., 2012; Kulmala et al., 2013). Thus, contributions of amines to 161 

new particle growth will not be discussed in this study.  162 

2.3 On-site meteorological data and satellite data 163 

Wind speed, wind direction, relatively humidity, air temperature and solar radiation 164 

were measured continuously on board and synchronously. Daily averaged sea surface 165 

chlorophyll a concentrations were derived from Standard Mapped Image products 166 

observed by Moderate Resolution Imaging Spectroradiometer (MODIS)/AQUA SMI 167 

products. Horizontal resolution is 4 × 4 km (Tan et al., 2011).  168 

 169 

3. Results  170 

NPF events (>30 min) were observed on four days during the cruise campaign in 171 

2011. However, there was only one day when NPF events were observed in the cruise 172 

campaign in 2012 (Fig. S1a and b). On the same day, a NPF event was also observed 173 

at the site of OUC. All these NPF events in the marine atmosphere started to be 174 

observed at the locations, which are 30-120 km away from the nearest coastline (Fig. 175 

1a and b, Table 1). In these events, the total number concentration of <30 nm particles 176 

increased from ~0.5×103 particles cm-3 to ~2.5×104 particles cm-3 within 0.5~4 h. We 177 

will first examine the production and growth processes of the events in 2012 in Sect. 178 



3.1, while in Sects. 3.2 and 3.3, events in 2011 will be studied. 179 

 180 

3.1 NPF events in the fall cruise campaign of 2012  181 

In November 2012, two particle sizers were used for measurements on board and on 182 

the land, respectively. The observation can allow an investigation of regional 183 

characteristics of NPF events. A heavy rain event occurred at the night on 3 184 

November 2012 with wind speed of 10-14 m s-1. The rainfall and the strong wind 185 

substantially removed preexisting atmospheric particles and NPF events were 186 

observed both in the marine and coastal atmosphere in the daytime of 4 November 187 

(Day 1, Fig. 2). On Day 1, Dongfanghong 2 was anchored at approximately 80 km 188 

distance southeast of OUC and the location was about 60 km away from the nearest 189 

coastline (Fig. 1b). 190 

3.1.1 Formation rates of new particles 191 

Two NPF events were observed on Day 1 in the marine atmosphere. The first one was 192 

observed since 07:50LT and reached the maximum at 08:43LT (Fig. 2a and b). The 193 

initial size of new particles was ~6 nm which is the detection limit of FMPS. The 194 

nucleation mode particles (<30 nm) increased from <1.0×103 particles cm-3 before 195 

07:50 to 1.0×104 particles cm-3 at 08:43LT and the apparent formation rate of new 196 

particles was calculated to be 1.4 particles cm-3s-1. No particle growth was observed 197 

before 08:43LT. The second NPF event was observed after 09:24LT. Nucleation 198 

mode particles increased from 0.4×104 to 2.5×104 particles cm-3 with the apparent 199 

formation rate of 3.1 particles cm-3s-1 during the period of 09:24 - 10:32LT. The 200 



formation rates of two events are all within the range of typical new particle formation 201 

rates in the atmosphere (0.01-10 particles cm-3s-1, Kulmala and Kerminen, 2008).  202 

On Day 1, a NPF event was also observed at OUC where the measurement was made 203 

during the period 09:30 to 15:13LT (Fig. 2d and e, we stopped the sampling after 204 

15:13LT because of high relative humidity). The new particle growth curves show 205 

that the curve in the Yellow Sea after 09:30LT almost parallels to that at OUC (Fig. 206 

S2a) and the event observed at OUC advanced 1-1.5 h relative to the event observed 207 

in the Yellow Sea. Also, N<30nm values at the higher concentration zones, e.g., 208 

1.6±0.3×104 particles cm-3 during 10:50 to 12:30LT in the Yellow Sea and 209 

1.6±0.1×104 particles cm-3 during 10:50 to 13:00LT at OUC (Fig. S2b) were 210 

comparable. These suggested that NPF events occurred regionally on Day 1, but the 211 

start times were location-dependent. These higher N<30nm values at OUC varied in a 212 

narrow range, suggesting spatial homogeneity of nucleation in the rural area. 213 

However, these values in the Yellow Sea varied a lot. This could be due to a spatial 214 

heterogeneity of nucleation in the marine atmosphere or other unknown factors. 215 

3.1.2 Growth rates of new particles 216 

A two-phase new particle growth was observed in the Yellow Sea on Day 1 (Fig. 2b). 217 

09:24-15:45LT was the first-phase growth period while the second-phase growth 218 

occurred during 17:25-18:35LT. During the first-phase growth period, the calculated 219 

Dpg,1 of new particles increased up to 39 nm with the growth rate of 5.0 nm h-1 (Fig. 220 

2b, Table 1), which is close to the growth rate of 5.5 nm h-1 at OUC. It is interesting 221 

that no growth was observed between 15:45 and 17:25LT in the Yellow Sea but a 222 



slight decrease of the Dpg,1 was observed from 39 nm at 16:44 to 34 nm at 17:25LT. 223 

The decrease could be explained by the shrinkage of new particles (Yao et al., 2010; 224 

Young et al., 2013). However, it also could be due to the change in measured air mass. 225 

At OUC, the Dpg,1 did not increase after 14:20LT and fluctuated at 35±1.3 nm 226 

between 14:20-15:13LT (Fig. 2e). The observations suggested that ~40 nm was likely 227 

a bottleneck for the growth of new particles in the daytime on Day 1, although the 228 

reasons remain unknown. 229 

The Dpg,1 in the marine atmosphere restarted to increase from 34 nm at 17:25 to 47 nm 230 

at 18:35LT(after this, sampling was stopped due to high relative humidity), 231 

suggesting that the bottleneck of ~40 nm was broken up. The growth was referred as 232 

the second-phase growth. The second-phase growth rate was calculated to be 10 nm 233 

h-1 and the value was almost twice of the first-phase growth rate. At OUC, we did not 234 

observe the second-phase growth on Day 1 because we stopped sampling after 235 

15:13LT. Ehn et al. (2010) reported four NPF events over the Irish west coast with the 236 

averaged growth rate of ~3 nm h-1. In remote marine atmosphere, growth rates of 237 

nucleated particles were reported to be in the range of 0.1-1 nm h-1 (Kulmala and 238 

Kerminen, 2008, O’Dowd et al., 2010). The obviously larger growth rates observed in 239 

this event than other studies could be related to continental outflow of air pollutants 240 

which will be discussed later. 241 

When the volume concentration of particles is considered, the amount of chemical 242 

species required for the new particle growth during the second-phase growth period 243 

(17:25 - 18:35LT) was almost same as that during the entire first-phase growth period 244 



(09:24 - 15:45LT). This indicated that much stronger gas-particle condensation 245 

processes occurred after 17:25LT (second-phase growth), when the solar radiation 246 

substantially decreased down to a low value. Photochemical reactions were expected 247 

to be very weak at that period and cannot explain the sudden and strong condensation 248 

during the second phase growth. Alternatively, it was more likely associated with 249 

processes by thermodynamic equilibriums, e.g., when the product of nitric acid 250 

(HNO3) and ammonia (NH3) gaseous concentrations were higher than the 251 

thermodynamic equilibrium constant of NH4NO3, formation of NH4NO3 can suddenly 252 

take place. Formation of NH4NO3 often occurs in the evening or night because of 253 

decreasing ambient temperature and increasing relative humidity. 254 

 255 

3.2 Strong NPF events in the fall cruise campaign of 2011 256 

Two NPF events were also observed on 17 October 2011 (Day 2) in the marine 257 

atmosphere. A strong short-term NPF event was observed between 10:00-10:30LT 258 

and the estimated formation rate was 15.2 particles cm-3 s-1 (Fig. 3a and b). No 259 

subsequent growth of new particles was observed during the short-term event. A 260 

longer NPF event was observed from 10:30 on Day 2 to 03:50LT on 18 October 2011 261 

(Day 3) when the ship sailed from H01 towards W01 (Fig. 1a). The ship was ~30 km 262 

from the coastline of Shandong peninsula in China when the longer event started to be 263 

observed. The estimated formation rate in this longer NPF event was 4.1 particles 264 

cm-3 s-1 during the period 10:30 to 11:35LT. The new particle growth rate was 2.5 nm 265 

h-1 during the period 10:30 to 21:40LT on Day 2 (the first-phase growth). From 21:40 266 



on Day 2 to 02:00LT on Day 3, no particle growth was observed and the Dpg,1 267 

fluctuated at 42±2 nm, which was similar to the particle growth bottleneck on Day 1. 268 

The second-phase particle growth occurred during the period 02:00 to 03:50LT on 269 

Day 3 when the Dpg,1 increased from 42 nm to 55 nm with the growth rate of 7.5 nm 270 

h-1. Again, strong gas-particle condensation processes likely occurred after 02:00LT 271 

on Day 3 and broke up the bottleneck of ~40 nm. 272 

Only one NPF event was observed during the period 10:15-18:20LT on Day 3 when 273 

the ship was situated at ~80 km away from the nearest coastline of Shandong 274 

peninsula and sailed westbound towards A01 station in the Yellow Sea (Fig. 1a, Fig.4a 275 

and b). However, hundreds of spikes associated with ship emissions occurred in the 276 

initial 1 h of the NPF event. When the signal of ship plumes was deducted (Fig. S3a 277 

and b, see supporting information for the approach), the estimated formation rate of 278 

new particles was 7.5 particles cm-3 s-1. The growth rate was estimated to be 3.5 nm 279 

h-1 during the period 10:20 to 13:30LT and decreased down to 1.2 nm h-1 between 280 

13:30 and 18:20LT. However, the maximum Dpg,1 was less than 30 nm before the 281 

signal of new particles disappeared (Table 1). The maximum value was substantially 282 

lower than the size required to activate as CCN (Dusek et al., 2006; Petters and 283 

Kreidenweis, 2007; Quinn et al., 2008; Pierce and Adams, 2009). 284 

 285 

3.3 Weak NPF events in the fall cruise campaign of 2011 286 

Two weak NPF events were observed on 19 October 2011(Day 4, Fig. 5a and b). A 287 

short-term NPF event started from 10:00 to 11:13LT with the formation rate of 0.3 288 



particles cm-3 s-1 (Table 1). No obvious growth of new particles was observed. 289 

Similarly to Day 1 and Day 2, a longer NPF event was observed during 11:13 - 290 

18:30LT when the ship anchored at A02 station (Fig. 1a). The station was ~120 km 291 

away from the nearest coastline. The estimated formation rate was 1.1 particles cm-3 292 

s-1. The rate was lower than the rates observed on Day 1-3. After 11:13LT, the growth 293 

rate of new particles was estimated to be 3.4 nm h-1. Again, the maximum Dpg,1 was 294 

less than 30 nm (Table 1). Noted that a few periodic spikes of <10 nm particles 295 

constantly occurred in every 1 h and 40 min on that day, which were due to the 296 

sampling artifact. Based on two-week side-by-side comparison between two identical 297 

FMPS in our previous studies (unpublished), we found that the sampling artifact was 298 

associated with high relative humidity, but it had negligible influence on the 299 

measurement of >10 nm particles. 300 

Only one NPF event was observed during the period 10:30 to 15:30LT on 26 October 301 

2011 (Day 5, Fig. 6a and b) when the ship sailed from A10 towards A12. The location 302 

was ~110 km away from Cheju Island of the South Korea (Fig. 1a). The estimated 303 

formation rate was 1.6 particles cm-3 s-1 and the growth rate was 4.4 nm h-1 in the 304 

initial 3 h. The Dpg, 1 arrived at the maximum value of 21 nm at 13:30LT and then 305 

apparently shrank down to 17 nm with a shrinkage rate of 3.5 nm h-1. The shrinkage 306 

of new particles has been reported in coastal environments in daytime when 307 

photochemical reactions started to weaken (Yao et al., 2010; Young et al., 2013). This 308 

phenomenon could also be related to slight changes of measured air mass, but the 309 

influence should be minor. Since the time resolution of FMPS was as high as 1 s, 310 



rapid responses of Dpg, 1 and N<30nm corresponding to slight changes of air mass can be 311 

detected, e.g., Dpg, 1 and N<30nm fluctuated dramatically during 14:00-17:00LT on 18 312 

October 2011 (Fig. 4). However, the Dpg, 1 and N<30nm after 13:30LT on Day 5 313 

decreased smoothly for one and half hours. It is interesting that preexisting particles 314 

started to grow after 12:50LT, with the Dpg, 2 increased from 58 nm at 12:50 to 83 nm 315 

at 14:20LT, and then fluctuated at 80 ±2 nm (Fig. S4). The on-site recorded relative 316 

humidity varied from 62% at 11:40 to 65% at 14:40LT and hygroscopic growth of 317 

particles cannot explain the growth factor of 1.3. 318 

4. Discussion 319 

4.1 Cause analysis of new particle formation 320 

On Day 1, the apparent formation rate of new particles is 1.4 particles cm-3 s-1 of the 321 

first short event, while the rate increase up to 3.1 particles cm-3 s-1 in the second event. 322 

The ship was anchored at ~ 60 km distance from the coastline. Under the strong 323 

westerly wind (10-14 m s-1), it took approximately 1-2 h for air pollutants to be 324 

transported from the continent to the sea zone. Moreover, the growth curve of new 325 

particles in the Yellow sea after 09:30LT almost paralleled to the growth curve at 326 

OUC, except for 1-1.5 h delay (Fig. S2a). Thus, we postulated that the NPF event 327 

observed in the Yellow Sea after 09:24LT was probably associated with air pollutants 328 

being transported from the continent. The modeling results in the sea zone, where the 329 

NPF event was observed, also showed that the continental outflow of air pollutants 330 

led to a slight increase of NH4
+ and NO3

- in concentrations after 08:00LT (Fig. 2c, Fig. 331 

S5a). The modeling results apparently supported our postulation. However, we cannot 332 



exclude other possibilities because we have no measurement for those gaseous 333 

precursors of new particles. 334 

The weaker NPF event between 07:50-08:43LT might be associated with air 335 

pollutants being transported from the continent. However, it could also be related to 336 

ocean-derived biogenic precursors. The short duration suggested that it occurred only 337 

in the marine atmosphere. Moreover, the high wind speed would enhance air/sea 338 

exchange of gases and might increase ocean-derived biogenic precursors of new 339 

particles in concentrations, theoretically. 340 

On Day 5, the NPF event occurred ~110 km away from the coastline of South Korea. 341 

Considering that the location of this event is far away from the polluted atmosphere, it 342 

can be speculated that it might be associated with ocean-derived gases. However, the 343 

satellite data showed that the concentration of chlorophyll a was less than 0.2 mg m-3 344 

in the sea zone (Fig. S6), which was much lower than the chlorophyll a concentration 345 

(2-3 mg m-3, Tan et al., 2011) in the presence of biogenic bloom in the East China Sea. 346 

Under that much low chlorophyll a condition on Day 5, ocean-derived biogenic 347 

precursors were unlikely important to this NPF event and other precursors were 348 

probably more important. The modeling results in the corresponding sea zone showed 349 

a slightly increase of SO4
2- and NH4

+ in concentrations after 10:00LT (Fig. 6, Fig. 350 

S5e). The CMAQ indeed includes sea salt emissions but there is no marine-derived 351 

gaseous sulfur, nitrogen, and carbon containing compounds. Thus, the NPF event was 352 

also possibly associated with the photochemical reactions of air pollutants being 353 

transported from the continent. Unlike on Day 5, NPF events on Day 2 were observed 354 



in the coastal sea (with ~30 km from the coastline). It is well known that chlorophyll a 355 

data suffer from a large interference of suspended matters in coastal seawater which 356 

could not allow correctly justifying the potential influence of ocean biogenic 357 

precursors on this event (Chen et al., 2013). However, higher formation rates of new 358 

particles, e.g., 15.2 particles cm-3 s-1 between 10:00-10:30LT and 4.1 particles cm-3 s-1 359 

after 10:30 were observed on Day 2. The modeling results in the sea zone, where the 360 

NPF event was observed, showed that the continental outflow of air pollutants led to a 361 

simultaneous increase of SOA, NH4
+ and NO3

- in concentration after 10:00LT (Fig. 3c, 362 

Fig. S5b and S7b). Thus, photochemical reactions of air pollutants from the continent 363 

possibly caused the NPF event on Day 2 after 10:00LT. 364 

We combined all observational data and modeling results to interpret NPF events on 365 

Day 3 and Day 4. The combining results still cannot allow identifying whether air 366 

pollutants transported from the continent or ocean-derived biogenic precursors caused 367 

those NPF events.  368 

 369 

4.2 Cause analysis of new particle growth 370 

Organics, ammonium sulfate and ammonium nitrate consisted of major parts of 371 

atmospheric particles in submicron size (O’Dowd and Leeuw, 2007; Smith et al., 372 

2008; R. Zhang et al., 2009; Paasonen et al., 2010; Yao and Zhang, 2011; Ahlm et al., 373 

2012). Ambient sulfuric acid gas (H2SO4) has been reported to yield a negligible 374 

contribution to condensational growth of >10 nm new particles (e.g., 2% of the GR of 375 

7-20nm particles, Riipinen et al., 2011; Ahlm et al., 2012; Pierce et al., 2012). This 376 



could be also true in the marine atmosphere of the marginal seas of China where the 377 

modeling mixing ratios of H2SO4 were less than 2 ppt during all NPF events (Figures 378 

not shown). Organics were proposed to be important contributors to grow new 379 

particles to CCN (Riipinen et al., 2011; Pierce et al., 2012). On Day 3, 4 and 5, the 380 

modeling results showed that SOA (see supporting information for detailed 381 

information of SOA modeling) was formed during the NPF events, suggesting that 382 

SOA could be an important contributor to grow new particles. The modeling results 383 

also showed that no NH4NO3 was formed during the entire new particle growth period 384 

on the three days in the marine atmosphere. 385 

In addition, the temporal trend of the modeled SOA on Day 5 appeared to fit the new 386 

particle growth and subsequent shrinkage curve very well. The shrinkage of new 387 

particles occurred with a decrease of SOA in mass concentration (Fig. 6c and Fig. 388 

S7e), but the preexisting particles (> 50 nm) still grew at that period (Fig. S4).The 389 

coexistence of the shrinkage of new particles and the growth of particles (> 50 nm) 390 

were never reported in literature. Riipinen et al (2011) and Ehn et al (2014) recently 391 

reported that SOA condensation was a combination of kinetic condensation and 392 

thermodynamically partitioning of vapors on aerosol surface area. Kinetic 393 

condensation cannot explain the shrinkage from 21 nm to 17 nm. The possible 394 

explanation for the coexistence phenomenon was that the shrinkage of new particles 395 

was likely due to the Kelvin effect (Zhang et al., 2012); while particles (> 50 nm) 396 

were less affected by the Kelvin effect and they can grow to CCN size by 397 

condensation of species with relatively moderate or high volatility. However, more 398 



studies are needed to examine whether the coexistence phenomenon frequently occurs 399 

in polluted marine atmosphere and what caused it. 400 

 401 

Unlike Day 3, 4 and 5, the two-phase growth of new particles was observed on Day 1 402 

and Day 2. The second-phase growth occurred after a period of stagnation which was 403 

regarded as a bottleneck. The modeling results on Day 1 and Day 2 showed that SOA 404 

was newly formed and the temporal variation pattern of SOA was consistent to that of 405 

the two-phase growth curves of new particles, suggesting the contribution of SOA to 406 

the growth of new particles. However, a significant amount of NH4NO3 was also 407 

formed during two phase growth periods which was different from that on Day 3, 4 408 

and 5. And furthermore, the temporal trend of the modeled NO3
-, NH4

+ in mass 409 

concentration generally fit the two-phase growth curve. The formation of NH4NO3 on 410 

Day 1 and Day 2 might be one factor to break up the growth bottleneck and led to the 411 

second-phase growth. In reverse, no newly formed NH4NO3 on Day 3, 4 and 5 could 412 

be the reason for new particles being unable to break up the growth limit of 30-40 nm. 413 

The modeling results showed that formation of NH4NO3 indeed occurred in PM0.1 414 

(Fig. S5a and b) and PM2.5 (Fig. 2c and 3c) on Day 1 and Day 2, however, we cannot 415 

confirm whether NH4NO3 were formed on 30-40 nm particles due to the limitation of 416 

CMAQ. 417 

5. Conclusions 418 

Eight NPF events were observed on 5 days out of 31 sampling days during two cruise 419 

campaigns in the marginal seas of China. By combining the observational data and the 420 



CMAQ modeling results, we inferred that three events were probably caused by 421 

photochemical reactions of air pollutants being transported from the continent. 422 

However, the causes for other events remain unknown. 423 

 424 

Two types of new particles growth patterns were found in the five events, i.e. 425 

one-phase growth (18, 19, 26 October 2011) and two-phase growth (4 November 426 

2012, 17 October 2011). The maximum diameters of new particles were in the range 427 

of 20-40 nm during the three one-phase growth events and the first-phase growth 428 

period in the two-phase growth events. In two-phase growth events, new particles 429 

grew from ~40 nm to ~50 nm in later afternoon or nighttime. 430 

 431 

The modeling results suggested that SOA could be an important contributor to the 432 

growth of new particles in the one-phase growth events, when no NH4NO3 was 433 

formed and H2SO4 had a negligible contribution to the growth of >10 nm particles. 434 

Formation of NH4NO3 and SOA possibly contributed to the growth of new particles 435 

in the two-phase growth events. However, the data are still limited and there are 436 

unavoidable uncertainties associated in modeling results especially SOA. 437 

 438 
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Figure and table 613 
Figure 1. Cruise track during China Sea (a: Cruise during 16 October -5 November in 2011, b: 614 

Cruise during 2-11 November in 2012. Pentacles represent the locations of particle burst events). 615 

Figure 2. New particle formation events in marine (a-c) and coastal atmosphere on 4 November 616 

2012 (d-e) (b, e: Variations of median diameter of particle mode (Dpg, 1) and number 617 

concentrations of nucleation mode particles (N<30nm) in marine and coastal atmosphere, c: CMAQ 618 

simulation of SO4
2-, NH4

+, NO3
- and SOA in PM2.5 in marine atmosphere). 619 

Figure 3. New particle formation on 17 October 2011 (b: Variations of median diameter of 620 

particle mode (Dpg, 1) and number concentrations of nucleation mode particles (N<30nm), c: CMAQ 621 

simulation of SO4
2-, NH4

+, NO3
- and SOA in PM2.5). 622 

Figure 4. New particle formation on 18 October 2011 (b: Variations of median diameter of 623 

particle mode (Dpg, 1) and number concentrations of nucleation mode particles (N<30nm), c: CMAQ 624 

simulation of SO4
2-, NH4

+, NO3
- and SOA in PM2.5). 625 

Figure 5. New particle formation on 19 October 2011 (b: Variations of median diameter of 626 

particle mode (Dpg, 1) and number concentrations of nucleation mode particles (N<30nm), c: CMAQ 627 

simulation of SO4
2-, NH4

+, NO3
- and SOA in PM2.5). 628 

Figure 6. New particle formation on 26 October 2011 (b: Variations of median diameter of 629 

particle mode (Dpg, 1) and number concentrations of nucleation mode particles (N<30nm), c: CMAQ 630 

simulation of SO4
2-, NH4

+, NO3
- and SOA in PM2.5). 631 

Table 1. Major characteristics of NPF events over marginal seas of China in the fall of 2011 and 632 

2012.633 



 634 

 

Figure 1. Cruise track during China Sea (a: Cruise during 16 October -5 November in 2011, b: 635 

Cruise during 2-11 November in 2012. Pentacles represent the locations of particle burst events). 636 

 637 

 638 

Figure 2. New particle formation events in marine (a-c) and coastal atmosphere on 4 November 639 

2012 (d-e) (b, e: Variations of median diameter of particle mode (Dpg, 1) and number 640 
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Figure 3. New particle formation on 17 October 2011(b: Variations of median diameter of particle 644 

mode (Dpg, 1) and number concentrations of nucleation mode particles (N<30nm), c: CMAQ 645 

simulation of SO4
2-, NH4

+, NO3
- and SOA in PM2.5). 646 
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Figure 4. New particle formation on 18 October 2011. (b: Variations of median diameter of 648 

particle mode (Dpg,1) and number concentrations of nucleation mode particles (N<30nm), c: CMAQ 649 

simulation of SO4
2-, NH4

+, NO3
- and SOA in PM2.5).  650 
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Figure 5. New particle formation on 19 October 2011 (b: Variations of median diameter of 652 

particle mode (Dpg,1) and number concentrations of nucleation mode particles (N<30nm), c: CMAQ 653 

simulation of SO4
2-, NH4

+, NO3
- and SOA in PM2.5). 654 



 655 

Figure 6. New particle formation on 26 October 2011 (b: Variations of median diameter of 656 

particle mode (Dpg,1) and number concentrations of nucleation mode particles (N<30nm), c: CMAQ 657 

simulation of SO4
2-, NH4

+, NO3
- and SOA in PM2.5).658 



Table 1. Major characteristics of NPF events over marginal seas of China in the fall of 2011 and 659 

2012. 660 

Day No. Period 
J30 

(particles 
cm-3 s-1) 

GR 
(nm h-1) 

Location 

Day 1  

4 

November 

2012 

2 

7:50-8:43 1.4 - 

~60 km from the 

land 9:24-18:35 3.1 

5.0(1st stage, ~6 - 

39 nm) 

10.0(2nd stage, 34 - 

47 nm) 

Day 2 

17 

October 

2011 

2 

10:00-10:30 15.2 - 

H01-W01, ~30 km 

from the land 

10:30 (17 

Oct)-03:50 (18 

Oct) 

4.1 

2.5(1st stage, 6 - 42 

nm) 

7.5(2nd stage, 42 - 

55 nm) 

Day 3 

18 

October 

2011 

1 10:15-18:20 7.5 3.5 (~6 -~28nm) 
~ A01, ~80 km from 

the land 

Day 4 

19 

October 

2011 

2 

10:00-11:13 0.3 

3.4 (~6 -22nm) 
A02,~120 km from 

the land 11:13-18:30 1.1 

Day 5 

26 

October 

2011 

1 10:30-15:30 1.6 

4.4(~6 - 21nm) 

-3.5 (Shrinkage, 21 

-17nm) 

16.7 (58-83nm)* 

A10-A12, ~110 km 

from the land 

 Note: * is the growth rate of preexisting Aitken mode particles. 661 


