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Abstract 

Submicron atmospheric aerosols are of great importance to Earth’s climate and weather 

conditions. They also adversely affect the environment and human health. Terrestrial forest 

vegetation emits a large amount of biogenic volatile organic compounds (BVOCs) into the 

atmosphere. Biogenic secondary organic aerosol (BSOA), which is formed from the oxidation of 

BVOCs, would contribute to secondary formation and growth of aerosol particles, and thus 

enhance both the number and mass concentrations of atmospheric aerosols. New particle 

formation (NPF) and growth have been observed in various environments, yet the characteristics 

of NPF are rarely investigated at the mid-latitude forests. Despite the large contribution of BSOA 

to organic aerosols on the global scale, their formation pathways, composition, and evolution 

processes are not well understood. Characterization of BSOA remains an important research 

topic, especially in the areas where it is rarely studied. BSOA has been detected using traditional 

off-line techniques at some forest sites in East Asia, but study of BSOA based on real-time 

measurements in East Asian forest areas is far from sufficient. 

This study aims to investigate the physical and chemical characteristics of aerosol particles 

in the forest area of East Asia, including formation and growth of new particles, influences of air 

mass and meteorology on NPF, magnitude of the observed NPF, chemical composition of 

submicron aerosol particles, and formation and evolution of BSOA. In this study, an intensive 

field measurement of aerosol particles was performed at a forest site in Wakayama, Japan during 

20–30 August 2010. The number size distributions of aerosol particles at 14–710 nm in mobility 

diameters were measured with a scanning mobility particle sizer (SMPS) system. The chemical 

composition of non-refractory submicron particulate matters (NR-PM1) was measured with an 

Aerodyne high-resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS). TSP (total 

suspended particulates) and PM0.95 (particle with an aerodynamic diameter ≤ 0.95 μm) aerosol 
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samples were collected for chemical analysis of ionic species, organic carbon (OC), and 

elemental carbon (EC). 

Four days (26–30 August 2010) during the observation period experienced NPF, which was 

characterized by the strong bursts of ultrafine particles and their subsequent growth. The NPF 

events occurred preferentially under the condition of less pre-existing particles with low vapor 

condensation sink (CS) and particle coagulation sink. The formation rate of new particles was 

calculated to be in the range between 0.2 and 1.0 cm−3 s−1 for the NPF events. The growth rates 

of the newly formed mode of aerosol particles ranged between 5.0 and 15.7 nm h−1. The 

backward air mass trajectories revealed that the NPF occurred when clean maritime air masses 

originated from the North Pacific. Relative humidity (RH) was slightly lower during particle 

nucleation period on NPF event days than that on non-event days, implying its connection to the 

occurrence of NPF; whereas the effect of RH on particle nucleation was not as obvious as that of 

air mass origin. The results from the classification analysis of backward air mass trajectories 

indicate that the maritime air mass conditions are frequent at this forest site and are mainly in 

summer season. Large increases in the number concentrations of accumulation mode particles 

(above 90 nm) were followed by the increased precipitation rates in the afternoon hours on NPF 

event days. Therefore, the newly-formed particles would be involved in the convective cloud 

formation and precipitation over the studied region. 

Total mass concentrations of chemical components in TSP and PM0.95 on NPF event days 

(4.6 and 1.7 μg m−3, respectively) were significantly lower than those on non-event days (18.9 

and 8.6 μg m−3, respectively), indicating that NPF events occurred under relatively low aerosol 

loadings in this forest atmosphere. Results from an aerosol transport model suggest that aerosols 

were under the strong influence of anthropogenic pollutants on non-event days, whereas such 

influence was much smaller on NPF event days. A major fraction of non-refractory submicron 
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aerosol particles consisted of organics (accounting for, on average, 46% of total mass), sulfate 

(41%), and ammonium (12%). Positive matrix factorization (PMF) of high-resolution organic 

aerosol mass spectra identified two oxygenated organic aerosol (OOA) components, i.e., a highly 

oxidized, low volatility LV-OOA and a less oxidized, semivolatile SV-OOA, which are 

interpreted mainly as regional continental organic aerosol (OA) and locally-formed biogenic 

secondary OA (BSOA), respectively. The mass concentrations of SV-OOA increased 

prominently during the daytime, suggesting a strong photochemical production of BSOA on both 

non-event and NPF event days. Increases of f44 (fraction of m/z 44 in OA mass spectrum), the 

fraction of CxOy
+ fragment, and the O/C after midday (around 1300 LT) suggest that OA became 

increasingly oxygenated, which can be explained by the aging processing of freshly-formed 

BSOA. Aqueous oxidation reactions under high relative humidity conditions might be the major 

pathway for BSOA aging in this forest atmosphere. A substantial increase of the mass 

concentration of organics in the small size range (below 300 nm in vacuum aerodynamic 

diameter), without the increase of that of sulfate, suggests that the formation of BSOA made a 

dominant contribution to the particles in cloud condensation nuclei (CCN) sizes around the 

studied area. Further investigation of aerosol particles over forest areas, at which inflow of clean 

maritime air masses is expected (like the studied forest), is valuable to understand the formation 

and evolution processes of BSOA as well as its magnitude to the production of CCN and cloud 

droplets. 

 

Keywords: NPF, particle growth, maritime air mass, BSOA, aging, PMF, SMPS, HR-ToF-AMS. 
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1 Introduction 

1.1 Overview of atmospheric aerosols  

Atmospheric aerosols generally refer to small solid or liquid particles with the diameters 

varied from a few nanometers (nm) to tens of micrometers (μm) that suspended in the air. 

Aerosol particles are ubiquitous in the atmosphere and of great importance to many 

environmental issues. Atmospheric aerosols have drawn extensive attention to scientific 

researches over the past couple of decades, which is primarily due to 1) their significant impacts 

on the Earth’s climate, i.e., direct scattering and absorption of incoming solar radiation and 

acting as cloud condensation nuclei (CCN) and modifying the microphysics properties of clouds 

[IPCC, 2007]; 2) the degradation of air quality, e.g., depletion of stratospheric ozone and 

impairing the visibility [Watson, 2002; Moosmüller et al., 2009]; and 3) their adverse effects on 

the human health, e.g., damaging the respiratory and cardiovascular systems [Davidson et al., 

2005; Pope and Dockery, 2006]. Aerosol particles in the atmosphere also provide sites for the 

occurrence of a series of surface chemistry and condensed phase chemistry. Understanding the 

properties of aerosols is very essential to assess the aerosol climate and health effects accurately 

and to take appropriate measures to diminish their adverse effects.   

Aerosol particles originate from a wide variety of nature (e.g., sea spray and volcanic 

emissions) and anthropogenic sources (e.g., industry and combustion processes). Primary aerosol 

particles are emitted directly from sources such as biomass burning, combustion of fossil fuel, 

mineral dust, sea salts, and biological debris. Secondary aerosol particles are formed in the 

atmosphere by the gas-to-particle conversion of gaseous precursors through nucleation, 

heterogeneous reaction, and condensational growth. Once aerosol particles are formed, they can 

undergo a series of physical and chemical processes (e.g., condensation, coagulation, evaporation, 

and oxidation) in the atmosphere with the changes of their properties (e.g., sizes and chemical 
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composition), and are removed ultimately through dry deposition on the Earth’s surface and wet 

scavenging by precipitation [Seinfeld and Pandis, 2006; Colbeck, 2008].  

Atmospheric aerosol particles generally distribute in a fine mode and a coarse mode with a 

division of 2.5 μm in diameter. Aerosol particles in these two modes generally associate with 

different sources, transport pathways, and removal processes. Fine mode particles can be further 

divided into those in nucleation mode (< 0.01 μm), Aitken mode (0.01–0.1 μm), and 

accumulation mode (0.1–2.5 μm) [Seinfeld and Pandis, 2006]. Particles in the fine mode are 

expected to be more important than those in the coarse mode. Fine aerosol particles have a 

stronger climatic impact because their sizes close to the wavelengths in the visible light range. 

Their climatic and environmental impacts would be delocalized from the emission areas, as they 

can be transported far from their source regions due to the small sizes. Further, most of the CCN 

are comprised of submicron aerosol particles because of their large number concentrations in the 

atmosphere (around tens to thousands particles cm−3, comparing to those less than 1 cm−3 for 

supermicron aerosol particles) [Kanakidou et al., 2005; Andreae and Rosenfeld, 2008; Pöschl et 

al., 2010]. 

 

1.2 Secondary formation and growth of submicron particles  

Secondary aerosols formed from oxidation of gaseous precursors are abundant primarily in 

the submicron size range. Formation and growth of submicron aerosol particles have been 

observed in various environments, including urban, coastal, rural/remote, and forest areas, high 

mountains, and South Pole [Kulmala et al., 2004; Holmes, 2007]. The new particle formation 

event is characterized by the formation of ultrafine particles detected at a few nm that typically 

observed during the later morning, and their subsequent growth to ~100 nm throughout the day 

[Kulmala et al., 2004]. The ultrafine particles (few nm) are formed by nucleation of non- or low-
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volatile gaseous compounds that emitted from various sources. There are several major proposed 

particle nucleation mechanisms, including homogeneous binary water and sulphuric acid 

nucleation, homogeneous ternary water, sulphuric acid, and a third molecule (most likely 

ammonia) nucleation, ion-induced nucleation, and kinetically controlled homogeneous 

nucleation of iodine oxides [Holmes, 2007; Kulmala et al., 2008]. The nucleated particles can 

grow up to large particles through coagulation (i.e., collision between two particles) and 

condensation of low-volatile compounds (i.e., partitioning of species between the gas and 

particle phases). The growth of newly formed particles might contribute to the increase of CCN 

number concentrations, which in turn modify the cloud droplet properties and thus affect the 

climate [e.g., Spracklen et al., 2008]. 

Modeling studies have pointed out the significance of formation of new aerosol particles to 

total particle number concentrations, CCN concentrations, and aerosol indirect effects [e.g., 

Pirjola et al., 1999; Spracklen et al., 2006; Merikanto et al., 2009; Wang and Penner, 2009]. For 

instance, Merikanto et al. [2009] estimated that secondary aerosols derived from nucleation 

globally contribute 45% of low-level cloud CCN at 0.2% supersaturation; the percentage ranges 

between 31–49% taking into account the uncertainties in nucleation rates and primary emissions. 

Observations have shown that the formation rates of 3 nm particles are often in the range of 

0.01–10 cm3 s−1 in the boundary layer, and the typical growth rates are in the range of 1–20 nm 

h−1 in mid-latitudes depending on temperature and availability of condensable vapors [Kulmala 

et al., 2004]. 

The high natural aerosol loading over European boreal forests indicates that forest is a major 

source of climatically active aerosol particles [Tunved et al., 2006]. Forest vegetation emits a 

large amount of biogenic volatile organic compounds (BVOCs) to the atmosphere, whose 

oxidation products would contribute to both the mass and number concentrations of aerosol 
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particles [O'Dowd et al., 2002]. Observation of particle number size distributions and new 

particle formation (NPF) events has been extensively carried out over the boreal forests for a 

long time [Dal Maso et al., 2005; 2008]. However, the NPF events as well as the physical and 

chemical properties of aerosol particles are rarely characterized at the mid-latitude forests. 

According to the review made by Kulmala et al. [2004], the observation of NPF has been mostly 

concentrated in Europe, especially Scandinavian countries, and North America. In recent years, 

NPF events have been observed at some urban [e.g., Yue et al., 2010] and rural/remote [e.g., Liu 

et al., 2008; Nishita et al., 2008] sites in the East Asia, but there are only two recent studies 

[Miyazaki et al., 2012a; Jung et al., 2013] on the observation of NPF events in the East Asian 

forest atmosphere so far to knowledge. 

 

1.3 Biogenic secondary organic aerosol (BSOA) 

Submicron atmospheric aerosol particles typically consist of organic matter, sulfate, nitrate, 

ammonium, and other components, such as elementary carbon (EC), crustal metal species, and 

water. Organic matter comprises a substantial fraction (around 20%–90%) of submicron aerosol 

mass [Heintzenberg, 1989; Kanakidou et al., 2005; Zhang et al., 2007]. The oxygenated organic 

aerosol, a surrogate of secondary organic aerosol (SOA), is the major component of organic 

aerosol (OA), particularly at rural/remote locations in the Northern Hemisphere midlatitudes 

[Zhang et al., 2007; Jimenez et al., 2009]. SOA can be formed from the atmospheric oxidation of 

both anthropogenic and biogenic gaseous precursors. The best estimate of the global production 

rate of BSOA (~90 TgC yr−1) is much higher than that of anthropogenic SOA (~10 TgC yr−1) 

according to Hallquist et al. [2009]. BSOA is a large fraction of SOA even in some urban areas 

[e.g., Hodzic et al., 2009; Matsui et al., 2009].  
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BSOA is the oxidation products of BVOCs, which are derived primarily from terrestrial 

ecosystem and insignificantly from the oceans [Atkinson and Arey, 2003; Arnold et al., 2009]. 

Terrestrial vegetation emits a variety of BVOCs, including many saturated and unsaturated 

organic groups and their derivatives, into the atmosphere, such as the isoprenoid compounds of 

isoprene, monoterpenes, and sesquiterpenes [Kesselmeier, 1999]. Among BVOCs, isoprene and 

monoterpenes with the highest global emission levels have been recognized as the predominant 

precursors of BSOA [Arneth et al., 2008]. The tracer compounds of BSOA, such as 2-

methyltetrols, 2-methylglyceric acid, pinonaldehyde, pinic acid, and pinonic acid, derived from 

the oxidation of isoprenoids have been widely detected by field and laboratory studies [e.g., 

Claeys et al., 2004; Edney et al., 2005; Carlton et al., 2009]. Biogenic monoterpenes are possibly 

involved in new particle formation over the forest atmosphere, and these particles would 

eventually participate into cloud droplet activation and significantly enhance the albedo of clouds 

[Kavouras et al., 1998; O’Dowd et al., 2002; Kerminen et al., 2005; Tunved et al., 2006].  

Despite a number of efforts in previous field and laboratory studies, BSOAs are still poorly 

characterized in view of their formation pathways, physical and chemical properties, and 

evolution process. This must be partially due to their inherent high variability in temporal and 

spatial scales and also to the limitation of measurement techniques. For instance, field 

quantification of BSOA using highly time-resolved techniques remains a challenge, because the 

formation rates of BSOA is often relatively low and to separate BOA from other OAs is difficult 

[Hallquist et al., 2009]. Laboratory studies can capture some characteristics of BSOAs in their 

initial stage of their evolution, but the chamber BSOA is rarely become as oxidized as ambient 

BSOA [Qi et al., 2010; Ng et al., 2011]. The signature of ambient BSOA remains unclear due to 

the lack of field measurements at sites dominated by BSOA.  
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1.4 Aerosol measurement with aerosol mass spectrometry  

Characterization of the bulk chemical composition of atmospheric aerosol particles using 

aerosol mass spectrometer (AMS, commercialized by Aerodyne Research Inc.) has been 

developed since the last decade [Canagaratna et al., 2007; Pratt and Prather, 2012]. AMS can 

provide nearly real-time information on the chemical composition of aerosol particles with high 

sensitivity, which is more advanced for aerosol studies than using traditional off-line techniques, 

i.e., collection and post-analysis of aerosol filter samples. In addition, on-line aerosol 

measurement with AMS can avoid the adsorption, evaporation, and chemical reactions of aerosol 

components during the aerosol sampling and analysis procedures. Aerodyne AMS has been 

deployed extensively to measure non-refractory chemical species of submicron aerosols (i.e., 

organics, sulfate, nitrate, ammonium, and chloride) [Canagaratna et al., 2007]. Using 

multivariate factor analysis methods, the AMS-derived mass spectra of bulk organics can be 

resolved into several organic constituents with different chemical compositions and temporal 

behaviors, which associate with different sources and/or atmospheric processes [Ulbrich et al., 

2009; Zhang et al., 2011].  

Aerodyne AMS has been deployed to measure BSOA in situ in various forested 

environments, such as rural forested areas [Schwartz et al., 2010; Slowik et al., 2010; Ziemba et 

al., 2010; Setyan et al., 2012], boreal forests [Allan et al., 2006; Raatikainen et al., 2010; Finessi 

et al., 2012], Amazon rain forests [Chen et al., 2009; Schneider et al., 2011], and some other 

tropical and subtropical forests [Capes et al., 2009; Robinson et al., 2011]. From these studies, 

BSOAs have been investigated with regard to, i.e., their mass concentrations, chemical 

composition, mass spectral profiles, gaseous precursors, and interactions with anthropogenic 

aerosols. To date, most of these studies are carried out in North American and European regions. 

BSOA has been detected at some forest sites in East Asia using traditional off-line chemical 
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analysis [e.g., Matsunaga et al., 2003; Fu and Kawamura, 2011; Miyazaki et al., 2012b], which 

are usually with focus on specific biogenic compounds and also limited in the time resolution. 

However, there are no reported real-time measurements of BSOA using AMS in East Asian 

forest area so far to knowledge.  

 

1.5 Research objectives of this study  

This study aims at characterizing the physical and chemical properties of atmospheric 

aerosol particles over a forest site in East Asian region, including their chemical composition and 

size distributions, the formation and transformation of secondary organic aerosols, the magnitude 

of new particles to the production of total aerosols and CCN-size particles. Further, the chemical 

characteristics of BSOA are investigated, with a special focus on the temporal evolution of 

freshly-formed BSOA under the conditions of small abundance of background aerosols. In this 

study, an intensive field measurement of atmospheric aerosol particles was performed at a mid-

latitude forest site in Wakayama prefecture, Japan in the summer of 2010. A scanning mobility 

particle sizer system and an Aerodyne high-resolution time-of-flight aerosol mass spectrometer 

were deployed to measure the number size distribution and chemical composition of aerosol 

particles, respectively. Aerosol filter samples were also collected for analysis of aerosol chemical 

composition. 

In this dissertation, Chapter 1 introduces the background information of atmospheric 

aerosols and the current research status of several topics focused by this study, i.e., formation 

and growth of new aerosol particles as well as measurement of BSOA with Aerodyne AMS. 

Chapter 2 gives a detailed description on the field measurements at the forest site and the 

approaches of data processing. The major findings from this field measurement campaign are 

presented in Chapter 3 and 4. Chapter 3 presents and discusses the number size distributions and 
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the related physical parameters of aerosol particles on NPF event days, the favorable conditions 

for the occurrence of NPF events, the influences of air masses and meteorological factors on 

NPF events, and the potential significance of the observed NPF. Chapter 4 presents and 

discusses the chemical characteristics of aerosol particles on non-event and NPF event days, the 

sources of organic aerosols, the formation and evolution of BSOA, and the contributions of 

organics and sulfate to the growth of new particles and the increase of CCN-size particles. The 

conclusions and outlooks based on this study are given in Chapter 5. 
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2.2 Instrumentation 

2.2.1 Real-time measurement setup 

 

 

Figure 2.2.  Schematic diagram of on-line measurement equipments (SG, silica gel; MS, 

molecular sieve; SMPS, scanning mobility particle sizer; DMA, differential mobility analyzer; 

CPC, condensation particle counter; HR-ToF-AMS, high-resolution time-of-flight aerosol mass 

spectrometer; HTDMA, hygroscopicity tandem differential mobility analyzer; CCNC, cloud 

condensation nuclei counter).  

 

Figure 2.2 presents a schematic diagram of on-line measurement equipments during the 

study. An aerosol inlet supported by a pole was set to 7.5 m above ground level (agl) near the 

building, in which the instruments for aerosol measurement were operated. A PM1 cyclone (cut-

off size of 1 μm at the flow rate of 16.7 L min–1) was installed in the middle of sampling line (1/2 

inch stainless steel tubing) to remove coarse particles. Downstream of the cyclone, aerosol 

particles were diffusion-dried using silica gel and molecular sieve, and then sampled in parallel 

with a scanning mobility particle sizer (SMPS) system and an Aerodyne high-resolution time-of-

flight aerosol mass spectrometer (HR-ToF-AMS). Note that a hygroscopicity tandem differential 

PM1 Inlet Dryer (SG) Dryer (MS)

DMA1 Humidifier DMA2 CPC1

CPC2

DMA3

CCN Counter
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(Chemical composition)

HTDMA (Hygroscopic growth)

SMPS (Size distribution)
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Dryer (SG) Dryer (MS)

(CCN activity)

Ambient air
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mobility analyzer (HTDMA) coupled to a cloud condensation nuclei counter (CCNC) and a 

condensation particle counter (CPC) was connected to another branch; results from these 

measurements [Kawana et al., unpublished results] are not presented in this study.  

 

2.2.2 SMPS system  

Number size distributions of aerosol particles at 14–710 nm in mobility diameter (dm) were 

measured using the SMPS system, which consists of a differential mobility analyzer (DMA, 

model 3081, TSI Inc.) and a CPC (model 3772, TSI Inc.). The SMPS system was operated in the 

sample and sheath flow rates of 0.3 and 3 L min–1, respectively. The inlet flow rate of CPC was 1 

L min–1, which was established by adding a dried air flow of 0.7 L min–1. The commercial 

software of Aerosol Instrument Manager (AIM, TSI Inc.) was used for SMPS data acquisition at 

intervals of 5 min. The diffusion losses of particles were corrected for the SMPS system 

[Reineking and Porstendörfer, 1986; Birmili et al., 1997] and the aerosol sampling line 

[Soderholm, 1979].  

 

2.2.3 HR-ToF-AMS 

The chemical components of non-refractory submicron particulate matters (NR-PM1), 

including organics, sulfate, ammonium, nitrate, and chloride, were determined by the HR-ToF-

AMS. A detailed description of HR-ToF-AMS instrument has been presented by DeCarlo et al. 

[2006]. Figure 2.3 presents an operation schematic of the HR-ToF-AMS. Aerosol particles are 

sampled through a critical orifice (100 μm) into an aerodynamic lens, which will focus particles 

at around 30–1500 nm in vacuum aerodynamic diameters (dva) into a narrow beam. At the exit of 

the lens, particles are accelerated by a supersonic expansion and passed through a high-vacuum 

region with fixed distance, where particle size is determined based on the flight time. Particle are 
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3.0.3) were stored at 10 min intervals. The calibration of HR-AMS inlet flow rate was performed 

at the beginning of the measurement period. The calibrations of particle sizing and ionization 

efficiency (IE) for HR-AMS instrument were performed at the beginning and the end of this 

study. The calibration results are given in Table 2.1. The differences of the recalculated sizes of 

polystyrene latex (PSL) spheres  used for sizing calibration and the ratio of IE to air beam at the 

end of measurement from those at the beginning were small (within 7% and around 6%, 

respectively), suggesting that the HR-AMS was stable throughout the study. The relative 

humidity (RH) upstream of the HR-AMS inlet was maintained at below 5%. HR-AMS data in 

three filter periods (2310–2350 local time (LT) 19 August, 0910–1150 LT 27 August, and 0620–

0730 LT 30 August) were collected by installing a high efficiency particulate-free air (HEPA) 

filter in the aerosol sampling line.    

 

Table 2.1.  Results from the calibration of particle sizing and ionization efficiency of HR-AMS 

at the beginning (19 August 2010) and the end (30 August 2010) of this study. 

  
Particle sizing calibration (PSL size, nm)  IE calibration 

59 ± 2.5 97 ± 3 200 ± 6 300 ± 6 498 ± 5 799 ± 9 
 

IE Air beam IE/AB 

19 Aug 2010  59.77 94.37 206.84 299.96 470.05 839.15   1.9×10−7 3.36×105 5.51×10−13 

30 Aug 2010  59.23 96.20 203.04 295.53 499.58 801.00 
 

2.1×10−7 3.97×105 5.16×10−13 

Variation (%) −0.9 1.9 −1.8 −1.5 6.3 −4.5       −6.2 

 

 

2.2.4 Off-line analysis of aerosol filter samples  

Total suspended particulate (TSP) samples were collected on quartz fiber filters (8 × 10 

inches) using a high-volume air sampler (model AS-810B, Kimoto Electric) that placed on the 
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ground. TSP sampling was performed in each daytime and nighttime, expect when intensive 

sampling was performed every 3 h (from 0610 LT 23 to 0550 LT 24 and from 0610 LT 28 to 

0610 LT 29). By combining averaged results from samples collected every 3 h and those from 

day/night samples, the daytime (start time: 0600–1030 LT; end time: 1700–1800 LT) and 

nighttime (start time: 1800–1820 LT; end time: 0550–0630 LT) data were analyzed. Note that in 

the entire study, we defined a day as 0600 LT to next 0600 LT (e.g., 20 August corresponds to 

0600 LT 20–0600 LT 21 August), considering the temporal variation characteristics of the 

studied aerosols (as those presented in Chapters 3 and 4). A high-volume air sampler (model 

120B, Kimoto Electric Co. Ltd.) with a cascade impactor (50% cut-off diameter of 0.95 μm, TE-

230, Tisch Environmental Inc.) was placed on the ground to collect ambient PM0.95 (particle with 

an aerodynamic diameter ≤ 0.95 μm) samples on quartz fiber filters (8 × 10 inches) for every 

two days during the study.  

The water-soluble ionic species (Na+, NH4
+, K+, Ca2+, Mg2+, MSA−, Cl−, NO2

−, NO3
−, PO4

3−, 

and SO4
2−) in TSP and PM0.95 samples were determined using an ion chromatograph (model 761, 

Metrohm). Organic carbon (OC) and elemental carbon (EC) in TSP and PM0.95 samples were 

measured using a thermal/optical carbon aerosol analyzer (Sunset Laboratory Inc.) based on the 

protocol of Interagency Monitoring of Protected Visual Environments (IMPROVE). The 

detection limits of ionic species, OC, and EC, defined as three times the standard deviation of 

field blanks, in PM0.95 samples were 0.23 μg m−3 for OC and 0.6–13 ng m−3 for other quantified 

components; those in TSP samples were 0.68 μg m−3 for OC and 2–49 ng m−3 for other 

quantified components. 
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2.3 Data processing  

2.3.1 Screening and validation of SMPS data  

In order to omit data under possible artificial influences, SMPS data were screened out when 

the particle number concentration (before correction of particle loss in the sampling line) 

increased ≥ 30% within the first 10 minutes and decreased ≥ 30% within the next 10 minutes. 

The SMPS-derived volume concentrations correlate well with those from the analysis of PM0.95 

filter samples (r: 0.995), assuming full neutralization of NO3
− and SO4

2− with NH4
+, the densities 

of NH4NO3, (NH4)2SO4, and EC of 1.725, 1.77 and 2 g cm−3, respectively, and the volume 

concentrations of organic matter (unit: μm3 cm−3), which is 1.5 times the mass concentrations of 

organic carbon (unit: μg m−3) [Aggarwal et al., 2007]. The ratio of the SMPS-derived 

concentrations to the aerosol samples-derived concentrations was on average 0.54. The ratio was 

lower than unity, which is probably due to the different sampling heights of those two 

measurements, the different size range of the studied aerosols (i.e., 14–710 nm for SMPS and ≤ 

0.95 μm for filter samples), and the uncertainties associated with the calculations of volume 

concentrations both from the data of SMPS and filter analysis as well as the measurement 

uncertainties. The comparison of volume concentrations between SMPS and HR-AMS 

measurements is given in detail in section 2.3.3. 

 

2.3.2 Formation rate, growth rate, condensation sink, and coagulation sink 

i) Formation rate  

The particle formation rate (FR) was calculated from the flux of new particles into the 

observed nucleation mode size range (defined as 14–30 nm in this study) by assuming a constant 

particle source that is active during the time period [Kulmala et al., 2004; Dal Maso et al., 2005]. 
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According to the method given by Kulmala et al. [2004] and Dal Maso et al. [2005], the particle 

FR can be calculated by 

FR= 
dNnuc

dt
 + Fcoag + Fgrowth																																																										(2–1) 

Fcoag=	CoagSnucNnuc																																																																							 (2–2) 

where Nnuc is the nucleated particle concentration, t is time, Fcoag is the loss of particles due to 

coagulation, Fgrowth is the flux of particles out of the size range, and CoagSnuc is the coagulation 

sink of particles in the nucleation mode. Fgrowth is neglected herein because particles rarely grew 

over the size of 14–30 nm before formation ended. Note that the calculated formation rates have 

some uncertainty because of the correction of particle diffusion loss for the SMPS system and 

the aerosol sampling line. 

 

ii) Growth rate  

The growth of aerosol particles is one of the key processes to determine the dynamics of 

aerosols. Growth rates (GR), which used to characterize the particle growth process, can be 

derived from the measured nucleation mode size distributions. Herein, the GR of newly formed 

particles was obtained from the first-order polynomial fitting of the geometric mean diameters 

(dgm) of the nucleation mode (herein 14–30 nm) during the particle bursts. The dgm of the 

nucleation, Aitken, and accumulation modes were computed using a revised automatic fitting 

algorithm (DO-FIT, developed at the University of Helsinki) works on MATLAB (MathWorks 

Inc.) to perform multi-lognormal fit of the SMPS-derived particle number size distributions 

[Hussein et al., 2005].  

 

iii) Condensation sink  
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The condensation sink (CS), which describes the rate of loss of gaseous molecules by 

condensation, was calculated from particle number size distribution according to Kulmala et al. 

[2001], that is,  

						CS=	2πDv dpβm(dp)N(dp)
∞

0
ddp=2πDv dp.iβm,iNi

i

                    										      (2–3) 

where Dv is the diffusion coefficient of the condensable vapor, dp,i is the particle diameter, Ni is 

the particle number concentration, and βm,i is the transitional correction factor at size bin i. 

Although CS depends on the Dv of different condensable vapors, the Dv of sulfuric acid vapor 

(0.077 cm2 s−1) was used for the calculation herein. According to Fuchs and Sutugin [1971], βm 

can be calculated by  

βm=
 Kn + 1

0.377Kn + 1 + 
4

3
α-1Kn2 + 

4

3
α-1Kn

																																											(2–4) 

where α is the mass sticking coefficient and assumed to be unity. The Knudsen number (Kn) is 

Kn=
2λv

dp
																																																																																	(2–5) 

λv is the mean free path of condensing vapor molecule, 

λv=3Dv
πMv

8KBT
																																																																						(2–6) 

Mv is the molecular mass of condensable vapor, KB is Boltzmann constant, and T is air 

temperature. 

The concentration of condensable vapors (Cv) and their source rate (Q) were estimated using 

the calculated GR and CS by assuming the steady state condition [Kulmala et al., 2001; 2005], 

that is,   

Cv=
ρ

∆tDvMv
[
dp

2 − dp0
2

8
+
λv

2
(

4

3α
− 0.623)(dp − dp0) + 0.623λv

2ln
2λv + dp

2λv + dp0
]																	(2–7) 
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dCv

dt
= Q − CS × Cv																																																																(2–8) 

																																																																 Q=	CS × Cv																																																																												(2–9) 

where ρ is particle density (1.6 g cm−1 used herein).  

 

iv) Coagulation sink 

The coagulation sink (CoagS) for 1 nm particles, which represents the removal of 1 nm 

particles (assumed to be equivalent to freshly nucleated particles) through the coagulation [Fuchs, 

1964; Kulmala et al., 2001; Seinfeld and Pandis, 2006]. 	CoagSi= KijNj

j

																																																																(2–10) 

where Nj is the particle number concentration of the jth size bin, and Kij is the coagulation 

coefficient between particles of the jth and ith size bins. 

K12=2π(D1	+	D2)/[
dp1	+	dp2

dp1	+	dp2	+	2 g1
2	+	g

2

2
+

8(D1	+	D2)
c1

2 + c2
2

]																																				(2–11) 
ci=

8kT

πmi
																																																																					(2–12) 

li=
8Di

πci
                                                               (2–13) 

gi=
(dpi	+	li)3−	(dpi

2	+	li2)
3
2

3dpili
− dpi                                     (2–14) 

Di=
kTCc

3πμdpi
                 															                 												   (2–15) 

where Di is the Brownian diffusion coefficient of particles in the continuum regime, ci is the 

average velocity of particle with mass mi, k is the gas dynamic viscosity, li is the mean free path, 
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T is the air temperature, Cc is the slip correction (set to unity), μ is the viscosity of air [Seinfeld 

and Pandis, 2006]. Herein, the CoagS of 1 nm particles resulted from the coagulation with 14–

710 nm in dm particles were calculated. Although the particle number size distributions would 

vary both horizontally and vertically around the studied forest area, the discussion of CS and 

CoagS are based on the assumption that the SMPS-derived size distributions roughly represent 

the size distributions throughout the area. 

 

v) Contribution of coagulation to the growth of 100 nm particles 

Assuming that two particles (p1 and p2) after collision become one particle (p0) and that the 

volume of p0 (Vp0) is equal to the sum of volumes of p1 and p2:  

Vp0=Vp1	+	Vp2    				   or    						  π
6

dp0
3=  

π

6
dp1

3 +  
π

6
dp2

3                                       (2–16) 

The resulting diameter of particle p0 derived from equation 2–16 is: 

dp0=  (dp1
3 +  dp2

3)
1
3                                                              (2–17) 

Thus the diameter change of particle p1 is calculated by 

dp0 − dp1=  (dp1
3 +  dp2

3)
1
3−	dp1                                                     (2–18) 

Based on the above-mentioned assumptions, the following equation 2–19 was used to 

calculate the contribution of coagulation to the growth of 100 nm particles, 

 GR100nm= {K100nm, j × Nj × [(1003 +  dj
3)

1
3 − 100]} 																													(2–19) 

where K100nm, j is the coagulation coefficient between particles of 100 nm and those in the smaller 

size bin j [Kulmala et al., 2001], Nj is the particle number concentration for each size bin j, dj is 

the particle diameter in the size bin j, and [(1003 + dj
3)

1
3 − 100] represents the diameter change 

of a 100 nm particle resulted from a collision with a dj nm particle. Only particles below 100 nm 
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were included in the calculation because collisions with very large particles would make the size 

completely off the growth curve. 

 

2.3.3 Analysis of HR-ToF-AMS data  

The HR-AMS data were processed using the standard ToF-AMS data analysis software 

(SQUIRREL v1.52 and PIKA v1.11, http://cires.colorado.edu/jimenez-

group/ToFAMSResources/ToFSoftware/) that works on Igor Pro 6.2 (WaveMetrics, Inc.). The 

mass concentrations of NR-PM1 species and high-resolution mass spectra of OA were generated 

from the PIKA analysis of raw MS data in V-mode, and the size distributions of NR-PM1 species 

were generated from the SQUIRREL analysis of PToF data. HR ions of CHO+ at m/z 29 should 

contribute to OA signal (usually less than 10%), but it was not chosen to fit in the PIKA analysis 

because CHO+ was not resolved well from the air fragment of 15NN. The relative ionization 

efficiency (RIE) values used in this study were 1.4 for organics, 1.2 for sulfate, 1.1 for nitrate, 

and 1.3 for chloride [Canagaratna et al., 2007]. A RIE value of 5.5 for ammonium was used 

base on the analysis of pure NH4NO3 particles. 

 A collection efficiency (CE) of 0.2 was applied for HR-AMS data analysis by comparing 

volume concentrations derived from HR-AMS (in MS mode) and SMPS data, as shown in 

Figure 2.4. To convert the mass concentrations of NR-PM1 species to their volume 

concentrations, it is assumed that 1) particles are spherical, 2) nitrate and sulfate are fully 

neutralized with ammonium, 3) the volumes of NH4NO3, (NH4)2SO4, and organics are additive, 

with the densities of 1.725 g cm−3, 1.77 g cm−3, and 1.4 g cm−3, respectively, and 4) the volume 

concentrations of elemental carbon (EC) and other refractory species are negligible. The volume 

concentrations of aerosol particles at 14–710 nm in dm, which correspond to a major part of 

submicron aerosols (Figure 2.5), derived from SMPS measurement were used for the comparison. 
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The HR-AMS and SMPS derived volume concentrations correlated strongly (r: 0.97, slope: 1.02, 

Figure 2.4a). Further, the mass concentrations of organics, sulfate, and ammonium derived from 

HR-AMS also correlate well with those from the analysis of PM0.95 (particle with an 

aerodynamic diameter ≤0.95 μm) aerosol filter samples (r: 0.97, 0.97, and 0.99; slope: 0.68, 0.50, 

and 0.47, respectively, Figure 2.4b). The differences between HR-AMS measurement and PM0.95 

analysis are possibly due to their different sampling position in the site and different size ranges 

of the studied aerosols. 

 

 

Figure 2.4. Comparison of volume concentrations of aerosol particles between HR-ToF-AMS 

(using a collection efficiency of 0.2) and SMPS measurements. 
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Figure 2.5. Average size-resolved volume concentration of aerosol particles at 14–710 nm in 

mobility diameters (dm) in the entire study based on SMPS measurement. 

 

It should be noted that the CE of 0.2 in this study is lower than those of 0.5 that commonly 

used in many previous field studies [Canagaratna et al., 2007]. The lower CE in this study is 

likely due to the enhancement of particle bounce on the vaporizer in the extremely dry condition 

(RH below 5% upstream of the AMS inlet) [Middlebrook et al., 2012] and the high mass fraction 

of (NH4) 2SO4, e.g., CE ~0.2 for solid particles of pure (NH4)2SO4 [Matthew et al., 2008]. Also, 

the very low fraction of NH4NO3 in NR-PM1 played minor roles in increasing CE during the 

study [Middlebrook et al., 2012]. Other possibilities include that the transmission efficiency of 

aerodynamic lens decreased for particles beyond ~60–400 nm in vacuum aerodynamic diameters 

(dva) [Liu et al., 2007] and particle beam did not hit the HR-AMS vaporizer in the center.  

High resolution OA mass spectra generated from PIKA analysis of V-mode data were 

analyzed using PMF Evaluation Tool (PET v2.04) [Paatero and Tapper, 1994; Ulbrich et al., 

2009]. Before PMF analysis, the “bad” ions with signal-to-noise ratio (SNR) less than 0.2 were 

removed from the OA mass spectra and error matrices; the “weak” ions (0.2 < SNR < 2.0) were 

downweighted by increasing their errors with a factor of 2 [Paatero and Hopke, 2003]; the ions 
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were downweighted according to Ulbrich et al. [2009]. The PMF resolved factors were 

evaluated according to their time series, mass spectral profiles, diurnal variation patterns, 

correlations with other species, and Q/Qexp value (where Q is the total sum of the squares of the 

scaled residuals and Qexp is the expected Q value) [Ulbrich et al., 2009; Zhang et al., 2011]. Two 

PMF factors with Q/Qexp of 5.8 and fPeak of 0 are considered to be the optimal solution.  

 

2.3.4 Conversion of vacuum aerodynamic diameter  

The particle vacuum aerodynamic diameter (dva) can be converted to the particle volume 

equivalent diameter (dve), which equal to the physical diameter of a spherical particle 

[Canagaratna et al., 2007]. According to Canagaratna et al. [2007], the dve of a particle can be 

calculated by 

dve=
dva × χv × ρ0

ρp

                                                                (2–20) 

where ρ0 and ρp are the standard density (1 g m−3) and the particle density, respectively, and χv is 

the dynamic shape factor of the particle in the free molecular regime.  

The densities of particles at 60–150 nm, 150–300 nm, and 300–1000 nm in dva are expected to 

be different because of their different chemical composition. The average mass concentrations of 

organics and sulfate in the three size ranges on NPF event days are listed in Table 2.2. It is 

assumed that particles are spherical (χv equal to 1), sulfate is fully neutralized with ammonium, 

and the density of ammonium sulfate (AS) is 1.77 g m−3. The density of organics (ρorg) is 

predicted based on the method given by Kuwata et al. [2011], that is,  

ρorg= [(12 + 1(H/C) + 16(O/C)]/[7.0 + 5.0(H/C) + 4.15(O/C)], (0.75 < ρorg < 1.90 g m−3)      (2–21) 
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A ρorg of 1.41 is obtained using the average ratios of O/C and H/C of 0.53 and 1.24, 

respectively, on NPF event days, from elemental analysis of HR-AMS data in this study. The 

densities of particles in different size ranges are calculated by  

ρp= 
mp

Vp
= 

morg + mAS

Vorg + VAS

=
morg + mAS

morg

ρorg
 + 

mAS

ρ
AS

			                                 													          (2–22)	
where ρAS is the density of ammonium sulfate, and m and V are the mass concentration and 

volume, respectively. 

Based on this calculation method, particles at 60–150 nm, 150–300 nm, and 300–1000 nm in 

dva on NPF event days approximately correspond to those at around 43–106 nm, 100–200 nm, 

and 187–624 nm in dve, respectively, as given in Table 2.2. 

 

Table 2.2. Composition and densities of particles at 60–150 nm, 150–300 nm, and 300–1000 nm 

in vacuum aerodynamic diameter dva. 

dva (nm) Mass concentration (μg m−3) Density (ρ, g cm−3) dve (nm) 

 
Organics Sulfate (NH4)2SO4 Organics Sulfate (NH4)2SO4 

60–150 0.02 0 0 1.41 1.77 1.41 43–106 

150–300 0.03 0.010 0.014 1.41 1.77 1.50 100–200 

300–1000 0.06 0.06 0.08 1.41 1.77 1.60 187–624 

 

 

2.4 Meteorological parameters and CFORS Model 

The meteorological data [Kyoto University, 2012a, 2012b], including temperature, relative 

humidity, solar radiation, wind speed, wind direction, and rainfall, were provided by Field 

Science Education and Research Center, Kyoto University. The concentrations of anthropogenic 

aerosol species (averaged from surface to 1000 m height), including carbon monoxide (CO) from 
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biomass burning and fuel combustion, sulfur dioxide (SO2), sulfate, OC, and black carbon (BC), 

were forecasted by a regional-scale aerosol transport model, Chemical Weather FORecasting 

System (CFORS, http://www-cfors.nies.go.jp/~cfors/). The algorithm and application of CFORS 

Model are described in detail by Uno et al. [2003; 2004]. The concentrations of anthropogenic 

aerosol species at the grid of 34.03°N, 135.45°E are used in the study. 

 

2.5 Air mass trajectories and precipitation rates 

Backward air mass trajectories were computed using the Hybrid Single Particle Lagrangian 

Integrated Trajectory (HYSPLIT4, http://ready.arl.noaa.gov/HYSPLIT.php) Model [Draxler and 

Rolph, 2003]. The backward trajectory analysis (start time: 0900 LT of each day) was performed 

for the ten observation days in the duration of 240 h at three different heights of 500, 1000, and 

1500 m agl. The hourly backward trajectories of air masses arrived at WFRS (height: 500 m agl, 

duration: 240 h) were also calculated for the entire studied period.  

Further, daily backward trajectories (start time: 0900 LT, height: 500 m agl, duration: 240 

hours) were computed for the five years of 2006–2010 to estimate the air mass types in the 

period. If ≥120 points of one trajectory (in all 241 points, one point represent one hour) located 

in the North Pacific area (as defined in Figure 2.6), it is considered that the day was under a 

maritime air mass condition; otherwise, the day was considered under a continental air mass 

condition. The diel profiles of average and maximum precipitation rates around WFRS area 

(defined herein as 135.4–136.0°N, 33.9–34.2°E) were calculated for the days on maritime air 

mass conditions in the August of 2006–2010. The precipitation rates were obtained from the 

Radar-Raingauge Analyzed Precipitation data; the average and the maximum are for the data 

points in the defined domain. 
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Figure 2.6.  The North Pacific area used to calculate the residence time of maritime air masses. 

The coordinates of a, b, c, d, e, and f on the map are (133°E, 0°N), (133°E, 32°N), (140°E, 32°N), 

(158°E, 50°N), (225°E, 50°N), and (260°E, 0°N), respectively.  
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and >90 nm) as well as the meteorological conditions in this study. All the four NPF events 

started a couple of hours before noon with strong bursts of sub-30 nm particles, which were 

followed by a subsequent growth between 6 and 20 hours. The bursts of ultrafine particles 

typically started between 0900 and 1200 LT in every morning on NPF event days. The third NPF 

event, which was observed on 28 August, experienced a second burst of particles in the 

afternoon hours (around 1400–1600 LT). By contrast, aerosol particles were largely abundant at 

around 100 nm in dm on non-event days, i.e., from 0600 LT 20 to 0600 LT 26 August 2010, with 

nearly constant particle number concentrations in different size ranges (Figure 3.1b).  

 

 

Figure 3.2. Temporal variations of (a) particle number and surface-area concentrations, (b) 

vapor condensation sink (CS) and coagulation sink (CoagS) for 1 nm particles.  

 

The temporal variations of total particle number and surface-area concentrations, vapor 

condensation sink, and coagulation sink of 1 nm particles during the entire period are presented 

in Figure 3.2. The total particle number concentration substantially increased during the daytime 

on NPF event days, in contrast to those were almost constant between the daytime and the 
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nighttime on non-event days. The surface-area concentration of pre-existing particles on NPF 

event days (on average 13 μm2 cm−3) was low from the midnight until the bursts of new particles 

(0000–0900 LT on 26, 28, and 29 August), which was about 14% of that on non-event days (on 

average 89 μm2 cm−3). The temporal variations of CS and CoagS showed the similar patterns as 

that of particle surface-area concentration.  

 

 

Figure 3.3. Diurnal patterns of (a) total particle number concentrations (14–710 nm in dm), (b) 

condensation sink (CS), and (c) coagulation sink (CoagS) on NPF event days. The mean values 

and standard deviations of those on non-event days are shown with the gray solid lines and gray 

areas, respectively.  

 

Figure 3.3 shows the diurnal variation patterns of total particle number concentrations, vapor 

CS, CoagS of 1 nm particles on NPF event days and the mean ± standard deviation of those on 
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non-event days. The maximum total number concentration of particles in dm of 14–710 nm 

observed during NPF event days was as high as 1.1 × 104 cm−3, which appeared in the early stage 

of the NPF events. The total particle number concentrations before the start of the events (0600–

0900 LT) on NPF event days were on average ~270 cm−3, which is substantially lower than those 

on non-event days from 0600 LT 20 to 0600 LT 26 August (~1100 cm−3). However, the mean 

value of the total particle number concentrations on NPF event days (1600 cm−3) was still higher 

than that of non-event days (1100 cm−3). The mean CS of condensable vapors (or CoagS for 1 

nm particles) right before the bursts of new particles (0600–0900 LT) on event days was 6.2 × 

10−4 s−1 (or 3.0 × 10−4 s−1), which was about five times lower than that of non-event days at the 

same time periods, i.e., 3.9 × 10−3 s−1 (or 1.9 × 10−3 s−1). The occurrence of NPF under the low 

CS condition is similar to that reported from some other forest sites, such as boreal forests and 

forests in the North America, as listed in Table 3.1. The condition of high CS and CoagS may be 

one of the factors that suppress NPF on non-event days in this forest environment. Further, the 

large emissions of monoterpenes would provide a condition that is favorable for NPF around the 

WFRS area as a result of photooxidation, because isoprene may suppress the particle formation 

[Kanawade et al., 2011]. 
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Table 3.1.  NPF events observed at various forest sites and those at East Asian sites 

Location Period Eventsa CSb FRc GRd Reference 

 
(Month/year) NPF% (total) (10−4 s−1) (cm−3 s−1) (nm h−1) 

 

     Various forest sites 
   

Hyytiälä, Southern Finland 1/1996–12/2004 27.3% (2966) mean 17 0.06–5.0 0.5–15.1 [Dal Maso et al., 2007]

Värriö, Lapland 1/1998–12/2004 19.4% (2286) mean 7 0.2±0.3 0.8–9.7 

Heidelberg, Germany (2–4)/2004 26% (38) 16.4–116.3 0.65–5.95 2.1–22.9 [Fiedler et al., 2005] 

California, USA (5–9)/2002 30% (107) mean ~68 n/a 0.76–7.36 [Lunden et al., 2006]

Indiana, USA 12/2006–12/2008 46% (731) ~50–500 n/a mean 2.5 [Pryor et al., 2010] 

     East Asia sites 
  

Mount Norikura, Japan 9/2001, (8–9)/2002 8.3% (48) 15–22 n/a 2.6–3.1 [Nishita et al., 2008] 

Beijing, China 3/2004–2/2005 40% (365) 58–610 3.3–81.4 0.1–11.2 [Wu et al., 2007] 

Pearl River Delta, China (10–11)/2004 26% (27) n/a 0.5–5.2 2.2–19.8 [Liu et al., 2008] 

Jeju Island, South Korea 3/2005 33% (18) 15–840 n/a 1.97–5.81 [Song et al., 2010] 

Coastal area, South Korea (1–12)/2005 19.2% (291) n/a n/a 1.0–15.7 [Lee et al., 2008] 

Wakayama forest, Japan 8/2010 40% (10) 2.2–110 0.2–1.0 5.0–15.7 this study
 

a Frequency of NPF events (NPF% of total days). b Condensation sink on NPF days (from 0600 LT 26 to 

0600 LT 30 August 2010). c Particle formation rate. d Particle growth rate. Note that if the variation ranges 

(minimum–maximum) of CS, FR, and GR were unavailable, the mean values or mean ± standard 

deviations were presented herein.  
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3.2 Quantification of the formation and growth rates of new particles  

The calculated FRs of new particles were, respectively, 1.0, 0.4, and 0.2 cm−3 s−1 for the 

NPF events on 26, 28, and 29 August, with an average of 0.5 cm−3 s−1. The formation rates 

during the rest of the bursts were not presented because the increasing trends of the number 

concentrations of nucleation mode particles were not clear. Figure 3.4 presents the temporal 

evolution of nucleation mode particles (14 < dgm < 30 nm) during the NPF events. The GRs were 

calculated to be in ranged from 5.0 to 15.7 nm h−1, with the mean value of 9.2 nm h−1.  

 

 

Figure 3.4. The particle growth rates during four NPF event days. The markers represent the 

geometric mean diameters (dgm) of nucleation mode obtained from the multi-lognormal fitting of 

particle number size distributions. The lines show the first-order polynomial fitting of the dgm. 

 

For comparison, the frequency of NPF events, the FRs, and the GRs of new particles at 

various forest sites and those at urban and rural/remote sites in East Asia are summarized in 

Table 3.1. The FRs at WFRS were comparable with those reported by other forest studies as 

listed in Table 3.1, and also within the range of those generally observed in the boundary layer 

(0.01–10 cm−3 s−1) [Kulmala et al., 2004]. The GRs at WFRS were in a high range if compared 
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(mean 6.1 nm h−1) from 0900 to 1200 LT on non-event days. This rate is partially explained by 

the expected condensational growth: the GRs of 100 nm particles by condensation on non-event 

days were estimated to be 1.1–5.4 nm h−1 (mean 3.2 nm h−1) using the values of the vapor source 

rates on NPF event days. The coagulation of particles through collisions is another possible 

reason: the GRs of 100 nm particles due to coagulation through collision with smaller particles 

(<100 nm) were calculated to be 0.4–7.9 nm h−1 (mean 2.4 nm h−1) on non-event days. The 

particle growths both on non-event and NPF event days suggest that the presence of pre-existing 

particles governs the removal process of gaseous precursors and affects the occurrence of NPF in 

this forest atmosphere. 

 

3.3 Backward trajectories of air mass 

 

 

Figure 3.6. Backward trajectories of air masses arrived at 500 m agl over the measurement site 

on non-event and NPF event days.  

 

Backward trajectories of air masses suggest that the NPF events at WFRS were induced by 

the inflows of clean maritime air masses originated from the North Pacific. The hourly backward 
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trajectories of air masses arrived at 500 m agl over WFRS on non-event and NPF event days are 

presented in Figure 3.6. The air masses on NPF event days mainly originated from the southeast 

region apart from Japan and were transported over the North Pacific; whereas those on non-event 

days mainly originated from the Asian continental regions and passed through the northeast 

coastal areas of Japan. The air masses arrived at the three different heights (500, 1000, and 1500 

m agl) over WFRS generally presented similar trajectory profiles, as shown in Figure 3.7. 

 

 

Figure 3.7. Backward trajectories of air masses arrived at 500, 1000, and 1500 m agl over the 

measurement site. The solid and dashed lines show the air mass trajectories on non-event and 

NPF event days, respectively.  

 

The result of air mass trajectories indicates that air mass with maritime origin has significant 

influences on the occurrence of NPF, which is similar to those reported from the Finnish boreal 

forest site of Hyytiälä [e.g., Sogacheva et al., 2005] and a Eucalypt forest in South-East Australia 

[Suni et al., 2009]. However, NPF events in these studies were often observed when the air 

masses originated from the cold polar oceans, i.e., the North Atlantic and Arctic areas in the case 

of Nordic boreal zone and the Southern Ocean in the case of South-East Australian forest. Suni et 
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al. [2009] concluded that warm oceans produce clean but humid air that effectively suppresses 

terrestrial biogenic NPF even in the presence of high concentrations of precursor vapors. This 

study at the forest site of WFRS provides the evidence that NPF could occur when the air masses 

are originated from the warm ocean. This implies that the occurrence of NPF events is not only 

over the forests near the coasts of the cold polar oceans, but also in some other forests facing the 

warm oceans. 

 

3.4 Influence of meteorological conditions on NPF 

The time series of relative humidity (RH) correlated negatively with the number 

concentrations of nucleation mode particles on NPF event days (r2: 0.31), whereas the time series 

of temperature and solar radiation correlated positively with the number concentrations of these 

particles (r2: 0.30 and 0.40). Contrastingly, the correlations were absent on non-event days (r2: 

0.03, 0.08, and 0.003 for RH, temperature, and solar radiation, respectively). The NPF events 

occurred preferentially in the daytime with higher solar radiation and temperature and lower RH 

than those in the nighttime (Figure 3.1c). The enhanced solar radiation in the daytime would 

result in the faster photochemical formation of condensates that are available for particle 

nucleation. The surface temperature, which is associated with the strength of atmospheric 

vertical convection, would influence the supply of gaseous precursors. 

The growth of nucleated particles observed at 0900–1300 LT in four out of the five events 

(Figure 3.4), thus the particle nucleation would start even earlier. From the fitted lines in Figure 

3.4, the formation of 3 nm particles was estimated to begin at around 0730–0900 LT on the four 

NPF event days. The diurnal patterns of RH, temperature, and solar radiation on NPF event and 

non-event days are presented in Figure 3.8.  
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Figure 3.8. Diurnal patterns of (a) relative humidity, (b) temperature, and (c) solar radiation on 

non-event and NPF event days. The open squares and dashed lines (or the dots and gray areas) 

represent the mean values and standard deviations of meteorological factors on NPF event days 

(or on non-event days), respectively. The area in light gray represents the estimated particle 

nucleation period (0730–0900 LT). The 30-minute averages generated from the 10-minute data 

are presented herein.  

 

The averages of RH, temperature, and solar radiation at 0730–0900 LT (considered to be the 

period of particle nucleation) were 91.4%, 22.4 °C, and 0.14 kW m-2 , respectively, on NPF event 

days (or 96.3%, 22.8 °C, and 0.15 kW m-2, respectively, on non-event days). RH was slightly 

lower during 0730–0900 LT on NPF event days than that on non-event days, implying its 

connection to the occurrence of NPF [Hamed et al., 2011]. However, this tendency is not fully 

systematic: no NPF was observed on 20 August although the average RH during 0730–0900 LT 

was lower than those on two (26 and 28 August) of four NPF event days (Figure 3.1c). Moreover, 
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the ranges of average ± one standard deviation of the RH from 0730 LT to 0900 LT (10-minute 

interval data) on NPF event and non-event days, which were derived from the output of 

HYSPLIT4 Model (at 500 m agl), are substantially overlapped (83.1%–89.4% and 80.7%–88.2%, 

respectively). These results suggest that the effect of RH on the occurrence of NPF was not as 

obvious as that of air mass origin.  

Figure 3.8 further shows that the differences in solar radiation and temperature during 0730–

0900 LT between NPF event and non-event days were small. High temperature and strong solar 

radiation increase the emissions of biogenic VOCs [Holopainen and Gershenzon, 2010]. 

Because they were not substantially higher during particle nucleation period, the different 

emission rates of VOCs may not have governed the present/absence of particle nucleation in this 

forest environment. Note that temperature and solar radiation were higher in the afternoon hours 

on NPF event days than those on non-event days, which would have contributed to the increases 

of VOC emissions and thus the growth of new particles via the photochemical formation of 

secondary organic aerosol.  

 

3.5 Participation of the new particles in CCN and precipitation 

The studied forest area provided on average 1100 cm−3 of 30–90 nm particles on NPF event 

days, which is comparable to an aerosol population of 1000 to 2000 cm−3 (40 to 100 nm particles) 

in a boreal forest [Tunved et al., 2006]. Aerosol particles only above a certain size (~90 nm) are 

considered to be potential CCNs and to have an ability to form cloud droplets [Andreae, 2007; 

Dal Maso et al., 2008]. The particles > 90 nm in dm were assumed as CCNs herein. The amount 

of > 90 nm particles was on average 270 cm−3 on NPF event days; as a rough estimate, this is 

close to the upper limit of the estimated natural production of CCN active particles over 

continental regions, i.e., not more than 100 to 300 cm−3 [Andreae, 2007]. 
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Figure 3.9. Diurnal patterns of the number concentrations of aerosol particles (90–710 nm in dm) 

and the average precipitation rates around the WFRS area (defined herein as 135.4–136.0°N, 

33.9–34.2°E) on the four NPF event days. The periods without bars are those with the average 

precipitation rates equal to zero or below the minimum of the right-side vertical axes.  

 

A potential important feature of the number size distribution of aerosol particles is its strong 

time dependence, as shown in Figure 3.1b. Figure 3.9 presents the diurnal patterns of the number 

concentrations of aerosol particle (90–710 nm in dm) and the precipitation rates around WFRS 

area on the four NPF event days. A large number of > 90 nm particles appeared in the afternoon 

hours (around 1400–2000 LT). Because the clean maritime air masses with low aerosol loadings 

were dominant at the studied site on NPF event days, the increase of > 90 nm particles in the 

daytime would be largely caused by the growth of newly formed particles. Figure 3.9 shows that 

the increases of the number concentrations of > 90 nm particles were followed by the maximum 

of the precipitation rates on the NPF event days around WFRS area in Kii Peninsula. Possible 
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explanations for the decrease in N90–710 nm when the maximum precipitation occurred include 

their conversion to cloud droplets and their rainout as well as washout by precipitation.  

Furthermore, the classification of the types of air masses in August of 2006–2010 and the 

precipitation data in this periods suggest that most of maritime condition days (66 of 70 days) 

experienced precipitation in the afternoon hours (1400–1900 LT). As shown in Figure 3.10, both 

the average and maximum precipitation rates largely increased during 1400–1900 LT (average 

(or maximum): 1.6–5.7 (or 1.9–6.2) times those during 0000–1300 LT and 2000–2300 LT) on 

the maritime condition days in August of 2006–2010, which are similar to the precipitation 

observed on the four NPF event days.  

 

 

Figure 3.10. The diel profiles of (a) average and (b) maximum precipitation rates around the 

WFRS area on maritime air mass condition days in the August of 2006–2010. 

 

The frequent time-dependent precipitations around this region in summer afternoon were 

presumably caused by the formation of convective clouds. The newly-formed particles may have 
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grown up to act as nuclei of cloud droplets and participated in the precipitation processes around 

the WFRS area, although it is not clear from the current measurement whether the newly-formed 

CCNs substantially modulated the precipitation. The result suggests that NPF contributes not 

only to the high natural aerosol loadings but also to the production of CCN and cloud droplets 

over the studied forest area and the outflow regions. Further studies (e.g. measurements of 

aerosol particles and CCN for a longer-time period) are encouraged to assess the possible casual 

relationship between the growth of new particles and the precipitation rates around WFRS. 

 

3.6 Potential significance of the observed NPF events 

Although the ten-day observation is short, it suggests the frequent occurrence of NPF events 

under maritime clean air mass conditions in the studied forest area. As discussed in section 3.3, 

maritime air masses associated with the occurrence of the NPF at WFRS. In order to assess its 

potential significant influence on NPF in the studied area, the frequency of the maritime clean air 

mass conditions were reviewed during the past five years (2006–2010). The results revealed that 

the maritime air mass conditions occurred primarily during summer (37%), followed by autumn 

(9%) and spring (5%), and rarely in winter (~0%). In total, they occurred on 10–16% of days for 

the individual year from 2006 to 2010. If the new aerosol particles were preferentially formed 

under the maritime air mass dominated conditions as observed during this intensive campaign, 

the occurrence of NPF events is indeed frequent around the WFRS area. Note that herein we 

took no account of other necessary factors for the occurrence of NPF, such as the availability of 

atmospheric nucleation precursors.  

This study at the mid-latitude forest site and the former studies at the forests near cold polar 

oceans (as discussed in section 3.3) indicate that NPF events occurred preferentially under the 

conditions of maritime air masses originated from the oceans. This implies that the occurrence of 
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NPF is possible over some other forest areas facing the oceans. This type of aerosol formation is 

in contrast to the coastal NPF events driven by the biogenic emissions of iodine vapors from 

which condensable iodine oxides are produced [O'Dowd and Hoffmann, 2005]. While the coastal 

iodine-induced particle formation is limited to the areas where iodine-producers (seaweed or 

some other marine biota) are abundant, the particle formation contributed by the biogenic 

secondary organics of forest vegetation origin under clean maritime air mass conditions would 

be more common. Therefore, the mechanisms, physical and chemical properties, and 

significance of this type of aerosol formations should be investigated further around the WFRS 

area and other forested areas facing the oceans.  
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4 Formation and evolution of biogenic SOA 

4.1 Overview of aerosol chemical characteristics at WFRS 

 

 

Figure 4.1. Mass concentrations of three major species (OC, SO4
2−, and NH4

+) and other minor 

components (Na+, K+, Ca2+, Mg2+, MSA−, Cl−, NO2
−, NO3

−, PO4
3−, and EC) of (a) TSP during 

the daytime and the nighttime and (b) TSP and PM0.95 for every two days, based on chemical 

analysis of aerosol filter samples. The capital letters D, N, T, and P over bars represent daytime, 

nighttime, TSP, and PM0.95, respectively. The days presented are nominal days. 

 

Figure 4.1 presents the mass concentrations of components quantified by chemical analysis 

of TSP and PM0.95 filter samples. The summed mass concentrations of ionic species, OC, and EC 

in TSP ranged from 3.0 to 25.4 μg m−3 with an average of 13.2 μg m−3 for the entire study. 

Whereas the total mass concentration of TSP was higher in the daytime than that in the nighttime, 

the day/night variation of OC was not systematic. The average mass concentration of TSP 

components on non-event days (18.9 μg m−3) was substantially higher than that on NPF event 

days (4.6 μg m−3). The total mass concentrations of quantified components in PM0.95 ranged from 
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1.1 to 11.7 μg m−3 with an average of 5.8 μg m−3 for the entire study. The total mass 

concentrations of ionic species, OC, and EC in PM0.95 were, on average, 1.7 μg m−3 and 8.6 μg 

m−3 for NPF event and non-event days, respectively. The quite low aerosol loadings for both 

TSP and PM0.95 on NPF event days were obvious, which is explained by the arrival of clean air 

masses of maritime origin as suggested from the trajectory analysis.  

The transport pathway of air masses would be responsible for the changes of aerosol 

chemical composition. The summed mass concentrations of OC, SO4
2−, and NH4

+ in TSP 

accounted for, on average, 97% and 84% of total quantified mass on non-event and NPF event 

days, respectively. The increased mass fraction of other minor components in TSP on NPF event 

days is contributed mainly by Na+ and Cl−, which are usually considered as the tracers of sea salt. 

This is consistent with the backward trajectories of air masses that originated mainly from the 

North Pacific on NPF event days. The components quantified in PM0.95 were dominated (by 

mass) by SO4
2− (54.8%), followed by OC (24.6%) and NH4

+ (18.3%) on non-event days; 

whereas they were dominated by OC (43.4%), followed by SO4
2− (39.8%) and NH4

+ (14.1%) on 

NPF event days. The relatively high OC fraction on NPF event days is presumably contributed 

by BSOA originated from the forest vegetation. 

The total quantified components in PM0.95 contributed, on average, 45% and 37% of those of 

TSP mass on non-event and NPF event days, respectively (Figure 4.1b). The abundance of the 

aerosol components in coarse particle (>0.95 μm herein) at WFRS is similar to that observed 

over a pristine Amazonian rainforest (where the supermicron fraction accounted for ~70% of 

total particle mass concentration) [Pöschl et al., 2010]. OC in PM0.95 accounted for, on average, 

25.4% and 26.2% of that in TSP on non-event and NPF event days, respectively, being in 

contrast to those of 63.4% and 76.4% for sulfate. The large mass fraction of organics in the 

coarse particles (> 0.95 μm) may be associated with the presence of primary biological aerosol 
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particles (PBAP) [Després et al., 2012]. However, this study focuses on the submicron organic 

aerosols at WFRS. Characterization of submicron organic aerosols is important because SOA 

formed by oxidation of gaseous organic precursors is abundant primarily in the submicron size 

range, and most of CCN must be comprised of submicron particles due to their large number 

concentrations [Seinfeld and Pandis, 2006; Andreae and Rosenfeld, 2008; Pöschl et al., 2010].  

 

 

Figure 4.2. Time series of the concentrations of gaseous (CO from biomass burning and fuel 

combustion and SO2) and particulate (OC, BC, and sulfate) anthropogenic aerosol species 

(averaged from surface–1000 m height) derived from the regional-scale aerosol transport model 

CFORS. 

 

Figure 4.2 presents the time series of the concentrations of gaseous and particulate 

anthropogenic aerosol species derived from CFORS Model. For instance, the CFORS-derived 

concentrations of OC, sulfate, and EC at the beginning and the end of the study are presented in 

Figure 4.3. All the components had similar temporal variation patterns, i.e., their concentrations 

were relatively high on non-event days in contrast to those decreased substantially on NPF event 

days. This is similar to the variation patterns of the mass concentrations of chemical components 
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similar to those derived from the off-line analysis of TSP and PM0.95 samples (Figure 4.1). This 

result further supports the conclusion that NPF events occurred under relatively low aerosol 

loadings at WFRS.  

Organics, sulfate, and ammonium were three major components, the sum of which accounted 

for, on average, more than 96% of total NR-PM1 mass. Organics, which accounted for on 

average 46% of total mass, was the dominant component of NR-PM1 in most of the studied 

period, followed by sulfate (41%) and ammonium (12%). The mass fractions of organics, sulfate, 

and ammonium were relatively constant on non-event days, in comparison to the pronounced 

variations on NPF event days. The average mass fraction of organics on NPF event days (55%, 

ranged from 9% to 86%) was higher than that on non-event days (45%, ranged from 12% to 

66%). The enhanced mass fractions of organics accompanied with the increases of particle mode 

diameters during the daytime on NPF event days (Figures 4.4b and 4.4c), suggesting that 

organics associated largely with the growth of new particles. Nitrate and chloride were the minor 

components throughout the study, accounting for, on average, 0.9% and 0.3% of NR-PM1 mass, 

respectively.  

The variation of the mass ratio of organics to sulfate (Org/SO4 ratio) derived from HR-AMS 

was small on non-event days, being in contrast to the pronounced variation between daytime and 

nighttime on NPF event days (Figure 4.4a). This indicates that the chemical composition of 

submicron aerosol particles on non-event days was distinct from that on NPF event days. The 

mean (± σ) Org/SO4 ratio was 1.07 (± 0.36) and 1.81 (± 1.78) on non-event and NPF event days, 

respectively. High Org/SO4 ratio up to 7.3 (1-h average) was observed only on NPF event days 

when air masses originated mainly from the North Pacific region. The mass concentration of 

sulfate was not largely fluctuated on NPF event days, and thus the high Org/SO4 ratio was 

mainly caused by the increase of the mass concentration of organics. Given the low Org/SO4 
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ratios reported for clean marine submicron aerosols (usually less than unity) [Shank et al., 2012], 

the high ratios observed on NPF event days are likely associated with organic aerosols originated 

from local emissions. The similar result is also obtained from chemical analysis of PM0.95 

samples, that is, the average Org/SO4 ratio was 0.81 and 1.84 on non-event and NPF event days, 

respectively, on the assumption that the mass concentration of organic matter (OM) equals to 1.8 

times that of OC based on elemental analysis of the HR-AMS data. 

 

 

Figure 4.5. Averaged diurnal variations of mass concentrations (using a CE of 0.2) of NR-PM1 

species (organics, sulfate, ammonium, and nitrate) on non-event and NPF event days. The 

colored lines with dots and the shaded areas (or the black lines with open squares and the dashed 

lines) represent the mean values and 1σ standard deviation of mass concentrations on non-event 

days (or NPF event days), respectively. 
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The average diurnal variation patterns of NR-PM1 species on non-event and NPF event days 

are presented in Figure 4.5. The mass concentrations of organics increased prominently during 

the daytime on both non-event and NPF event days, which was most likely contributed by 

photochemically-formed BSOA. The higher mass concentration of organics in NR-PM1 in the 

daytime than that in the nighttime is distinct from the unsystematic day/night variation of 

organics in TSP (Figure 4.1a). The increase of organics in the daytime on non-event days was 

nearly a factor of two higher than that on NPF event days. A possible explanation is that the gas-

particle partitioning of BSOA shifted to the particle phase with the large presence of continental 

aerosols on non-event days. The mass concentration of sulfate increased at around 0600–1200 

LT in the morning on both non-event and NPF event days, which might have been as a result of 

the descent of sulfate-rich air aloft, followed by the depositional losses within the mixing layer, 

and/or the photochemical production of sulfate. The mass concentration of ammonium was 

nearly constant on non-event days, whereas it slightly decreased during the daytime on NPF 

event days. Nitrate had similar diurnal patterns as organics although its mass concentrations were 

quite low. Nitrate was possibly from long-range transported continental aerosols (mainly on non-

event days) and formed from photochemical reaction of NOx emitted locally by soil.  

 

4.3 Chemical characteristics and sources of organic components 

PMF analysis of OA mass spectra identified two oxygenated organic aerosol (OOA) 

components, i.e., a highly oxidized, low volatility OOA (LV-OOA) and a less oxidized, 

semivolatile OOA (SV-OOA), as shown in Figure 4.6. Herein, the naming of the components is 

based on their similarities with those reported in previous studies [e.g., Ng et al., 2010; Zhang et 

al., 2011] instead of their inherent volatilities. Note that these components are not necessarily 

fully-separate groups of organic compounds, although they account for different masses of 



 
 

51 
 

organics in the studied aerosols. This is because intermolecular structures within a molecule 

could be assigned to different components, given the measured mass spectra are as a result of 

fragmentation. The combustion-related hydrocarbon-like OA (HOA), biomass burning OA 

(BBOA), and cooking-related OA (COA) that observed at other sites [e.g., Huang et al., 2011; 

Sun et al., 2011] are not resolved due to the absence of such sources, which is consistent with the 

low signals of their relevant signatures (e.g., C4H9
+ for HOA, C2H4O2

+ for BBOA, and C6H10O
+ 

for COA).  

 

 

Figure 4.6. (a) Mass spectra and time series of (b) mass concentrations (using a CE of 0.2) and 

(c) mass fractions of LV-OOA and SV-OOA resolved from PMF analysis. The mass fraction of 

residual from PMF analysis is also presented in (c).  
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The mass spectrum of SV-OOA has lower m/z 44 (mainly CO2
+) signal but higher signals of 

CxHyO1
+ and CxHy

+ fragments, such as C2H3O
+ (m/z 43), C4H7

+ (m/z 55), and C7H7
+ (m/z 91), 

than that of LV-OOA (Figure 4.6a). A lower O/C of SV-OOA (0.45, comparing to 0.67 for LV-

OOA) suggests it is a less oxygenated and relatively fresh organic component. The mass 

spectrum of LV-OOA is characterized by prominent CO2
+ peak and relatively low signals in high 

m/z range, which is similar to those of the more oxidized OOA-1 reported in other studies [e.g., 

Lanz et al., 2007; Ulbrich et al., 2009]. Such similarity is expected in respect that LV-OOA, 

which may have experienced aging processes, observed at various locations are chemically 

similar regardless of their different sources [Ng et al., 2010; Zhang et al., 2011].  

 

 

Figure 4.7. Averaged diurnal variations of mass concentrations (using a CE of 0.2) of LV-OOA 

and SV-OOA, temperature, solar radiation, and relative humidity on (a) non-event and (b) NPF 

event days.  
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nitrate) (Figure 4.6b), suggesting its semivolatile property. SV-OOA correlated positively with 

temperature (r: 0.54) and solar radiation (r: 0.35) (data in 10 min intervals), in contrast to LV-

OOA that showed almost no correlations with them (r: 0.06 and −0.02, respectively). The diurnal 

patterns showed that SV-OOA increased remarkably during the daytime with the elevated 

temperature and solar radiation on both non-event and NPF event days (Figure 4.7), implying its 

strong association with photochemical secondary products from local emissions. Based on these 

characteristics, we conclude that SV-OOA consists of a major part of BSOA freshly-formed 

from the photochemical processing of BVOCs in this forest atmosphere.  

LV-OOA was abundant mainly on non-event days (49% of total OA), whereas it was a minor 

fraction on NPF event days (18% of total OA). LV-OOA correlated with sulfate, especially 

during 22–30 August (r: 0.91), suggesting its low volatility property and primary association 

with regional secondary aerosol products. The average diurnal variation pattern of LV-OOA on 

non-event days was flat (Figure 4.7a), and thereby the contribution of local photochemical 

formation to LV-OOA was not evident. Taking into account air mass origins, we infer that LV-

OOA on non-event days is mainly an OA component transported long distances from the Asian 

continental region. On NPF event days, however, some increase was observed in the diurnal 

pattern of LV-OOA (Figure 4.7b), suggesting that LV-OOA might be partly contributed by 

locally-formed SOA, possibly the aged BSOA. Some residuals of organic mass concentration 

remained on NPF event days (Figure 4.6c) after PMF analysis, which likely associated with the 

variability in the mass spectra of organic components, e.g., the further oxidation of SV-OOA.  

The representative mass spectra of BSOA can be retrieved by an alternative method, that is, 

by subtracting the average mass spectrum of OA in the background period from that in other 

period. The background period is defined as the period with lowest OA mass concentration after 

midnight and before the daytime maximum (from the mean values in Figure 4.5), i.e., 0000–
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0800 LT on non-event days and 0500–0800 LT on NPF event days. The difference mass spectra 

of OA on non-event and NPF event days (Figures 4.8a and 4.8c) are very similar to that of SV-

OOA (r: 0.96 and 0.995, respectively). This result suggests that the increases of OA mass 

concentrations are mainly contributed by the formation of BSOA on both non-event and NPF 

event days. The mass spectra of background OAs on non-event and NPF event days (Figures 

4.8b and 4.8d) are similar to that of LV-OOA (r: 0.999 and 0.88, respectively), and they are 

considered to be mainly the continental OA and aged BSOA, respectively.  

 

 

Figure 4.8. Differences between the average mass spectra of OA at (a) 0800–2400 LT and that at 

0000–0800 LT on non-event days and (c) 0800–next 0500 LT and that at 0500–0800 LT on NPF 

event days. Averaged mass spectra of OA at (b) 0000–0800 LT on non-event days and (d) 0500–

0800 LT NPF event days. 

 

The mass spectra of OA were analyzed using delta (or ion series) analysis, where each m/z in 
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BSOA is characterized by the predominance of mass spectrum signals at negative Δ values for 

the large m/z fragments comparing to anthropogenic SOA [Bahreini et al., 2005; Kiendler-

Scharr et al., 2009]. However, this characteristic of BSOA is likely inapplicable to ambient 

BSOA. Figure 4.9 presents the average Δ values of n1–4 (m/z 12–61) and n5–6 (m/z 62–89) 

fragments of OA components in various studies. Note that CO+ (m/z 28, Δ=1) was not included 

in the analysis herein.  

 

 

Figure 4.9. Average delta values of n= 1–4 (m/z 12–61) and n= 5–6 (m/z 62–89) fragments in 

the mass spectra of continental OA and BSOA at WFRS (this study, Figures 4.8b and 4.8c, 

respectively), biogenically-influenced SOA and anthropogenically-influenced SOA at rural 

forested sites [Chen et al., 2009; Raatikainen et al., 2010; Setyan et al., 2012], SV-OOA and LV-

OOA at urban sites [Aiken et al., 2009; Takegawa et al., 2006; Sun et al., 2010; Sun et al., 2011; 

Mohr et al., 2012], and average tree BSOA from a laboratory study [Kiendler-Sharr et al., 2009]. 

The mass spectral data of Takegawa et al. [2006], Aiken et al. [2009], and Sun et al. [2010] are 

from Aerosol Mass Spectrometer Global Database 
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(https://sites.google.com/site/amsglobaldatabase). The error bars represent the variation ranges of 

the mean values. 

 

 

Figure 4.10. Relative intensities of organic signals that attribute to individual delta values (from 

−7 to 6) of n= 1–4 (m /z 12–61) and n= 5–6 (m/z 62–89) fragments in the mass spectra of 

biogenic secondary organic aerosol (BSOA) and continental SOA at WFRS (this study), 

biogenically-influenced SOA and anthropogenically-influenced SOA at rural forested sites, 

average SV-OOA and LV-OOA at urban sites, and average tree biogenic SOA. The error bars 

represent the variation ranges of the mean values. The data sources are same as those given is 

Figure 4.9. 
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sites are within the ranges of those for SV-OOA at urban sites (1.12 ± 0.22 and −1.35 ± 0.52, 

respectively) and anthropogenic SOA at rural forested sites (1.41 ± 0.65 and −1.44 ± 0.12, 

respectively). Further, the relative signal intensities of individual Δ values (from −7 to 6) of 

BSOA are close to those of anthropogenic SOA at rural forested sites and SV-OOA at urban sites, 

as shown in Figure 4.10. Therefore, the characteristic of the mass spectrum of ambient BSOA is 

not found based on delta analysis herein. It is possible that the aging of freshly-formed BSOA, as 

discussed in section 4.4, would make it difficult to detect a universal mass spectral fingerprint of 

ambient BSOA. 

 

4.4 Temporal evolution of biogenic SOA 

A significant characteristic of the mass spectrum of OA is found to be its time dependence, 

which indicates the changes of the chemical composition of OA. Figure 4.11 presents the 

correlation coefficients (r) of the hourly averaged mass spectra of OA on non-event and NPF 

event days vs. the mass spectra of LV-OOA and SV-OOA. On NPF event days, the r of OA vs. 

SV-OOA was elevated at around 0800–1100 LT and remained constant with high values until 

around 1500 LT, and then decreased slowly until the midnight; the r of OA vs. LV-OOA slightly 

increased from around 1100 LT until the midnight. On non-event days, the r of OA vs. SV-OOA 

increased at around 0800–1300 LT and then decrease gradually, whereas the r of OA vs. LV-

OOA showed the reverse trend. The continuous changes of r indicate that a single representative 

mass spectrum (Figures 4.6a, 4.8a, and 4.8c) indeed cannot capture the chemical evolution of 

BSOA. 
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Figure 4.11. Correlation coefficients of the hourly averaged mass spectra of total OA vs. the 

mass spectra of LV-OOA and SV-OOA on (a) non-event and (b) NPF event days. 

 

The evolution process of BSOA is investigated based on the variations in the mass spectrum 

of OA, especially those on NPF event days. Figure 4.12 presents hourly averaged f44 vs. f43 (the 

fractions of m/z 44 and m/z 43 in the mass spectrum of OA, respectively), CxOy
+ (herein sum of 

CO+ and CO2
+) fraction vs. CxHy

+ and CxHyO1
+ fractions in total OA, and O/C vs. H/C on non-

event and NPF event days. The diurnal variations of these parameters on NPF event days were 

more obvious in horizontal and vertical than those on non-event days, which is supposed to be 

affected by the small abundance of continental OA on NPF event days (as seen in Figure 4.7b). 

All the data points of f44 vs. f43 reside in the middle part of the triangle region (Figure 4.12a and 

4.12b), where both more and less oxygenated organic components from multiple sites are located 

[Ng et al., 2010]. 
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Figure 4.12. Diurnal variations of hourly averaged (a, b) f44 vs. f43, (c, d) CxOy
+ fraction vs. 

CxHy
+ fraction in OA, (e, f) CxOy

+ fraction vs. CxHyOz
+ fraction, and (g, h) O/C vs. H/C on non-

event (solid squares) and NPF event days (solid circles), respectively. The solid triangles show 

the differences between the aging period (1300–2300 LT) and the background period (0500–

0800 LT) on NPF event days. In (a) and (b), the triangular space defined by two dashed lines is 

refer to Ng et al. [2010]; error bars represent the 1σ variations of the mean values at 0000–0100 

LT, 0600–0700 LT, 1200–1300 LT, and 1800–1900 LT for individual days. In (c)–(h), error bars 

represent the 1σ variations of the mean values at 1200–1300 LT and 1800–1900 LT for 

individual days. Data on 27 August are not included because of their absence at 0900–1200 LT. 
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Figure 4.13. Diurnal variations of hourly averaged (a) f44 (fractions of m/z 44 in OA mass 

spectrum) vs. f43 (fractions of m/z 43 in OA mass spectrum), (b) fraction of CxOy
+ fragments vs. 

fraction of CxHy
+, (c) fraction of CxOy

+ fragments vs. fraction of CxHyOz
+ fragments, and (d) O/C 

vs. H/C for individual days.  
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On NPF event days, the evolution process of BSOA can be generally divided into three 

periods, i.e., those at 0800–1300 LT (P1), 1300–2300 LT (P2), and 2300–next 0500 LT (P3), 

according to the diurnal variation pattern of f44 vs. f43 (Figure 4.12b). The background period of 

0500–0800 LT is from section 4.3 (Figure 4.8d). After the background period with a very low f43 

and a lowest f44, a significant increase of f43 and a slight increase of f44 were observed at P1; 

CxOy
+ fraction was nearly constant, and CxHy

+ fraction decreased with an increase of CxHyO1
+ 

fraction; O/C decreased in contrast with an increase of H/C. These characteristics of OA mass 

spectrum together with the significant increase of the mass concentrations of SV-OOA at P1 

(Figure 4.7b) suggest that the less oxygenated OA (herein BSOA) was substantially formed 

during this period. Interestingly, at P2, f43 gradually decreased with a continued increase of f44; an 

increase of CxOy
+ occurred with a very slight decrease of CxHy

+ fractions and a substantial 

decrease of CxHyO1
+ fraction; O/C increased gradually while H/C decreased. These results 

suggest that OA at P2 became increasingly oxygenated, which is most likely associated with the 

aging processing of freshly-formed BSOA (more details are given later). At P3, nearly constant 

f43 and continuously decreasing f44 were observed; CxOy
+ fraction decreased with increases of 

CxHy
+ and CxHyO1

+ fractions; O/C was almost constant while H/C decreased. These 

characteristics and the quite low mass concentration of OA (Figure 4.5) suggest that aged BSOA 

were gradually replaced to the background aerosols, which are possibly transported by maritime 

air from the North Pacific. The less oxygenated characteristics of OA at around 0500 LT is 

consistent with a large fraction of water-insoluble organic carbon in submicron marine aerosols 

[O’Dowd et al., 2004]. Further, organics from vegetation (e.g., leaf-wax) possibly constituted the 

background aerosol. The results for individual days are presented in Figure 4.13. It should be 

emphasized that the above-mentioned patterns of f44 vs. f43, CxOy
+ vs. CxHy

+, and CxOy
+ vs. 
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CxHyO1
+ were observed mainly for individual days of 28 and 29 August, while some feature is 

not clear on 26 and 27 August.  

On non-event days, all these parameters showed similar diurnal variation patterns, that is, 

the highest values of f44, CxOy
+ fraction, and O/C were observed at around 0400 LT, followed by 

their decreases until around 1300 LT, and then they increased gradually to the maximum; 

comparatively, the variation patterns of f43, CxHy
+ fraction, CxHyO1

+ fraction, and H/C were just 

the opposite. The relatively small variations of these parameters suggest that a large fraction of 

OA was well aged on non-event days, being consistent with the large presence of continental OA. 

The continental OA (Figure 4.8b) is characterized by a highest f44 and a lowest f43 at around 

0000–0800 LT. A continued decrease of f44, CxOy
+ fraction, and O/C at around 0800–1300 LT 

suggests that OA become less oxidized when BSOA added to the atmosphere and mixed with the 

continental OA. Their increases after 1300 LT was possibly caused by the aging of BSOA as 

suggested for NPF event days and/or by the decreased fraction of BSOA with respect to 

continental OA. 

Whereas the aging of freshly-formed BSOA probably occurred after midday (around 1300 

LT) on both non-event and NPF event days in this forest atmosphere, the very low abundance of 

continental OA on NPF event days provides ideal conditions to study the chemical evolution of 

BSOA. The aging of freshly-formed BSOA on NPF event days is expected to proceed through 

several pathways, including 1) mixing of BSOA with background aerosols, 2) uptake (e.g., 

condensation, absorption, and diffusion) of oxidized organic vapors or semi-volatile species on 

BSOA particles, and 3) oxidation reaction of BSOA with oxidants such as OH radical, O3, and 

nitrate radical. To rule out the mixing effects on the aging of BSOA, the difference between the 

aging period (P2) and the background period (0500–0800 LT) were calculated for  f44 vs. f43 and 

CxOy
+ fraction vs. CxHy

+ and CxHyO1
+ fractions. As shown in Figures 4.12 (b, d, and f), all these 
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parameters showed similar variation patterns as those with the mixing effects, suggesting that the 

aging of BSOA are not significantly driven by its mixing with background aerosols. Further, 

contribution from uptake of oxidized organic vapors or semi-volatile species on BSOA particles 

was presumably not large. This is because the increase of the geometric mean diameter (in dva) of 

OA mass concentration at 1400–2300 LT on NPF event days is only ~2% h−1 by a linear 

regression of the open circles in Figure 4.14c, which is at least in part caused by the increase of 

particle density, i.e., about ~1.4% h−1 according to the composition of NR-PM1 (analogous to the 

method in section 2.3.3) but with the estimate of the density of organics using O/C and H/C 

[Kuwata et al., 2011]. 

Hence, the aging of freshly-formed BSOA at P2 might be explained mainly by its oxidation, 

such as heterogeneous and aqueous phase reactions [Rudich et al., 2007]. Heterogeneous 

reaction between BSOA in organic phase and gaseous oxidants is possibly limited because the 

organic phase of BSOA would present in a glassy (amorphous solid) state, which reduces the rate 

of heterogeneous reaction [Virtanen et al., 2010]. The oxidation of BSOA would preferentially 

occur in the aqueous phase because RH was very high in this forest atmosphere (Figures 4.7b, 

hourly average was in the range of 74%–97%), especially in the nighttime. If this is the case, the 

large increase of CxOy
+ fraction with the relatively small changes of CxHy

+ fraction at P2 (Figure 

4.12d) can be explained by the oxidation of less oxygenated functional group, e.g., conversion of 

aldehyde group to carboxylic group in the aqueous phase [Ervens et al., 2004]. This explanation 

is hypothetical but is in line with the recent understanding that aqueous phase organic reaction 

can play a vital role in the formation and aging of SOA, and also can explain the high oxidation 

state of ambient OA [Ervens et al., 2010]. The reactions of monoterpenes with O3 may provide 

OH and HO2 radicals in the nighttime [Kanaya et al., 2007], a part of which may be transferred 
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to the aqueous phase. Further, NO3 radical originated from NOx from soil and O3 possibly 

present and contribute to the aqueous phase reactions. 

 

4.5 Contribution of organics to the particle growth  

Although the mass spectra (and presumably the composition) of BSOA formed on non-event 

and NPF event days are similar (section 4.3), their resulting size distributions are quite different. 

Figure 14 presents the diurnal variation patterns of size-resolved particle volume concentrations, 

vapor condensation sinks CS, and mass concentrations of organics and sulfate on non-event and 

NPF event days. The diurnal patterns of volume concentration and condensation sink on non-

event days showed clear unimodal distributions peaking at ~350 nm and ~250 nm in dm, 

respectively, in the accumulation size range (Figures 14a and 14b). Dissimilarly, they showed 

bimodal distributions in the Aitken and the accumulation size ranges at around 0900–2200 LT on 

NPF event days. In the period when the Aitken mode grew toward a larger diameter, the 

diameter of the accumulation mode changed only slightly. The increases of particle volume 

concentration and vapor CS in the Aitken size range on NPF event days coincided with the 

growth of new particles (Figures 4.3c). The high CS in the Aitken mode on NPF event days 

indicates the large potential of gas-to-particle conversion of VOCs in this size range. 

Organics had a broader size distribution with the hourly geometric standard deviation (GSD) 

in the range of 1.9–2.5 on NPF event days, comparing to that of 1.6–1.9 on non-event days. The 

mass concentration of organics below 150 nm in dva increased substantially at around 1100–2000 

LT on NPF event days, whereas no obvious increase was found for sulfate (Figures 14c and 14d). 

Organics below 150 nm in dva increased with the enhanced CS in the Aitken mode, suggesting 

that the growth of new particle is contributed primarily by organics formed from gas-to-particle 

conversion of BVOCs.  Organic and sulfate were mainly dominant at ~350 nm and ~400 nm in 



 
 
66 
 

dva on NPF event days, respectively, in contrast to those at ~500 nm and ~600 nm in dva on non-

event days. The larger mode diameters of organics and sulfate on non-event days can be 

explained by the presence of aged regional aerosols with long residence time [Zhang et al., 2005] 

and also by the condensation of BSOA on the accumulation mode particles with large volume 

concentrations. 

 

 

Figure 4.14. Averaged diurnal variations of size-resolved (a) particle volume concentrations, (b) 

vapor condensation sinks, and mass concentrations (using a CE of 0.2) of (c) organics and (d) 

sulfate on non-event and NPF event days. The black lines with dots and the dashed lines 

represent the geometric mean diameters (dgm) and variation ranges of dgm, respectively.  

 

The formation of BSOA is also important to the increase of the particles in the CCN-size 

range in the studied area. Figure 4.15 presents the diurnal patterns of the mass concentrations and 
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the mass fractions of organics and sulfate at 60–150 nm, 150–300 nm, and 300–1000 nm in dva. 

On NPF event days, the mass concentrations of organics in the small size ranges (60–150 nm and 

150–300 nm in dva) increased substantially at around 0900–2400 LT; by contrast, there was 

almost no increase for sulfate. Particles at 60–150 nm in dva (around 43–106 nm in particle 

volume equivalent diameter dve) are around the CCN activation diameter (dact, ~90 nm in dve, as 

proposed by Han et al. [2013]) and particles at 150–300 nm and 300–1000 nm in dva (around 

100–200 nm and 187–624 nm in dve, respectively) are potential CCN active particles. The 

substantial increase of organics at 60–300 nm in dva instead of sulfate on NPF event days 

suggests that BSOA played a dominant role in the increase of CCN. Further, the mass 

concentration of organics peaked at around 1500–1800 LT on NPF event days, implying that the 

organic-rich particles may have involved in the intensified precipitation at around 1400–1900 LT 

in the studied area.  

Even on non-event days, the increase of CCN-size particles would be contributed largely by 

the formation of BSOA in the daytime. Although the increase of the mass concentration of 

organics at 60–150 nm in dva (around 43–106 nm in dve) is weak, a substantial increase of 

organics at 150–300 nm in dva (around 102–204 nm in dve) was observed at 0900–1800 LT on 

non-event days. Because there was no synchronous increase of sulfate in both size ranges, the 

increase of CCN should be governed by the formation of BSOA. The mass concentration of 

sulfate mainly concentrated at 300–1000 nm in dva (around 186–620 nm in dve), but the 

contributions to the increase of CCN by those particles may be limited because of the low 

number concentrations of large size particles. 
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Figure 4.15. Averaged diurnal variations of the mass concentrations (using a CE of 0.2) and the 

mass fractions of (a) organics and (b) sulfate in the size ranges of 60–150 nm, 150–300 nm, and 

300–1000 nm in dva on non-event and NPF event days. 
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5 Conclusions and outlooks 

5.1 Conclusions  

The number size distributions and chemical composition of atmospheric aerosol particles 

were investigated at a mid-latitude forest site (WFRS) in Wakayama, Japan during summer 2010. 

Aerosol particles were measured real-time with a SMPS system and an Aerodyne HR-ToF-AMS. 

Aerosol filter samples (TSP and PM0.95) were also collected for analysis of aerosol chemical 

composition. NPF events were observed in four days during the study. The NPF events occurred 

preferentially under the condition of less pre-existing particles with low vapor condensation sink 

and particle coagulation sink. The backward air mass trajectories indicated that the NPF occurred 

when the clean maritime air masses originated from the North Pacific arrived at WFRS. Result 

from the statistical analysis of air masses in the past five years (2006–2010) suggests that 

maritime air mass condition is frequent around WFRS and primary in summer season, which is 

preferential for the occurrence of NPF. Relative humidity would be more associated with the 

occurrence of NPF than temperature and solar radiation, whereas the effect of RH on NPF was 

not as obvious as that of air mass origin. The increased precipitation rates in the afternoons of 

maritime condition days further suggest that the newly-formed particles are involved in the 

convective cloud formation and precipitation over the region.  

  NPF events occurred under relatively low mass concentrations of aerosol particles in this 

forest atmosphere. Off-line analysis of aerosol samples indicates that submicron organic fraction 

accounted for, on average, ~26% of the mass concentration of total OAs. Results from CFORS 

Model suggest that aerosols at WFRS were under the strong influence of anthropogenic 

pollutants on non-event days, whereas such influence was much smaller on NPF event days. The 

components of organics, sulfate, and ammonium accounted for more than 96% of NR-PM1 mass. 

High mass ratios of organics to sulfate on NPF event days were likely associated with OAs 
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originated from local emissions in the forest. PMF analysis of OA mass spectra identified two 

oxygenated organic components, i.e., LV-OOA and SV-OOA, which are interpreted mainly as 

regional continental OA and locally-formed BSOA, respectively. The mass spectra of BSOA on 

non-event and NPF event days can be retrieved by an alternative method. A characteristic of 

chamber-derived BSOA, i.e., dominance of mass spectrum signals with negative delta values for 

larger fragments, is likely inapplicable to ambient BSOA based on delta analysis of OA mass 

spectra.  

An increase in the mass concentration of SV-OOA during the daytime suggests a strong 

photochemical production of BSOA on both non-event and NPF event days. Increases of f44, the 

fraction of CxOy
+ fragment, and O/C after midday (around 1300 LT) suggest that OA became 

increasingly oxygenated, which can be explained by the aging processing of freshly-formed 

BSOA. Aqueous oxidation reaction is potentially the major pathway for BSOA aging under the 

high relative humidity conditions in this forest atmosphere. The increased mass concentration of 

organics with the enhanced CS in the Aitken size range on NPF event days suggests that particle 

growth was primarily contributed by organics originated from gas-to-particle conversion of 

BVOCs. A substantial increase in the mass concentration of organics in the small size range 

suggests that the formation of BSOA have made a dominant contribution to the particles in 

CCN-sizes over the studied forest atmosphere. Further investigation of aerosol particles over 

forest areas, at which inflow of clean maritime air masses is expected (like WFRS), is valuable to 

understand the formation and evolution processes of BSOA as well as its magnitude to the 

production of CCN and cloud droplets. 
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5.2 Outlooks  

This study investigates the physical and chemical characteristics of atmospheric aerosols at a 

mid-latitude forest site based on a ten-day intensive field campaign. Aerosol measurements at 

this site are technically challenging due to the rather low number and mass concentrations of 

aerosol particles in the relatively clean environment, and also due to the very remote location. 

Given the limitation on the high cost and required attendance during the observation, a 

continuous monitoring of aerosols for long time periods (such as several months) is to some 

extent difficult, especially for the AMS measurement. However, several important research 

evidences, such as the occurrence of NPF events and the formation and evolution of BSOA, have 

been obtained based on the first attempt by the current study in this forest area. Therefore, more 

systematic investigations of atmospheric aerosols in such area are strongly encouraged to further 

understand the characteristics of BSOA and its association with CCNs and precipitation around 

the studied area and other similar areas.   

Moreover, there are several issues that should be considered with regard to performing 

further field measurements for such kind of AMS study. Firstly, BVOCs, i.e., the precursors of 

BSOA, should be monitored using relevant instruments such as the proton transfer reaction mass 

spectrometer (PTR-MS). For instance, the temporal variation of BVOCs can be helpful to 

identify the BSOA factor from PMF analysis of organic aerosol mass spectra based on the AMS 

measurement. They can also be valuable to discuss the formation of BSOA from oxidation of 

BVOCs. Secondarily, carbon dioxide (CO2) should be monitored synchronously with the AMS 

measurement. The concentration of CO2 is expected to vary significantly between the daytime 

and the nighttime in the forest environment. For the adjustment of AMS fragmentation table, it 

might be more reasonable to extract particle phase organic signal at m/z 44 by using a time-

dependent concentration of gas phase CO2 in air instead of a constant value. Finally, the 
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collection efficiency of the AMS is low when comparing to the parallel measurement by other 

instruments in this study. Therefore, special attentions should be paid to optimize the AMS 

measurement condition and to improve the quality of AMS data.    
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