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Abstract 

Aerosols in the atmosphere, directly and indirectly, affect global radiation budget and 

therefore, affect climate. Because black carbon (BC) aerosols efficiently absorb solar radiation, 

their direct radiative forcing (DRF) is estimated to be the third largest following that of carbon 

dioxide and methane. However, there are large uncertainties in the BC DRF estimates. One of the 

largest uncertainty sources is BC mixing state, namely how individual BC-containing particles are 

coated (internally mixed) with other aerosol compounds. The coating increases both the BC mass 

absorption cross section (MAC) and removal rate through wet deposition. Since it is difficult to 

measure the chemical composition of the aerosol particles internally mixed with BC, the mixing 

state of BC is not well understood. 

A laser-induced incandescence-mass spectrometry (LII-MS) is one of the techniques that can 

quantify the chemical compositions by BC mixing states. Previous studies have demonstrated that 

it is possible to quantify by LII-MS in laboratory experiments. The purpose of this study is to 

improve the LII-MS for applying to the atmospheric observations and to clarify the variation of 

the chemical compositions of aerosols internally and externally mixed with BC particles based on 

atmospheric measurements. Firstly, the MS section was improved and evaluated for practical 

application of LII-MS. Secondary, BC mixing state was observed in the downstream region of the 

large-scale East Asian emission source using LII-MS, and the variation of the chemical 

composition of aerosols internally and externally mixed with BC was clarified. 

The LII-MS analyzer combines laser-induced incandescence analysis (LII) and mass 

spectrometry (MS) in series. The LII-MS analyzer quantifies the chemical composition of particles 

internally mixed with BC particles (BC-containing particles) and externally mixed with BC 
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particles (BC-free particles) by switching LII laser on and off. In order to quantify these mass 

concentrations, improvements in the MS section are necessary.  

A particle trap-laser desorption mass spectrometer (PT-LDMS) is used for the MS section. 

The PT-LDMS vaporizes particles corrected on a particle trap by thermal decomposition and 

quantifies the mass concentration of the chemical composition of aerosols with a mass 

spectrometer. Because the decomposed species of sulfate compounds (SO4
2-) depend on 

decomposition temperature, the mass concentration of SO4
2- measured by PT-LDMS contains 

potential uncertainties. In this study, the temperature dependence of the aerosol components 

including ammonium sulfate ((NH4)2SO4) was investigated by the laboratory experiments, and the 

optical system and the control system of the CO2 laser heating were improved. Then, detailed 

uncertainties about accuracy and precision were evaluated by comparison with filter collection 

and chemical analysis method by ambient measurements. This clarified uncertain factors in the 

measurement of SO4
2-. As a result, the PT-LDMS could realize stable and high sensitivity 

measurements of SO4
2-. 

On the other hand, because the decomposition temperature of nitrate aerosols (NO3
-) is low, 

possible uncertainty in the NO3
- measurement exists depending on the trap temperature of the 

particle collection section. In this study, the stable NO3
- measurement was realized by improving 

the cooling efficiency of the particle trap. In addition to the improvement and evaluation of the 

MS section, LII-MS was able to quantify stably the inorganic compounds classified with BC 

mixing state by changing the laser control method in the LII section and improving the analysis 

method. An indicator to evaluate the lower detection limit of the LII-MS was set up and overall 

uncertainty was evaluated. 
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Using the improved LII-MS analyzer, in situ measurements of aerosols were conducted in 

Gwangju institute of science and technology (GIST), Gwangju, Korea (35°13′N, 126°50′E) from 

March 27 to April 7, 2016. The observation site is located on the west side of Korea. According to 

backward trajectory analysis, aerosols and precursor gas of the continental origin are often 

transported to the observation site during the measurement period due to the westerly wind of the 

lower atmosphere. The mass concentration of inorganic aerosols (secondary product) and BC 

particles (primary discharge) measured by the LII-MS analyzer also well correlated, thus the 

observed air masses were frequently affected by air originating from the Asian continent. 

The mass concentrations of inorganic aerosols (SO4
2- and NO3

-) were quantitatively 

measured in atmosphere classified by BC mixing state by the observation at GIST for the first 

time. For the mass fractions of each compound to all the quantified compounds (GSO4, GNO3), no 

significant difference was found between BC-containing and BC-free particles on average. When 

comparing the mass fraction SO4
2- and NO3

- internally mixed with BC within the total mass 

concentration of each species (FSO4, FNO3), the average values of FSO4 and FNO3 were similar (0.16 

and 0.17), and the one-hour values showed a weak positive correlation during the measurement 

period. These averaged features are generally consistent with the expected from the particle growth 

by a condensation and coagulation processes.  

1 h values of FSO4 and FNO3 show large variabilities between 0.05 and 0.4, and a weak positive 

correlation was found between these two quantities. However, these values did not correlate with 

the number ratio of BC to that of the total aerosol particles. In addition, FSO4 exhibited an inverse 

correlation with the mass concentration of SO4
2- (MSO4), but no clear relationship was found within 

NO3
-. These results cannot be explained consistently by the solely condensation and coagulation 
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processes. Calculations using an aerosol box model developed in this study also confirmed the 

condensation process alone cannot reproduce the observed features. 

The observed negative correlation between MSO4 and FSO4 was resulted by low FSO4 values 

in highly polluted air masses (high MSO4) originating from the continent and high FSO4 values in 

clean air masses (low MSO4) transported from the free troposphere. In the former case, a presence 

of “droplet mode” in aerosol size distributions suggests the liquid-phase reactions within cloud 

and/or fog droplets, and these processes can potentially explain the observed high MSO4 and low 

FSO4 values. These observed “chemical features” are not inconsistent with the presence of low 

altitude clouds during transport of air from the Asian continent within the planetary boundary layer 

(meteorological features).  

The chemical features of low MSO4 and high FSO4 air are also not inconsistent with the fact 

that these air parcels were transported from the free troposphere, considering possible wet removal 

of aerosols, which are externally mixed with BC.  

The results presented in this study show that averaged features of BC mixing state were 

generally consistent with the ones resulted in condensation and coagulation processes; however, 

large variability in 1 h data that cannot be explained solely by condensation and coagulation 

process. Although the supporting data are limited, the present study suggested that the aqueous-

phase chemical production and the wet-removal of aerosols also potentially play roles. These 

processes are considered to universally take place, but the relative importance is considered to 

differ depending on areas and seasons. Developing the ground-based or aircraft observation in 

places other than East Asia can be expected to contribute to better understandings of the mixing 

state of BC and their underlying mechanisms in the future. 
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1. General Introduction 

 

1.1. Atmospheric aerosols 

Atmospheric aerosols are small solid and liquid particles suspended in air. Aerosols can affect 

air quality, health, and climate on a regional and global scale. Individual particles have various 

sizes, compositions, and shapes, which determine the physical and chemical properties of aerosols 

[Whitby 1976; Hinds 1999; Seinfeld and Pandis 2006]. In turn, these physical and chemical 

properties cause the various optical and hygroscopic properties of aerosols. Aerosol particles have 

large influences on the radiative balance of the Earth’s atmosphere by scattering or absorbing solar 

visible radiation (direct effect) and by altering the microphysical properties, lifetime, and coverage 

of clouds (indirect effect) [IPCC 2013]. 

Atmospheric aerosols mainly consist of sulfate, nitrate, ammonium, organic materials, black 

carbon (BC), sea salt, and dust. BC, some organics, sea salt, coastal materials, and dust are called 

primary particles, which are emitted into the atmosphere from emission sources directly. In 

contrast, sulfate, nitrate, and some other organics are called secondary particles, which are formed 

by gas-particle partitioning in the atmosphere. As an important type of urban fine particles, BC 

aerosols are described in the following section. 

 

1.2. Black carbon (BC) 

BC is defined as an ideally light-absorbing material composed of carbon [Petzold et al., 2013]. 

BC is a primary material and is emitted from the incomplete combustion of biomass and fossil 

fuels. The major sources of BC are thermal power plants and diesel exhaust gas. BC is 

distinguishable from other forms of carbon and carbonaceous compounds in atmospheric aerosols 
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because it has a unique combination of the following physical properties. (1) It strongly absorbs 

visible light with a mass absorption cross-section of at least 5 m2 g-1 [Bond and Bergstrom, 2006]. 

(2) It is refractory with a vaporization temperature near 4000 K [Schwarz et al., 2006]. (3) It is 

insoluble in water and other components of atmospheric aerosols [Fung 1990]. (4) It exists as an 

aggregate of carbon spherules with a diameter of a few tens of nanometers [Medalia and Heckman 

1969]. Figure 1.1 shows a summary of our understanding of the formation of BC particles [e.g., 

Bockhorn et al., 1994; Lahaye et al., 1981; Siegla et al., 1981; Tonokura, 2014].  

Although BC simply generated by the incomplete combustion of CnHm consists of spheres of 

approximately 20 nm (1–3), it immediately aggregates and develops an aggregate morphology (4, 

5) [Haynes and Wagner 1981]. Freshly emitted BC particles often exist as an external mixture 

with organic and inorganic components [Li et al., 2003, Pósfai et al. 2004, Mallet et al., 2004]. 

The major global sources of BC are the open burning of forests and savannas, solid fuels for 

cooking and heating, and on-road and off-road diesel engines [Bond et al., 2013]. After emission, 

BC particles acquire “coating materials” through the condensation of semi-volatile gaseous 

components and coagulation with other aerosol particles and then form internal mixtures [Lee et 

al., 2002; Shiraiwa et al., 2007]. The emitted BC aerosols are transported and removed from the 

atmosphere via wet and dry deposition. The mixing state of BC is described in the following 

section.  
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Figure 1.1. Schematic diagram of soot formation in premixed flame summarized by Tonokura et 

al. [2014]. 

 

1.3. Mixing state of BC 

 BC particles emitted to the atmosphere acquire coating materials by undergoing 

transformations, including the condensation of organic and inorganic gaseous species, 

heterogeneous reactions, and coagulation with other aerosol particles. These chemical 

transformations, which are commonly referred to as aging processes, change the mixing state, 

morphology, hygroscopicity, and optical properties of BC [e.g., Wyslouzil et al., 1994; Zhang and 

Zhang 2005; Levitt et al., 2007; Xue et al., 2009; Khalizov et al., 2013; May et al., 2013]. After 

emission, condensation and coagulation cause individual chemical components to become an 

internal mixture. Figure 1.2 shows a transmission electron microscopy (TEM) image of BC 

particles taken by Zhang et al. [2008]. BC, immediately after its emission, exits as an aggregate 

with clearly discernible spherical primary particles of ~15 nm in diameter (Figure 1.2a). Coated 

BC aggregates were surrounded by smaller droplets of sulfuric acid, produced via splattering when 

the agglomerates deposited on the TEM grid (Figure 1.2b). China et al. [2013] quantified the 
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morphology and mixing state of BC particles and classified them into four categories: (1) ~50% 

are embedded (heavily coated), (2) ~34% are partly coated (attached with BC), (3) ~12% have 

inclusions, and (4) ~4% are bare. Figure 1.3 shows a TEM image of aerosol particles emitted from 

factories and transported into the atmosphere. The BC particles are shown by arrows and are mixed 

with other materials (sulfate and organics). In this study, particles containing BC completely inside 

are referred to as BC-containing particles or internal mixtures with BC, and particles not 

containing BC internally are called BC-free particles or external mixtures with BC. The mixing 

rate of BC depends on the concentration of gaseous species and aerosol particles [Zhang et al., 

2008]. According to a few previous studies, mixing has occurred within a few hours after emission 

at certain locations [Moteki et al., 2007; Moffet and Prather, 2009], but there are insufficient 

measurements to estimate the extent of internal mixing throughout the atmosphere [Bond et al., 

2013]. The effects on climate caused by BC mixing states are described in next section. 

 

 

Figure 1.2. TEM image of BC particles: fresh BC (a) and BC after exposure to sulfuric acid 

(H
2
SO

4
) vapor and 5% RH (b). The cloud of small droplets surrounding the BC particle 

corresponds to sulfuric acid, which was shaken off the coated BC particle after impacting on the 

TEM grid. 
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Figure 1.3. TEM image of ammonium sulfate particles mixed with soot (small arrows) and 

spherical silica (Bold arrows) by Li et al. [2003]. Ammonium sulfate particles formed bubbles 

under the radiation of electron beam. 

 

1.4. Climate impacts of BC mixing state 

Inorganic and organic aerosols scatter solar light and have cooling effects on the atmosphere. 

On the other hand, BC aerosols strongly absorb solar radiation and contribute to heating the 

atmosphere [Rosen et al., 1979; Charlson et al., 1991; Ramanathan and Carmichael, 2008]. 

Figure 1.4 shows the radiative forcing of climate between 1750 and 2011, obtained from the 

assessment report 5 by Intergovernmental Panel on Climate Change (IPCC). BC cause the largest 

positive radiative forcing after carbon dioxide (CO2) and methane (CH4) [Jacobson, 2000; Hansen 

et al., 2000]. The net warming effect of BC aerosols balances the net cooling effect of other non-

absorbing aerosols. However, the estimated radiative forcing of BC particles has a large 

uncertainty. This uncertainty is mainly derived from the estimation of BC emission and the 

parameters of BC particles (i.e., absorption and lifetime). Because the sources of BC are so diverse, 

the difficulty in quantifying them contributes to the uncertainty in evaluating the impact on climate 
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caused by BC [Bond et al., 2013]. As described in the previous section, BC exists along with other 

aerosol components. The mixing state of BC affects the estimation of climate impact. The mixing 

state of BC is the focus of the next section. 

 

 

 

Figure 1.4. Radiative forcing bar chart for the period 1750-2011 based on emitted compounds 

(gases, aerosol procurers) or other changes. The values represent the forcing in 2011 relative to the 

start of the industrial year (about 1750). 
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The interaction between BC and climate systems depends on the optical properties and 

hygroscopicity of BC particles. BC-containing particles have different absorption efficiencies and 

lifetimes than pure BC particles. The coating materials of BC particles enhance their light 

absorption [Fuller et al. 1999; Jacobson 2001; Lack and Cappa, 2010]. This enhancement is 

caused by non-absorbing coating, which focuses incoming photons on the BC core. Uncertainty 

occurs depending on the assumptions of the mixing state of BC and the amount of non-absorbing 

components internally mixed with BC. In some models, core-shell type [Fuller et al., 1995] and 

Maxwell-Garnet effective median approximation [Heller, 1965] are often used for the BC mixing 

state. BC particles internally mixed with other components become hydrophilic and indicate cloud 

condensation nuclei (CCN) activity [Kuwata et al., 2007; Jacobson, 2006]. This process can 

reduce the lifetime of BC particles [Stier et al., 2006]. The CCN activity depends more on particle 

size rather than composition, but for a constant particle size, the mass fraction of BC to other 

chemical composition is important [Dusek et al., 2006]. Therefore, it is necessary to consider the 

size and composition of BC-containing particles for estimating the climate impact of BC. The 

treatment of BC particles in global models does not always reflect their theoretical dependence on 

size and a soluble fraction. The properties of BC-containing particles determined from 

experimental data have been used in most global radiative models [Feng et al., 2003; Wang et al., 

2014; Saleh et al., 2015]. Kodros et al., [2015], who used a global chemical transport model, have 

proposed that more measurements are needed on total emissions mass, emission size distribution, 

and mixing state in order to better estimate climate forcing. The measurements of BC and its 

mixing state are described in the next section. 
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1.5. Measurement technics of mixing state of aerosol 

The understanding of the mixing state of BC is important for reducing the uncertainty of BC 

forcing in climate models. In this section, I describe previous studies regarding the measurement 

of BC and its mixing state. As described in Section 1.2, BC has some unique properties. These 

properties distinguish BC particles from other aerosol components. 

Electron microscopy is a common offline technique used for investigating the morphology 

and mixing state of individual BC particles. When using this technique, particles are collected on 

a filter and are irradiated by electrons under vacuum conditions. Information on the surface, 

structure, and elemental composition of the particles are obtained from scattered and transmitted 

electrons and the X-rays produced by interactions of electrons with the particles. As shown in 

Figures 1.3 and 1.4, electron microscopy is a useful tool that can be used to directly observe 

particle morphology. Electron microscopy data have shown that fresh BC particles are an 

aggregate of carbon spherules with a diameter of a few tens of nanometers and consisting of 

graphite layers [Heidenreich et al. 1968, Medalia and Heckman 1969, Martins et al. 1998]. They 

exist as an external mixture with other components [Pόsfai et al., 2003; Li et al., 2003]. After 

emission, BC particles become internally mixed with organic and sulfuric compounds [Okada et 

al., 2001; Li et al., 2003; Adachi et al., 2010]. Although electron microscopy involves offline 

measurements, it has provided valuable and important information on the composition, 

morphologies, and transformations of BC-containing particles. 

Online techniques to measure BC particles and its mixing states have been developed and 

used. Instruments for online measurements can measure particulate sulfur, nitrogen, and carbon 

concentrations in situ in time scales that can vary from a few minutes to hours.  

The laser-induced incandescence (LII) method has been used for online detection of BC and 



 

9 

 

certain metals [Stephens et al., 2003]. This method is based on the properties of strong light 

absorption and high vaporization temperature. The Single Particle Soot Photometer (SP2), which 

is a commercially available LII BC analyzer developed by Droplet Measurement Technology 

(DMT, Boulder, USA), is able to provide continuous, real-time size and coating information for 

individual BC-containing particles over a wide range of mass concentration of BC. [Gao et al., 

2007; Moteki and Kondo, 2007; 2010; Schwarz et al., 2006]. SP2 detects the incandescence and 

scattering signals of BC-containing particles induced by a 1064 nm Nd:YAG intra-cavity laser. 

SP2 measurements have provided number size distributions of BC in fresh urban plumes 

dominated by fossil fuel (FF) combustion [e.g., Schwarz et al., 2008; Kondo et al., 2011], in aged 

plumes in Asian outflows [Shiraiwa et al., 2008], and in the remote upper troposphere and lower 

stratosphere [Schwarz et al., 2006; 2008]. Moteki et al. [2014] have identified two morphological 

types of mixed BC-containing particles, namely attached and coated, which are important for 

understanding the impact of BC on climate. They reported that the observed number fractions of 

attached-type particles among morphologically identified BC-containing particles were generally 

less than 0.1, but ambient occasionally reached ~0.4 during short events during measurements in 

Tokyo, Japan. Ohata et al. [2016b] have investigated the hygroscopicity of BC-containing and 

BC-free particles using a humidified SP2, which is an SP2 equipped with a humidifier above the 

inlet [Schwarz et al., 2015; Ohata et al., 2016a]. They reported that the median hygroscopicity 

parameter of BC-containing and BC-free particles was well correlated and concluded that the 

chemical compositions of BC-free particles and BC-coating materials were similar on average. 

Real-time in-situ techniques using mass spectrometry have been employed for the analysis 

of individual particles in flowing gas streams. These techniques involve rapid depressurization of 

the aerosols, the formation of a particle beam, and irradiation of the particles by a high-power 
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pulse laser to produce ions that can be analyzed via mass spectrometry. Aerosol particles are 

introduced into a vacuum chamber before they are analyzed. The time spent under reduced 

pressure is typically ~1 ms, which is short enough to avoid the loss of most semi-volatile 

compounds [McMurry, 2000]. Different techniques have been developed, such as particle analysis 

by laser mass spectrometry (PALMS) [Thomson and Murphy, 1994], aerosol time-of-flight mass 

spectrometry (ATOFMS) [Noble et al., 1994], and rapid single-particle mass spectrometry 

(RSMS) [Mansoori et al., 1994]. The instruments used can detect trace metals and inorganic and 

carbonaceous compounds in individual particles. These instruments have been shown to be 

capable of providing information on surface coating [Carson et al., 1997a; 1997b], 

multicomponent crystallization [Ge et al., 1996], compound speciation [Neubauer et al., 1996], 

and oxidation state [Neubauer et al., 1995]. These single-particle mass spectrometers have also 

been used in field measurements of atmospheric aerosols and have provided important information 

on atmospheric aerosols. For example, Hinz et al. [1994; 1996] found that principle component 

analysis (PCA) could be used for identifying the major chemical components of the primary 

particle types with information on particle source categories. Murphy and Thomson [1997a; 

1997b] found that sulfate and nitrate usually, but not always, are found in different particles and 

that small amounts of organics are present in most particles in Idaho Hill aerosols. Liu et al. [1997] 

were able to identify pyrotechnically derived particles originating from fireworks and they also 

demonstrated the capability of detecting and tracking aerosol particles of a specific size and 

chemical composition from a particular source over time. During an in-situ measurement 

campaign in Cape Grim, Australia, via PALMS, Murphy and coauthors found that most particles 

down to 0.16 µm during clean marine conditions also contained some sea salt, that organics were 

internally mixed with that, and that halogens in individual particles were not correlated with sulfate 
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but were correlated with organics [Middlebrook et al., 1998; Murphy and Thomson, 1997c; 

Murphy et al. 1998]. Although only a small fraction of the particles is irradiated, useful information 

on the chemical composition and mixing state of individual particles has been provided by the 

aforementioned instruments. 

A technique combining near-infrared lasers and mass spectrometry has been developed as a 

method for measuring the chemical composition of aerosols focusing on the mixing states of BC. 

Onasch et al. [2012] developed an instrument that combines an Aerodyne aerosol mass 

spectrometer (AMS, Aerodyne Research Inc., USA) with a solid-state laser cavity used in a DMT 

SP2 (Soot Particle-Aerosol Mass Spectrometer, SP-AMS). The Aerodyne AMS is an instrument 

that is able to measure the chemical composition of ambient aerosol particles using a thermal 

decomposition method, enabled by a tungsten vaporizer inside the vacuum chamber [Jayne et al., 

2000]. The laser cavity is incorporated inside the vacuum chamber in front of the AMS vaporizer, 

so that the SP-AMS is able to directly measure the chemical composition of aerosol particles 

internally mixed with BC by switching the laser and the AMS vaporizer. Lee et al., [2015] 

indicated that there was, on average, no significant difference in a fraction of the chemical 

composition of BC-containing particles and BC-free particles in an urban environment. Although 

quantitative measurements using the aforementioned technique combining laser and aerosol mass 

spectrometry are underway, it is a useful technique that is able to measure chemical composition 

focusing on the mixing state of BC. 

A new instrument, called laser-induced incandescence-mass spectrometric analyzer (LII-MS), 

has been developed for quantifying the chemical composition of aerosols classified by the mixing 

state of BC [Miyakawa et al., 2014]. This analyzer consists of an LII analyzer and a particle trap 

laser desorption mass spectrometer (PT-LDMS: Takegawa et al. 2012). The LII analyzer 
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selectively detects and vaporizes BC-containing particles. The PT-LDMS analyzes the chemical 

composition of the aerosol particles transported from the LII analyzer. The concepts behind this 

method were demonstrated by Miyakawa et al. [2014]. However, detailed evaluations of the PT-

LDMS, which affects the quantification of the LII-MS analyzer, and ambient measurements using 

the LII-MS analyzer have not been conducted.  

 

1.6. Purpose of this study 

BC particles play an important role in global warming, and there is a large uncertainty in the 

estimation of radiative forcing caused by BC particles [IPCC 2013; Bond et al., 2013]. This 

uncertainty is caused by our insufficient understanding of the chemical components mixed with 

BC particles. The chemical components internally mixed with BC particles affect their optical 

properties and lifetime. It is necessary to know quantitatively the time and space variations of the 

chemical components internally/externally mixed with BC. In previous observational studies, 

electron microscopy, LII, and mass spectrometry have provided a lot of information for our basic 

understanding of the mixing states of BC. However, there are no instruments that quantify the 

chemical compositions mixed with BC particles internally. Therefore, the purpose of this study is 

to quantify the chemical composition of classified BC mixing states via ambient measurements 

using the LII-MS method and to understand the variation factors of the mixing states of BC. For 

that purpose, an evaluation of PT-LDMS was performed to determine the performance of LII-MS, 

and ambient measurements conducted in Korea in the spring of 2016 were used. The evaluation 

of PT-LDMS is presented in Chapter 3. The details of LII-MS are provided in Chapter 4. The 

results of the aforementioned ambient measurements and an interpretation of them are described 

in Chapter 5.  
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2. Theoretical Background 

 

2.1. Introduction 

BC particles undergo a chemical transformation during atmospheric transportation by 

obtaining a coating of inorganic or organic matters called “aging” [Seinfeld and Pandis, 2006]. 

The aging changes the mixing state, and chemical and physical properties of the BC particles, 

including morphology, hygroscopicity, and optical properties [Zhang et al., 2008]. By 

condensation, heterogeneous reactions with inorganic and organic gases, and coagulation with 

other particles, the BC particles form internally mixed particles, which include other components. 

The formation processes of BC mixing states are described in this section. 

 

2.2. Coagulation 

Aerosol particles in the atmosphere come into contact due to their Brownian motion. During 

the collision, two particles coagulate to make a new particle. This process changes the number 

concentration of aerosols drastically and is, therefore, a major particle sink. According to Muller 

[1928], the rate of change of particle concentration due to coagulation can be described by the size 

distribution function n (v, t), which is expressed by the following equation: 

 
∂n(v, t)

∂t
 = 

1

2
∫ β(v - q, q) n(v - q, t) n(q, t)dq

v-v0

v0

 - n(v, t) ∫ β(q, v) n (q, t)dq

∞

v0

, (2.1) 

where v and q are the volumes of the two colliding particles, v0 is the volume of new particles 

generated by the collision, and β is the coagulation coefficient. The first term of equation (2.1) 

shows the probability that particles of volume v - q collide with the particle of volume v, and the 

second term shows the probability that particles of volume v are lost in the collision. It is difficult 

to solve this equation analytically, and, therefore, it is necessary to solve it by a numerical method. 
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By assuming that the size distribution is a lognormal distribution and discontinuous, it is possible 

to calculate the change in concentration numerically for a discrete size distribution [Jacobson, 

2005]. 

Table 2.1 shows the smallest coagulation coefficients for two typical particle sizes (Dp1, Dp2) 

[Seinfeld and Pandis, 2006]. The time constant of coagulation rapidly increases with the particle 

size. Large particles with a slow Brownian motion velocity have a large surface area and can act 

as a wide target for small particles with higher velocities. Collisions between large particles are 

slow due to their low velocities. On the other hand, small particles have high velocities, but the 

collision frequency is low because the cross-sectional area is small. 

 

 

Table 2.1. Coagulation coefficients (cm3 s-1) of atmospheric particlesa 

 Dp1 (µm) 

Dp2 (µm) 0.002 0.01 0.1 1.0 10 20 

0.002 8.9×10-10 5.7×10-9  3.4×10-7 7.8×10-6 8.5×10-5 17×10-5 

0.01 5.7×10-9 19×10-10 2.5×10-8 3.4×10-7 3.5×10-6 7.0×10-6 

0.1 3.4×10-7 2.5×10-8 15×10-10 5.0×10-9 4.5×10-8 9.0×10-8 

1 7.8×10-6 3.4×10-7 5.0×10-9 6.9×10-10 2.1×10-9 3.9×10-9 

10 8.5×10-5 3.5×10-6 4.5×10-8 2.1×10-9 6.1×10-10 6.8×10-10 

20 17×10-5 7.0×10-6 9.0×10-8 3.9×10-9 6.8×10-10 6.0×10-10 

aIndicated by Seinfeld and Pandis [2006] 
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The timescale of coagulation can be estimated by discretizing equation (2.1) and assuming a 

constant coagulation coefficient. The timescale τc is given by the following equation: 

 τc = 
2

β N0

, (2.2) 

where N0 is the initial particle concentration. τc indicates the time until the concentration of 

particles becomes half the initial concentration. The timescale shortens as the initial particle 

concentration increases. For example, the time scale of coagulation of 0.1 μm particles is 

calculated as β = 10×10-10 (cm3 s-1). The τc values of particles with concentrations of 103 cm-3, 104 

cm-3, and 106 cm-3 are 23 days, 56 hours, and 33 minutes, respectively. When the particle 

concentration is very high, coagulation occurs very quickly, and the particle number concentration 

dramatically decreases. On the other hand, for a typical atmospheric particle concentration (103-

104 cm-3), the time scale is about 2-23 days. Therefore, coagulation is an important process in 

polluted areas, such as in the vicinity of the emission sources, and the timescale of the coagulation 

increases as the concentration of particles decreases during long-range transport.  

 

2.3. Condensation 

As the vapor condenses on particles or the gas evaporates from the particles, the particle size, 

and the shape of the size distribution change. Assuming that the particles are not in equilibrium 

with the gas phase, the mass change of the particles due to condensation can be calculated. The 

change in the mass of particles of particle size Dp, due to the transport of species i between the gas 

phase and the particle phase, is expressed by the following equation: 

 
dm

dt
 = 

2πDpDiMi

RT
f (Kn, α)(Pi - Peq, i),  (2.3) 

where Di is the diffusion coefficient for species i in the air, Mi is its molecular weight, f (Kn, α) is 
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the correction due to noncontinuum effects and imperfect surface accommodation., R is the gas 

constant, T is the absolute temperature, Pi is a partial pressure of gas species i near particle surface, 

and Peq, i is an equilibrium vaper pressure of gas species i. f (Kn, α) is given by the Fuchs-Sutugin 

[1971] approach as follows: 

  f(Kn, α) = 
0.75 α (1 + Kn)

Kn2 + Kn + 0.283 Kn α + 0.75 α
, (2.4) 

where Kn is Knudsen number and defined as 2λ/Dp, and α is accommodation coefficient. The 

difference between the vapor pressure of i far from the particle Pi and the equilibrium vapor 

pressure Peq, i constitutes the driving force of Equation (2.3) for the transport of species i. Since 

Knudsen number is the order of 1/Dp, f (Kn, α) has the order of Dp. Therefore, Equation (2.4) can 

be regarded as being proportional to the Dp
2 order, and the condensation process depends on the 

surface area distribution of the aerosol particles. 

High-stability species (sulfate, nitrate, organic matter) formed by the reaction in the gas phase 

condense to the particle phase. The accommodation coefficient, α shows the resistance of the 

transport between the particle phase and the gas phase and depends on the condensed species. The 

typical value of α of HCl, H2SO4, NH4NO3, organics, BC are 0.15, 0.7 - 0.2, 0.8, 0.02 - 0.2, 0.9, 

respectively.  

Timescale τs, at which a species i with a concentration A condenses into particles with a mean 

diameter Dp, can be approximated by the following equation [Wexler and Seinfeld, 1992]: 

  τs ≅ 
1

8πNDpDif (Kn, α)
, (2.5) 

where N is the concentration of particles and DA is the diffusion coefficient of gas A. 

According to Wexler and Seinfeld [1992], assuming α = 0.1 for polluted environment conditions 

(N>105 cm-3, Dp>0.01 μm), τs < 800 second. This timescale can be on the order of several hours 
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to several days where the concentration of aerosols is low [Wexler and Seinfeld, 1990; Meng and 

Seinfeld, 1996]. In the condensation process, the formation timescale of the condensed gas is also 

important. The formation of sulfate, nitrate, and organics, which are the major components of 

aerosol particles, is described in Section 2.5. 

 

2.4. The influence on hygroscopicity by mixing state 

In the cloud process, aerosol particles act as CCN and ice nuclei to form liquid particles. The 

cloud process contributes to both the increase and decrease of the concentration of particles. At 

the bottom of the cloud, the particles act as CCN and form cloud droplets. The cloud process leads 

to the irreversible removal of particles from the atmosphere because precipitation removes 

entrapped particles and gases from the atmosphere through a liquid phase reaction. In particular, 

the contribution of the sulfate liquid phase reaction is important. However, evaporation of the 

droplet contributes to the re-entrainment of the particles. The liquid phase reaction produces large 

particles (aerodynamic particle size around 0.7 μm) that cannot be produced by simple physical 

processes such as condensation. This particle size is called a droplet mode.  

The BC-containing particles show a significantly different effective density, morphology, 

hygroscopicity, optical properties, and chemical reactivity from pure BC [Bond et al., 2013]. The 

wet removal by cloud process of these particles is important to control the atmospheric lifetime of 

BC [Stier et al. 2006; Kipling et al., 2016]. The κ-Köhler theory can describe the probability that 

aerosol particles form clouds. According to the κ-Köhler theory, under sub-saturated or saturated 

conditions, an equilibrium vapor pressure (S) of a particle surface of particle size D is expressed 

by the following equation [Petters and Kreideneweis, 2007]: 
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  S = 
RH

100
 = awexp (

4σMw

RTρ
W

D
) , (2.6) 

where aw is the activity of the water solution, ρw is the density of water, Mw is the molecular weight 

of water, σ is the surface tension, R is the gas constant, and T is the absolute temperature [Köhler, 

1936]. 

aw depends on the solute properties in the solution. The solute effect tends to decrease the 

equilibrium saturation ratio. The exponential term in Equation (2.6) represents the effect of the 

curvature of the droplet and tends to increase the equilibrium saturation ratio. Because of these 

two effects, S, as a function of D, has a maximum value, called critical supersaturation (Sc), at the 

critical diameter (Dc). Sc is an important parameter that is related to the CCN activity of particles. 

When a saturation level is larger than Sc, droplets rapidly grow.  

A single hygroscopic parameter κ represents the CCN activity of mixed particles. According 

to Petters and Kreidenweis [2007], κ is defined by the following equation through the activity of 

the solution: 

 
1

aw

 = 1 + κ 
Vs

Vw

, (2.7) 

where Vs is the volume of the dry particles and Vw is the volume of the water. In a multi-component 

system, the total volume of the water can be assumed to be the sum of the water contents of the 

individual components. The value for κ can be expressed by a simple mixing rule as follows: 

  κ = ∑  κi 
Vsi

Vs
i

, (2.8) 

where κi is κ of composition i, and Vsi/Vs is the dry volume fraction of composition i compared to 

the whole particle. The value of κ depends only on the chemical composition of the dry particles 

and can be physically understood by the volume ratio. If the value of κ is large, the CCN activity 

is also high. Typical κ values of NaCl, NH4NO3, (NH4)2SO4, OC, and BC are 1.12, 0.69 - 0.95, 
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0.53, 0.05 - 0.20, and 0.0, respectively [Petters and Kreideneis, 2007; Huff Hartz et al., 2005; Van 

Reken et al., 2005, King et al. 2009; Hu et al. 2011]. Because κ values of BC are significantly low 

compared to those of other compositions, the hygroscopic property of mixed aerosol particle 

highly depends on the mass fraction of BC. 

 

2.5. Formation process of inorganic materials 

2.5.1. Sulfate formation 

Sulfate aerosols are secondary particles. Sulfate is the greatest mass contributor to aerosol 

particles by a single compound on average. The precursor to sulfate is H2SO4. In the gas phase, 

H2SO4 is generated by the oxidation of sulfur dioxide (SO2) by the hydroxyl radical (OH) 

[Stockwell and Calvert et al., 1983; Lovejoy and Hanson, 1996]: 

 SO2 + OH + M → HSO3 + M. (reaction 2.1)  

 HSO3 + O2 → HO2 + SO3. (reaction 2.2)  

 SO3 + H2O + M → H2SO4 + M. (reaction 2.3)  

M is the third body of the reaction. Reaction (2.3) is the rate-determining step. The time constant 

of this reaction is several days to one week at atmospheric OH levels. Therefore, oxidation of SO2 

into H2SO4 occurs mainly on this reaction path during long-range transport [Seinfeld and Pandis, 

2006]. However, near the main source of SO2, the pH of precipitation can often decrease due to 

the concentration of SO4
2-. A reaction to generate SO4

2- more rapidly is required to explain this 

phenomenon. 

SO2 is also oxidized by a heterogeneous reaction in droplets, such as clouds and fog. SO2, 

incorporated in droplets by Henry's law, becomes H2SO4 through the following reactions [Hoffman 

and Calvert, 1985]: 

 SO2(g) + H2O ⇄ SO2∙H2O, (reaction 2.4)  

 SO2∙H2O ⇄ H+ + HSO3
-
, (reaction 2.5)  
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 HSO3
-  ⇄ H+ + SO3

2-
. (reaction 2.6)  

The time constant of this reaction path is sufficiently faster than the oxidation of SO2 in the gas 

phase (2.6) – (2.8). If clouds and fog droplets exist in ambient conditions, H2SO4 can be produced 

within 1 hour [Seinfeld and Pandis, 2006]. This reaction path is the most important in situ SO4
2--

generating process. 

The generated H2SO4 tends to condense onto pre-existing particles because of its low vapor 

pressure. In many cases, H2SO4 is immediately neutralized on the particle surface by ammonia 

(NH3) and becomes ammonium sulfate ((NH4)2SO4). Since the surface area distribution of the 

aerosols is biased by the accumulation mode, (NH4)2SO4 mainly exists in the accumulation mode 

(0.1 to 2.5 µm in diameter). 

 

2.5.2. Nitrate formation 

Almost all nitrates (NO3
-) are secondary particles. Nitric acid (HNO3), a precursor of NO3

-, 

is mainly produced by the oxidation of nitric oxide radicals (NOx=NO+NO2) present in the gas 

phase, which is caused by ultra violet (UV) radiation [Rodhe et al., 1981]: 

 NO2 + OH + M → HNO3 + M. (reaction 2.7)  

As a result, this reaction can only occur in the atmosphere during the daytime.  

At night, HNO3 is produced by the following reaction path: In the nighttime, HNO3 is 

produced by the following reaction path: 

 NO2 + O3 → NO3 + O2, (reaction 2.8)  

 NO2 + NO3 → N2O5 + M, (reaction 2.9)  

 N2O5 + H2O → 2H
+
 + 2NO3

-
. (reaction 2.10)  

As OH is formed by photochemical reactions, and NO3 is easily photolyzed, reactions (2.8) 

- (2.10) dominate at night [Pathak et al., 2009]. The time constant of HNO3 production is about 

one day by reaction (2.12) and about 1 hour in the night. The lifetime of NOx is about one day on 
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average.  

Since HNO3 has a high saturation vapor pressure, it does not move directly to the particle 

phase. When HNO3 adheres to the surface of existing particles, it is neutralized by surrounding 

NH3 and exists in the particle phase as ammonium nitrate (NH4NO3).  

 HNO3 + NH3 ⇄ NH4NO3. (reaction 2.11)  

This equilibrium reaction is strongly dependent on temperature and humidity. When the 

temperature is high, reaction (2.16) is biased toward HNO3. Since NO3
- formation is faster than 

SO4
2- formation, the concentration of NO3

- may exceed that of SO4
2- in urban fine particles. As 

well as SO4
2-, NO3

- also exists mainly in the accumulation mode. 

 

2.6. Formation rate of BC-containing particles 

BC particles released into the atmosphere undergo condensation, heterogeneous reactions 

with inorganic and organic gases, and coagulation with other particles. As a result, the BC particles 

form internally mixed particles, which include other components. Although the formation rate of 

the BC-containing particles depends on the surrounding gas and particle concentrations, 

observational knowledge is insufficient [Bond et al., 2013]. Several observations have suggested 

that a sufficiently thick coating was obtained in about 1 – 5 day [Moteki and Kondo, 2007; Moffet 

and Prather, 2009]. Also, in numerical calculations, the formation rate of BC-containing particles 

is often assumed to be roughly 1 - 5 days [Jacobson et al., 2001; Aquila et al., 2011]. 
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3. Evaluation of a particle trap laser desorption mass 

spectrometer (PT-LDMS) 

 

3.1. Introduction 

Online measurements of aerosols are important for improving our understanding of the 

formation and loss processes of ambient aerosols. In particular, quantification of the mass 

concentration of sulfate aerosols is of high priority because sulfate aerosols are typically the major 

components of fine particulate mass in the troposphere [e.g. Altshuller 1973, Drewnick et al. 2003, 

Hogrefe et al. 2004. Ammonium sulfate ((NH4)2SO4) is the predominant form of sulfate aerosols 

found in urban areas and in regions significantly affected by anthropogenic emissions [e.g., 

Saltzman et al. 1983, Pilinis and Seinfeld 1987, Schwab et al. 2004]. 

The instruments currently employed for online measurements of sulfate aerosols are roughly 

categorized into dry and wet methods. Dry methods are often based on thermal desorption 

techniques and include the Aerodyne aerosol mass spectrometer (AMS; Aerodyne Research Inc., 

USA) [Jayne et al. 2000, thermal desorption chemical ionization mass spectrometer (TDCIMS) 

[Voisin et al. 2003], and sulfate particulate analyzer (SPA; Thermo-Scientific, USA) [Schwab et 

al. 2006]. Wet methods are based on online water extraction techniques followed by chemical 

analysis; these methods include a steam jet aerosol collector (SJAC) [Khlystov et al. 1995] and 

particle-into-liquid sampler (PILS) [Weber et al. 2001]. They are often coupled with ion 

chromatography for the quantification of bulk compositions of aerosols. 

Among these instruments, the Aerodyne AMS has been utilized by a number of researchers, 

and useful insights into the formation of sulfate aerosols have been reported [e.g., Zhang et al. 

2005; 2007]. Generally, the routine calibration of an AMS is performed using pure ammonium 
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nitrate (NH4NO3) particles because of the high particle collection efficiency (CE) for NH4NO3. 

The quantification of sulfate aerosols in ambient air is performed by assuming representative 

values of CE and relative ionization efficiency (RIE) [Allan et al. 2003]. As discussed below, the 

thermal decomposition products of (NH4)2SO4 are known to significantly vary depending on the 

temperature of the vaporizer. In fact, earlier AMS studies indicated that the detection efficiency of 

(NH4)2SO4 exhibited a significant dependence on the vaporizer temperature [Alfarra 2004]. For 

these reasons, there is a need to revisit the quantification of sulfate aerosols by thermal 

decomposition techniques and to reconsider the choice of appropriate materials for calibration. 

We have developed a particle trap laser desorption mass spectrometer (PT-LDMS) and 

demonstrated the proof of concept [Takegawa et al. 2012]. The PT-LDMS developed has been 

categorized as a dry method, as mentioned previously. This is the first report of quantification of 

mass concentrations of ambient sulfate aerosols by the PT-LDMS. Laboratory experiments for 

determining the operating conditions of the PT-LDMS and intercomparisons with other 

instruments, including an SPA and a filter sampling method, are presented. Possible uncertainties 

in quantification by the PT-LDMS and SPA are discussed in detail. 

 

3.2. Experimental 

3.2.1. PT-LDMS 

The hardware and data acquisition software have been used according to the previous version 

reported by Takegawa et al. [2012] with some modifications. A schematic diagram of the PT-

LDMS used in this study is shown in Figure 3.1. Herein, we summarize the important 

specifications. Aerosol particles are introduced into a vacuum chamber through an aerodynamic 

lens [Liu et al. 1995]. The majority of gas molecules contained in sample air can be removed by a 
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skimmer cone, which results in a concentration of aerosol particles along the centerline of the lens 

[Allan et al. 2003]. Aerosol particles are collected on a particle trap comprised of layers of micro-

structured mesh and are subsequently vaporized by a carbon dioxide (CO2) laser (ULR-10, 

Universal Laser System, Inc., USA). The vaporization mechanism included both direct heating of 

aerosol particles due to light absorption and thermal conduction from the heated surface of the 

particle trap, as described in Takegawa et al. [2012]. The particle trap is enclosed by an Au-coated 

aluminum cell (a quartz cell was used in the previous version), which is connected to a quadrupole 

mass spectrometer (QMS; gas-tight ionizer type, PrismaPlus, Pfeiffer Vacuum, GmbH, Germany). 

The vaporized gas from collected aerosol particles is ionized by electron impact ionization (EI) 

with an electron energy of 60 eV. Ion currents at some selected m/z values (Im/z) are detected by a 

secondary electron multiplier (SEM) using the multiple ion detection mode of the QMS.  

 

Figure 3.1. Schematic diagram of the PT-LDMS. 
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Compared to the previous version presented by Takegawa et al. [2012], the coating material 

of the trap was changed from pure Pt to a mixture of Pt and W to increase the melting point. The 

separation distance between the mesh layers was changed from 200 to 250 µm to facilitate 

machining. A 20-µm-thick Au film was inserted between the particle trap and holder to improve 

thermal conductivity. The trap holder was cooled by circulating water at 15°C. A small gap was 

introduced between the holder and the cell for improving thermal insulation. These modifications 

enable heating of the cell and cooling of the trap. The former is necessary to reduce the adsorption 

of the evolved gas, while the latter is needed to reduce the loss of particle compounds by 

evaporation during collection.  

The laser power (Plaser) was continuously monitored using a beam splitter and thermopile 

sensor. A beam homogenizer (Sumitomo Electric, Japan) was installed in the optical path for 

generating a nearly top-hat-shaped laser beam, although the shape of the actual beam at the 

position of the particle trap was not precisely measured. This is beneficial both in terms of 

homogeneous heating of the particle trap and avoiding penetration of the trap by the laser beam. 

A radiation thermometer (IGA140, LumaSense Technologies, Inc., USA) was placed outside the 

chamber for monitoring the temperature of the particle trap. The thermometer observed near-

infrared radiation emitted from the trap heated by the laser passing through a quartz window of 

the vacuum chamber. Note that the temperature data should be treated as a lower limit because the 

emissivity of the trap and the transmission efficiency of the quartz window were both assumed to 

be unity. 

The total measurement cycle was 15 min including the time for particle collection, laser 

desorption analysis, cooling of the trap, and buffer time for stabilization. After aerosol particles in 

sample air were collected on the particle trap for 7 min, the inlet valve was closed (SS-43GF4 with 
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MS-142ACX, Swagelok, Inc., USA). The laser was switched on for 1.5 min to detect the gas 

evolved from collected particles 1 min after the inlet valve had been closed. The inlet valve was 

kept closed for 5.5 min after the laser was switched off for cooling the trap.  

The inlet flow rate of the PT-LDMS was calibrated using a standard flow meter (DryCal DC-

Lite Air Flow Calibrator, Brandt Instruments, Inc., USA). The mass concentration is expressed in 

units of µg m−3 at 25°C and 1 atm.  

 

3.2.2. Other Instruments 

The SPA quantifies the mass concentration of sulfate aerosols by a thermal 

decomposition/reduction method coupled with a sulfur dioxide (SO2) monitor [Schwab et al. 

2006]. Sulfate aerosol particles are reduced to SO2 in a converter tube heated to 1000°C and 

subsequently detected by a pulsed UV fluorescence method. The detected signals include signals 

from sulfate aerosols and those from gas-phase SO2. We did not use a denuder to remove gas-

phase interference. The mass concentration of sulfate was calculated by subtracting the data 

obtained for particle-free air (zero air) from the data obtained for particle-loaded air. 

Filter sampling and analysis were performed by Murata Corp (http://www.murata-s.co.jp/). 

PM2.5 samples were collected using a PM2.5 aerosol sampler (MCAS-SJ, Murata Keisokuki 

Service, Co. Ltd., Japan) and subsequently analyzed by ion chromatography in the laboratory. 

Miyakawa et al. [2015] described the collection and analysis procedure in detail. 

 

3.2.3. Laboratory Experiment 

The dependence of the sensitivity on Plaser and cell temperature (Tcell) was investigated in the 

laboratory prior to ambient measurements. The particle generation and evaluation system was 
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practically the same as that described by Takegawa et al. [2005]. It consisted of a Collison atomizer 

(Model 3076, TSI, Inc., USA), diffusion dryer, differential mobility analyzer (DMA; Model 3081, 

TSI, Inc., USA), and condensation particle counter (CPC, Model 3022, TSI, Inc., USA). 

Monodisperse aerosols with known chemical compositions were generated and introduced into 

the PT-LDMS.  

We used (NH4)2SO4 particles for the laboratory experiment because they are typically the 

predominant form of sulfate aerosols in urban air. As described by Takegawa et al. [2012], major 

fragments of (NH4)2SO4 were observed at m/z 48 (SO+) and 64 (SO2
+). A mobility diameter (dm) 

of 250 nm was chosen for most of the experiments because of the high particle transmission 

efficiency through the aerodynamic lens at this diameter [Miyakawa et al. 2014]. The effect of 

multiply charged particles was estimated using the same method as that described by Takegawa 

and Sakurai [2011] to calculate the mass of sulfate introduced into the PT-LDMS. 

In addition to (NH4)2SO4, potassium nitrate (KNO3) was used as the reference because of its 

simple molecular structure and fragmentation pattern [Takegawa et al. 2012]. Details of the 

experimental results for KNO3 particles are given in the supplementary material. The 

quantification of nitrate aerosols is also an important issue, but it is beyond the scope of this paper. 

A detailed investigation of nitrate aerosols, including KNO3 and NH4NO3, is currently underway 

and will be presented elsewhere. 

 

3.2.4. Ambient Measurements 

Ambient measurements were performed in November 2013 at a building on the campus of 

the Research Center for Advanced Science and Technology, the University of Tokyo. Although 

the intercomparison was also performed in March 2013, as qualitatively discussed by Miyakawa 
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et al. [2014], their data were not utilized in this study. Figure 3.2 shows the experimental setup for 

the ambient measurements. Ambient air aspirated from a window was introduced into a buffer box 

so that all of the instruments could take samples from the same air volume. The inner surface of 

the buffer box was coated with aluminum foils and grounded to avoid electrostatic charges. The 

filter samples were collected every 12 h. The SPA and PT-LDMS were equipped with a PM2.5 

cyclone (URG-2000-30EH, URG, Inc., USA), while the size cut of the PT-LDMS was 

approximated as PM1 (limited by the transmission efficiency of the aerodynamic lens).  

The zero levels of the PT-LDMS signals were measured every hour by replacing the sample 

air with zero air generated using a high-efficiency particulate air (HEPA) filter. The PT-LDMS 

was routinely calibrated using monodisperse (NH4)2SO4 particles during the measurement period 

by the particle generation system described in section 3.2.3. 

 

 

Figure 3.2. Schematic diagram of the experimental set up for ambient measurements. 
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The zero levels of the SPA signals were measured every hour using a three-way valve and a 

HEPA filter placed upstream of the converter. The valve was switched between particle-loaded 

and zero air. Although the SO2 monitor of the SPA was calibrated using SO2 standard gas prior to 

the measurement period, the overall calibration of the SPA was performed using monodisperse 

(NH4)2SO4 particles after the period. The three-way valve was not used for the correction of gas-

phase SO2 during the calibration because a substantial amount of SO2 outgas from the DMA was 

present, presumably originating from HEPA filters for generating sheath air. Instead, the 

contribution of gas-phase SO2 was estimated by turning off the high voltage of the DMA. 

 

3.2.5. Data Reduction 

PT-LDMS 

As described in section 3.2.1, ion currents at some selected m/z values were detected (m/z 14, 

16, 28, 30, 44, 48, 55, and 64). The m/z 14 signal was dominated by N+ originating from the 

nitrogen present in ambient air with the inlet valve open, and was used to correct for the temporal 

drift of the ion detection efficiency. A similar correction process was also carried out by Takegawa 

et al. [2012], who used m/z 32 (O2
+) instead of m/z 14. Although this section focusses on the 

quantification of sulfate aerosols, the equations presented here are also applicable to other 

compounds such as nitrate.  

Table 3.1 summarizes the key parameters used in this study and their abbreviations. The ion 

current above the background level was accumulated over the laser irradiation time to obtain an 

integrated ion signal at each m/z (Q
m/z

X
). Note that the superscript X (= “amb” or “cal”) represents 

ambient or calibration conditions, respectively. The mass concentration of sulfate (MMS
X  ) was 

calculated using the difference in the integrated ion signal between particle-loaded and zero air 
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(net integrated ion signal, ΔQ
m/z

X
): 

 MMS
X  = 

ΔQ
m/z

X

Sm/z V
 , (3.1) 

where V is the sampled air volume, and Sm/z is the sensitivity for sulfate aerosols at the 

corresponding m/z value. ΔQ
m/z

X
 is expressed as follows: 

 ΔQ
m/z

X
 = Q

m/z, particle

X
- Q

m/z, zero

X  , (3.2) 

where Q
m/z, particle

X
 is the integrated ion signal at m/z for particle-loaded air and Q

m/z, zero

X
 is the 

integrated ion signal at m/z for zero air. Using monodisperse aerosol particles generated and 

quantified by the DMA and CPC system, the average mass concentration of sulfate aerosols 

introduced into the PT-LDMS during a calibration cycle (MCPC
cal ) can be calculated as follows: 

 MCPC
cal  = 

π

6
 dm

3
 ρ NCPC f

corr
 RSO4 , (3.3) 

where dm is the mobility diameter of calibration particles classified by the DMA, ρ is the particle 

density, NCPC is the number concentration of particles measured by the CPC, fcorr is the correction 

coefficient for the multiple-charge effect estimated by a method similar to Wang et al. [2010] (see 

appendix), and RSO4 is the molecular fraction of SO4
2− in (NH4)2SO4. The Sm/z values are then given 

as follows: 

 Sm/z=
ΔQ

m/z

cal

MCPC
cal  V

 . (3.4) 

These equations are also used to estimate possible uncertainties in quantification (section 3.4.3).  
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Table 3.1. Key factors affecting quantification 

Instrument Parameter Definition  Remark 

PT-LDMS Im/z Ion current at m/z a 

 MMS
X   Mass concentration measured by the PT-LDMS  a 

 ΔQ
m/z

X  Net integrated ion signals at m/z a 

 Q
m/z, particle

X
 Integrated signal at m/z for particle-loaded air a 

 Q
m/z, zero

X   Integrated signal at m/z for particle-free air (zero air) a 

 Sm/z  Sensitivity determined by calibrations a 

 TrX Transmission efficiency of the aerodynamic lens  

 CEX Collection efficiency of particles  

 YX Vaporization efficiency of particle compounds  

 αX Adsorption fraction of SO2 on the cell surface   

 IEX Ionization efficiency for evolved gas  

 fm/z
 X  Fragment ratio at m/z  

SPA MSPA
X   Mass concentration measured by the SPA a 

 ΔχX Net mixing ratio of SO2 measured by the SO2 monitor a 

 χ
particle
X  Mixing ratio of SO2 for particle-loaded air a 

 χ
zero
X  Mixing ratio of SO2 for zero air a 

 FSPA Calibration factor of the SPA  

 εX Conversion efficiency of sulfate to SO2  

 χ
gas
X  Mixing ratio of gas-phase SO2 in sampling air  

Others MCPC
cal  Mass concentration of calibration particles quantified using the CPC a 

 V Sampled air volume a 

 dm Mobility diameter classified by the DMA a 

 ρ Density of the calibration material a 

 NCPC Number concentration measured by the CPC a 

 fcorr Correction coefficient for the multiple-charge effect a 

 Mtrue
X  “True” mass concentration of aerosol particles   

The superscript X (= “amb” or “cal”) denotes ambient or calibration conditions, respectively. 

The subscripts represent the species, instruments, or mode of measurements. 

a: These values were explicitly determined by calibrations or ambient measurements. 
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SPA 

The mass concentration of sulfate aerosols measured by the SPA (MSPA
X ) was calculated using 

the difference of the mixing ratio of SO2 between particle-loaded and zero air (net SO2 mixing 

ratio, ΔχX):  

 MSPA
X  = ΔχX FSPA. (3.5) 

ΔχX is expressed as follows: 

 ΔχX= χ
particle
X  - χ

zero
X  , (3.6) 

where χ
particle
X  is the mixing ratio of SO2 for particle-loaded air, and χ

zero
X  is the mixing ratio of 

SO2 for zero air. FSPA is the correction factor determined by calibration: 

 FSPA = 
MCPC

cal

Δχcal 
 . (3.7) 

Notably, both MMS
X   and MSPA

X   were scaled to the same standard, which is critical for the 

interpretation of the intercomparison results. 

 

3.3. Results 

3.3.1. Laboratory Experiment 

The radiation temperature of the particle trap was primarily controlled by Plaser density and 

thermal properties of the trap (i.e., absorbance and thermal conductance). Figure 3.3 shows an 

example of the Plaser and radiation temperature profiles at a certain laser power setting. The Plaser 

was modulated (overshoot at the beginning) to achieve a rapid evolution of radiation temperature. 

The Plaser and trap temperature (Ttrap) were estimated using data points between 30 and 90 s after 

the laser was switched on (i.e., “plateau time period”).  
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Figure 3.3. Example of Ttrap (solid line, left axis) and Plaser (dashed line, right axis) profiles at a Tcell 

of (a) 280°C and (b) 200°C. 

 

We measured the sensitivity under various Plaser (Ttrap) and Tcell conditions. Figure 3.4 shows 

the evolution of the m/z 48 ion currents for (NH4)2SO4 particles obtained at a Plaser of ~4 W (Ttrap 

of ~550°C) and Tcell values of 200 and 280°C. The accumulated mass of sulfate was 18 and 8 ng 

for Tcell = 200 and 280°C conditions, respectively. The ion current for Tcell = 200°C was scaled 

down by a factor of 0.44 (= 8/18) to clarify the comparison of two signals. The ion current signal 

was characterized by a sharp peak immediately after the laser was switched on and a broad peak 

10 s after the laser was switched on. This result suggests that the particle vaporization process 

consisted of at least two thermal desorption mechanisms, as mentioned earlier. Notable changes 

were observed for the ion current at m/z 48 for (NH4)2SO4 in the latter time period of laser 

irradiation (30–90 s) with increasing Tcell.  
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Figure 3.4. Evolution of mass normalized m/z 48 ion current for (NH4)2SO4 particles obtained at a 

Ttrap of ~550°C and a Tcell of 200°C (blue and turquoise lines) and 280°C (red and orange lines). 

The accumulated mass of sulfate was 18 and 8 ng for Tcell = 200 and 280°C conditions, respectively. 

The ion current for Tcell = 200°C was scaled down by a factor of 0.44 (= 8/18) to clarify the 

comparison of two signals. 

 

Figure 3.5a shows the relationship between Ttrap and Plaser under three Tcell conditions. The 

relationship did not show significant dependence on the Tcell conditions. Figure 3.5b summarizes 

the results of the temperature experiments. Although substantial scatter was observed in the data, 

the dependence of the sensitivity on Tcell appeared to be more significant than that on Plaser (Ttrap) 

for (NH4)2SO4. Higher Tcell conditions tended to exhibit higher sensitivity for (NH4)2SO4 particles. 

As mentioned in section 3.2.3, major fragments of (NH4)2SO4 were observed at m/z 48 and 64, and 

detectable amounts of other sulfur-related signals such as m/z 80 (SO3
+) and 98 (H2SO4

+) were not 

observed. The ΔQ
64

X
 to ΔQ

48

X
 ratio can be used as a diagnostic for desorption because this ratio 

can vary depending on the chemical form of sulfur compounds (SO2, sulfuric acid, or others). 
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Figure 3.5. (a) Scatter plot of Ttrap versus Plaser from laboratory experiments. (b) Dependence of 

sulfate sensitivity on Plaser at various Tcell values. Tcell value for the experiment were selected as 

280°C (filled circle), 250°C (triangle), and 200°C (open circle). Dashed lines denote the regression 

lines of each dataset in (b). Error bars depict the uncertainty originating from the random error of 

PT-LDMS (4%), CPC (2%), radiation thermometer (1%) and thermopile sensor (1%). 

 

Figure 3.6 shows the scatter plot of ΔQ
64

cal
  versus ΔQ

48

cal
  obtained during laboratory 

experiments. Previous studies have reported that the thermal decomposition products of 

(NH4)2SO4 mainly consist of SO2 above ~400°C and that the decomposition products vary below 

~400°C [Kiyoura and Urano 1970]. According to the EI (70eV) mass spectrum database provided 

by the National Institute of Standard Technology (NIST) (http://webbook.nist.gov/chemistry/), the 

ΔQ
64

X
  to ΔQ

48

X
  ratio can differ significantly depending on the chemical form of sulfate 

compounds (SO2, H2SO4 etc.). The observed ΔQ
64

cal
/ΔQ

48

cal
 value from (NH4)2SO4 was ~1.4 with 

a high correlation coefficient (r2 ~ 0.99). Although we did not directly identify the chemical form 

of sulfur compounds in the evolved gas, the tight correlation suggests that the thermal 

decomposition products of (NH4)2SO4 can be regarded as uniform. 
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Figure 3.6. Correlation plots of ∆Q
64

cal
  versus ∆Q

48

cal
  from the laboratory experiments (filled 

circle: Tcell = 280°C, open circle: Tcell = 250°C, shaded circle: Tcell = 200°C). The data points for Tcell 

= 250°C includes routine calibrations during ambient measurements. The dashed line denotes the 

regression line for the entire data (r2 = 0.998). 

 

3.3.2. Ambient Measurements 

Figure 3.7 shows the time series of the average ion current at m/z 14 (reference signal) with 

the inlet open and the sensitivities for sulfate and nitrate during the laboratory experiment (October 

2013) and ambient measurement (November 2013). The sensitivity for nitrate was determined 

using KNO3 as a calibration material (section 2.2.3). The reference signal changed in accordance 

with changes in the SEM voltage. The sensitivity for sulfate exhibited a large decrease over the 

course of a few days following the start of the ambient measurements, while the sensitivity for 

nitrate exhibited a slight decreasing trend. The sensitivity recovered after the replacement of the 

particle trap; however, it exhibited a similar decreasing trend again. Such a drastic change was not 

observed during the laboratory experiment or ambient measurement in March 2013 [Miyakawa et 

al. 2014]. A scanning electron microscopy observation indicated that the Pt/W coating was 

Δ
 

Δ 



 

51 

 

partially detached from the particle trap surface (not shown), which could have caused the decrease 

in the sulfate sensitivity. The particle trap was replaced when the sensitivity for sulfate was 

decreased to ~200 pC ng-1, although optimal timing of the replacement of the particle trap is still 

under consideration. 

Figure 3.8 shows the scatter plot of ΔQ
64

amb
  versus ΔQ

48

amb
  obtained during ambient 

measurements. For comparison, the regression line from the laboratory experiment is also shown. 

The ΔQ
64

amb
 / ΔQ

48

amb
  values for ambient aerosol particles showed good agreement with the 

laboratory data within a variation of 15%, indicating that the thermal desorption products from 

ambient sulfate aerosol particles were very similar to those from (NH4)2SO4 particles generated in 

the laboratory. 

 

Figure 3.7. Temporal changes in (a) the average of m/z 14 ion current and (b) sensitivity of sulfate 

(filled circle) and nitrate (open square) during laboratory experiments and ambient measurements. 

The particle trap was replaced on November 9. The sensitivity data include the laboratory 

experiments and routine calibrations. There was an overlap between ambient measurement and 

laboratory experiment periods because some laboratory experiments were performed during the 

ambient measurement period. 
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Figure 3.8. Correlation plots of ∆Q
64

amb
 versus ∆Q

48

amb
. The dashed line denotes the regression line 

shown in Figure 2.5. 

 

Figure 3.9a shows the time series of Q
48, particle

amb
 and Q

48, zero

amb
 during ambient measurement 

period. The zero air signals were found to exhibit a positive correlation with ambient signals, 

suggesting that the zero air signals originated from residual sulfate compounds, which may have 

been incompletely vaporized by each laser shot.  Figure 3.9b shows the time series of MMS
amb, 

MSPA
amb , and Mfilter

amb   during the measurement period. Note that the Mfilter
amb   is the ambient mass 

concentration measured by filter analysis. The MMS
amb values were calculated using the data shown 

in Figure 8a and by interpolating the sensitivity data shown in Figure 3.7. The MSPA
amb values were 

calculated using equations (3.5) − (3.7), and calibration performed by same method of PT-LDMS. 

During the period of high sulfate mass concentrations (November 17–19), the PT-LDMS data 

tended to be lower than those obtained from SPA and filter analysis. On the other hand, the 

difference in the mass concentration of sulfate between the PT-LDMS and SPA/filter analysis 



 

53 

 

during the low mass concentration period (November 14 and 20) was not as large as the difference 

during the high-sulfate period.   

 

 

 

 

Figure 3.9. (a) Time series of Q
48, particle

amb
  and Q

48, zero

amb
 . The filled and open circles denote the 

particle-loaded air signals and zero air signals, respectively. The dashed line represents the zero 

level. (b) Time series of MMS
amb (solid line), MSPA

amb (shade line), and Mfilter
amb  (circle marker). Error 

bars of Mfilter
amb  depict the average time of filter sampling (12 h). Missing data points of PT-LDMS 

(e.g. November 12) were due to calibrations. 
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Figure 3.10 shows the scatter plot of MMS
amb, MSPA

amb, and Mfilter
amb , and that of MMS

amb and MSPA
amb. 

Good agreement was observed between MSPA
amb and Mfilter

amb , with a regression slope of 0.98 and an 

r2 value of 0.99. Although MMS
amb exhibited a close correlation with MSPA

amb (r2 = 0.96) and Mfilter
amb  

(r2 = 0.95), the PT-LDMS tended to underestimate the filter analysis (regression slope = 0.67) and 

SPA (regression slope = 0.70). It should be noted that the regression slope was largely affected by 

the data points in the higher mass concentration range. When focusing on the lower mass 

concentration range, the data points became closer to the 1:1 correspondence line.  

 

 

Figure 3.10. Correlation plots of (a) MMS
amb  and MSPA

amb  versus Mfilter
amb   analysis and (b) MMS

amb 

versus MSPA
amb . The shaded and solid lines in (a) represent the regression lines of MMS

amb  versus 

Mfilter
amb   (r2=0.95) and MSPA

amb  versus Mfilter
amb   (r2=0.99), respectively. The shaded points in (b) 

represent all data, while open circles represent the averages in the MSPA
amb bin of 1 µg m-3. The solid 

line in (b) represents the regression line for the averaged values (r2=0.96). The dashed lines in (a) 

and (b) denote the 1:1 lines. 
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3.4. Discussion 

3.4.1. Decrease in the Sensitivity for Sulfate 

The observed decrease in the sulfate sensitivity during the ambient measurements is 

discussed. The decrease in the sulfate sensitivity was not observed during the laboratory 

experiments and became evident after the start of the ambient measurements (see Figure 2.6). The 

damage of the particle trap may have been caused by the presence of refractory compounds in 

ambient aerosols that efficiently absorbed the CO2 laser. This may have resulted in local, extreme 

heating of the particle trap and partial detachment of the coating. Further investigation and 

improvement are needed to increase the durability of the trap. 

 

3.4.2. Limit of Detection 

The limit of detection (LOD) for sulfate aerosols by the PT-LDMS is now evaluated. The 

LOD can be estimated as the equivalent concentration at which the difference in the peak height 

of ion currents between particle-loaded and zero air is twice the standard deviation (2σ) of the 

background level.  The LOD value estimated by this method was 0.07 µg m−3, on average. 

Alternatively, the upper limit of LOD can be estimated by calculating the variability in the mass 

concentration in ambient air at sufficiently low mass concentrations (November 12–13 in Figure 

2.8). The average and standard deviation of the mass concentration during this period were 0.5 

and 0.04 µg m−3, respectively, which yields an upper limit of LOD of 0.08 µg m−3.  

 

3.4.3. Possible Uncertainties 

PT-LDMS 

Possible systematic uncertainties in the determination of sulfate mass concentrations by the 

PT-LDMS are discussed based on theoretical expressions. For simplicity, we assume that Q
m/z, zero

X
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was proportional to Q
m/z, particle

X
. ΔQ

m/z

X
 can be theoretically expressed as follows: 

 𝛥Q
m/z

X
 = A  TrX CE

X
 YX (1 - αX) IEX fr

m/z

X
 Mtrue

X  V, (3.8) 

where A is a constant for the conversion from mass to ion signals, TrX is the transmission efficiency 

of the aerodynamic lens, CEX is the collection efficiency of particles, YX is the vaporization 

efficiency of particle compounds, αX is the adsorption efficiency of SO2 on the cell, IEX is the 

ionization efficiency of the evolved gas, and fr
m/z

X
 is the fragment ratio at m/z. Mtrue

X  is the “true” 

mass concentration of sulfate aerosols, which is unknown in principle. Note that each parameter 

in equation (3.8) is not explicitly determined by calibration. 

Based on equations (3.1) – (3.4) and (3.8), the relative error in the mass concentration of 

sulfate aerosols can be expressed as follows: 

 
MMS

amb

Mtrue
amb

 = 
Tramb

Trcal
 
CEamb

CEcal
 
Yamb

Ycal 
 
1 - 𝛼amb

1 - αcal 
 

IEamb fr
48

amb

IEcal fr
48

cal
 
MCPC

cal

Mtrue
cal

.  (3.9) 

The uncertainty in the mass concentration of sulfate determined by the PT-LDMS depends on the 

difference in the following factors between ambient and calibration particles: transmission 

efficiency of the aerodynamic lens (Tramb/Trcal), particle collection efficiency (CEamb/CEcal), 

vaporization efficiency of particles (Yamb/Ycal), adsorption efficiency of the evolved gas ((1 − 

αamb)/(1 − αcal)), and ionization efficiency and fragmentation of evolved gas (IEamb/IEcal and 

framb/frcal, respectively). The uncertainty also depends on the accuracy of the DMA sizing, CPC 

counting, and multiple charge correction, which can be cancelled out when taking into account the 

comparison between the PT-LDMS and SPA. It is noted that these factors are also important for 

quantification using an Aerodyne AMS.  

Table 3.2 summarizes the estimates of systematic errors. The size cut of the PT-LDMS was 

approximated as PM1 and limited by the transmission efficiency of the aerodynamic lens, which 
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is essentially the same as those used in the Aerodyne AMS [e.g., Liu et al. 1995; Takegawa et al. 

2009; Miyakawa et al. 2014].  The transmission efficiency for particles with dm = 250 nm can be 

regarded as unity, but the transmission efficiency for multiply charged particles included in the 

DMA exit (dm = 412, 569 nm) may be less than unity. The overall Trcal was estimated to be ~0.97 

using the transmission efficiency curve given by Miyakawa et al. [2014]. The overall Tramb was 

estimated to be ~0.85 assuming a typical size distribution of aerosol particles in Tokyo (see 

appendix). This yields an estimate of ~0.88 for Tramb/Trcal in this case of PM2.5 ambient particles. 

Note that Tramb and Trcal values are strongly dependent on the accuracy of the transmission 

efficiency of the aerodynamic lens and the assumption of the size distribution in ambient air. 

The collection efficiency of ambient aerosol particles is also difficult to quantify because it 

depends on the size distribution and physical properties of aerosol particles. As compared to liquid 

particles, solid particles such as dry (NH4)2SO4 particles generated in the laboratory tend to exhibit 

a broader distribution on the particle trap [Takegawa et al. 2012]. Polydisperse, irregularly shaped 

particles such as soot aggregate particles may also exhibit a broader distribution than 

monodisperse, spherical particles because of the characteristics of the aerodynamic lens [Zhang et 

al. 2004; Huffman et al. 2005; Salcedo et al. 2007]. The degree of overlap between the laser and 

particle beams can affect the temporal evolution of ion signals [Takegawa et al. 2012]. A possible 

approach for estimating the uncertainty is to compare the temporal evolution of ion signals at m/z 

48 between ambient and calibration conditions, as shown in Figure 3.11. The evolution profiles 

were found to be similar, suggesting that the distributions of collected particles did not 

significantly vary between ambient and calibration conditions and that CEamb/CEcal can be 

assumed to be close to unity. This assumption does not mean that both CEamb and CEcal were unity 

but that they were comparable during the measurement period.  
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Table 3.2. Possible error of each instrument 

Instruments Factor 
Relative 

error 

PT-LDMS 

Size cuta 
Ambient −0.15 

Calibration +0.03 

Vaporizationb 
Ambient −0.13 

Calibration +0.03 

Contribution of refractory compoundsc −0.06 

Calibrationd 

DMA sizing ±0.01 

CPC detection efficiency −0.05 

Correction for multiply charged particles ±0.04  

a The size cut error was estimated assuming a typical size distribution of the aerosols in Tokyo 

(unpublished data, see supplementary material). 

b The vaporization error was estimated based on the temporal variation of Q
48, zero

X  (see text for details). 

c The refractory compound error was estimated using Na+, Cl−, and K+ from filter analysis and previous 

studies [Takegawa et al. 2005; Schwab et al. 2006]. This error represents refractory sulfate compounds that 

are detectable by the SPA but not by the PT-LDMS (Na2SO4, K2SO4). 

d The calibration error can be cancelled out when taking into account the comparison between the PT-

LDMS and SPA. 
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Figure 3.11. The evolution of mass normalized m/z 48 ion current for calibration (blue and 

turquoise lines) and ambient (red and orange lines) conditions. The accumulated mass of sulfate 

was 10.2 and 5.8 ng for calibration and ambient conditions, respectively. The ion current for 

ambient condition was scaled up by a factor of 1.76 (= 10.2/5.8) to clarify the comparison of two 

signals. 

 

The Yamb/Ycal ratio is affected by two factors: incomplete vaporization of (NH4)2SO4 particles 

and contribution of refractory sulfate compounds, which were unlikely vaporized with their 

vaporization temperature exceeding Ttrap (sodium sulfate (Na2SO4) and potassium sulfate (K2SO4)).  

The ratio of zero air to particle-loaded air signals was ~0.13 for ambient particles and ~0.03 for 

calibration particles. As a result, Yamb/Ycal originating from incomplete vaporization of (NH4)2SO4 

was estimated to be ~0.90. 

Good agreement was observed for ΔQ
64

X
/ΔQ

48

X
 between ambient and calibration particles, 

suggesting that the major component of evolved gas in the case of ambient particles was very 
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similar to calibration particles (Figure 2.5 and 2.7). Hence, we can assume that IEamb/IEcal, 

fr
48

amb
/fr

48

cal
, and (1 – αamb)/(1 − αcal) were close to unity.  

The positive or negative signs of the systematic errors in Table 3.2 represent that the mass 

concentration of sulfate in ambient air can be overestimated or underestimated, respectively. The 

errors for ambient and calibration conditions were partially cancelled out because of the 

similarities in the chemical form and size of sulfate aerosol particles between ambient and 

calibration conditions. Conversely, it is suggested that the choice of material and size of calibration 

particles is important for reducing the measurement uncertainties. 

 

SPA 

Possible systematic uncertainties in the determination of sulfate mass concentrations by the 

SPA are discussed. As mentioned in section 3.2.5, χ
zero
amb was measured using a HEPA filter and 

χ
zero
cal  was measured by turning off the DMA voltage. The χ

particle
X  is expressed as follows: 

 χ
particle
X  = B εX Mtrue

X  + χ
gas
X  , (3.10) 

where B is a constant for the conversion from the mass concentration of sulfate to the mixing 

ratio of SO2, ε
X is the conversion efficiency of sulfate to SO2, and χ

gas
X  is the mixing ratio of gas-

phase SO2 in the sample air. As for the calibration, χ
gas
cal  should be equal to χ

zero
cal  because there is 

no difference in the airflow line between particle-loaded and zero air (the zero level was measured 

by turning off DMA voltage). On the other hand, χ
gas
amb  and χ

zero
amb  may be different due to 

adsorption of SO2 in the HEPA filter, considering large surface area inside the filter. It is rather 

difficult to estimate the χ
zero
amb value because the amount of SO2 adsorption on the filter may not 

correlate with the SO2 mixing ratio in the sample air [Eatough et al. 1995]. Although χ
particle
X  may 

also have been affected by adsorption of SO2 on other surfaces including the conversion cell and 
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tubing, we assumed this effect was relatively minor.  

Based on equations (3.5) − (3.7), and (3.10) the mass concentration of sulfate aerosols 

determined by the SPA can be expressed as follows: 

 
MSPA

amb

Mtrue
amb

 = 
εamb

εcal
 
MCPC

cal

Mtrue
cal

 + (χ
gas
amb - χ

zero
amb) FSPA  

1

Mtrue
amb

 . (3.11) 

The uncertainty in the mass concentration of sulfate determined by the SPA depends on two 

terms. The first term originates from the conversion of sulfate to SO2 and depends on the 

conversion efficiency (εamb/εcal). The second term originates from SO2 in the ambient air and 

depends on the mixing ratio of ambient SO2. 

The εamb/εcal ratio can be affected by the contribution of refractory sulfate compounds, which 

were unlikely vaporized with their vaporization temperature exceeding converter tube temperature 

of SPA (e.g. CaSO4). 

As mentioned above, the uncertainty originating from gas-phase SO2 in ambient air was 

difficult to estimate because χ
gas
amb was not determined from the measurements. If we assume an 

error of χ
gas
amb minus χ

zero
amb to be 1 ppbv, for example, it corresponds to an error of 4 µg m-3 in the 

mass concentration of sulfate aerosols. This uncertainty could potentially become important with 

increasing mixing ratios of SO2. 

 

3.4.4. Comparison between PT-LDMS and SPA 

For the comparison between PT-LDMS and SPA, it is necessary to consider the difference in 

the sulfate compounds measured by these instruments. The temperature of the particle trap induced 

by the CO2 laser was ~500°C, while the temperature of the converter of the SPA was set at 1000°C. 

Among various refractory sulfate compounds, Na2SO4 (dissociation temperature of 800°C) was 

likely to be the most relevant form of the compound, which was detectable by the SPA but not by 
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the PT-LDMS. Schwab et al. [2006] reported that the responses of SPA to Na2SO4 and to K2SO4 

were ~20% and 60% respectively. Based on their study, the contributions of Na2SO4 and K2SO4 

were estimated to be ~2% and ~5%, respectively. Note that the contribution of Na2SO4 was 

estimated using Na+ and Cl− from the filter data assuming that the Na+ originated from both sodium 

chloride (NaCl) and Na2SO4 [Takegawa et al. 2005]. The contribution of K2SO4 was estimated 

assuming that all K+ originated from K2SO4. 

The combined uncertainty of the factors described in the previous section and the above 

factor were estimated to be ~20%, which may potentially explain the underestimation by the PT-

LDMS to a large extent. Further studies are needed to improve the quantification of sulfate aerosol 

under various environments.  

  

3.5. Summary 

This study reports the quantification of sulfate aerosols by the PT-LDMS. The instrument 

was modified compared to the previous version described by Takegawa et al. [2012]. Laboratory 

experiments were performed to investigate the optimal conditions for ambient measurements and 

temperature dependence of sulfate sensitivity. The major decomposition product of (NH4)2SO4 

was similar to that of ambient sulfate in the PT-LDMS. The results also showed that the sensitivity 

for (NH4)2SO4 particles tended to increase with Tcell, which may be explained by decreased 

adsorption of the decomposition product of (NH4)2SO4 on the cell surface at high temperatures.   

Ambient measurements for the overall test of the instrument, as well as the intercomparison 

of PT-LDMS with other measurements methods, were performed in Tokyo. ΔQ
64

X
 /ΔQ

48

X
  for 

ambient aerosol particles showed good agreement with the laboratory data to within 15%, 

indicating that the thermal desorption products from ambient sulfate aerosol particles were very 
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similar to those from (NH4)2SO4 particles generated in the laboratory. The PT-LDMS exhibited 

tight correlation with the SPA (r2 = 0.96), but tended to underestimate the mass concentration of 

sulfate (slope = 0.70).  

Major uncertainties in the PT-LDMS during the measurement period originated from the size 

cut of the aerodynamic lens (~12%) and the difference in vaporization efficiency of (NH4)2SO4 

particles between calibrations and ambient conditions (~10%). In addition, uncertainty in the 

contribution of refractory sulfur compounds between the PT-LDMS and SPA was estimated to be 

~6% in this case. These uncertainties were estimated by consideration of numerous sources of 

systematic error and used for the interpretation of the intercomparison results. The overall 

uncertainty due to the above factors was estimated to be ~20%, which may potentially explain the 

underestimation of the PT-LDMS to a large extent. Further studies using polydisperse aerosol 

particles and other materials for calibrations are needed in order to improve the accuracy of 

quantification. 
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Appendix 3A: supplementary material 

3A.1. Correction for multiple charging 

A method for multiply charged correction is described. The method is similar to that 

described by Wang et al. [2010] and Takegawa and Sakurai [2011]. The aerosol flow passing 

through the DMA contain not only singly charged particles but also multiply charged particles. 

The mass concentration of calibration particles may be underestimated if we assume the particles 

are all singly charged. The population of muliply charged particles needs to be experimentally 

evaluated. 

The fraction of doubly charged particles (f2) and triply charged particles (f3) was calculated 

by using the method described in Wang et al. [2010] and Takegawa and Sakurai [2011]. The mass 

concentration determined from the CPC data (MCPC
cal ) is expressed as follows: 

 MCPC
cal =

π

6
ρNd1

3 (1 - f
2
 - f

3
 + f

2

d2
3

d1
3 + f

3

d2
3

d1
3) . (A3.1) 

Where ρ is a particle density, N is the number concentration measured by the CPC, d1 is a particle 

diameter selected by DMA, d2 is the paricle diameter of doubly charged particles, and d3 is the 

particle diameter of triply cherged particles. 

 

3A.2. KNO3 

The sensitivity for nitrate was measured under various Ttrap and Tcell conditions as well as 

sulfate. Figure 3A.1 shows the evolution of the m/z 30 ion currents for KNO3 particles obtained 

at a Ttrap of ~550°C and Tcell values of 200 and 280°C. For KNO3 particles, the overall shape of 

the m/z 30 signal significantly changed in the earlier time period with increasing Tcell. The 

artifact signals were found be more pronounced for KNO3 than for (NH4)2SO4 particles. 
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Figure 3A.1 The evaluation of mass normalized m/z 30 ion current for KNO3 particles obtained at 

a Ttrap of ~550°C and Tcell values of 200°C (blue and light blue lines, right axis) and 280°C (red and 

orange lines, left axis). 

 

Figure 3A.2 shows the sensitivity experiment for KNO3. Although substantial scatter was 

observed in the data, the dependence of the sensitivity on Tcell also appeared to be more significant 

than the dependence on Ttrap for KNO3. Higher Tcell conditions exhibited lower sensitivity for 

KNO3 particles.Changes in the temporal evolution of ion current and sensitivity depending on Tcell 

were somewhat unexpected results. These features may not be explained by adsorption of NO on 

the cell wall. Further experiments are needed to investigate the mechanism. 
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Figure 3A.2. Dependence of nitrate sensitivity versus Ttrap at various Tcell values. The error bars 

represent uncertainty originating from random error (2σ) of PT-LDMS (4%), CPC (2%), and 

radiation thermometer (1%). 

 

2A.3 Effect of the Difference in Size Cut 

The effects of the difference in the size cut between the PT-LDMS (approximately PM1) and 

SPA (PM2.5) are described. Figure 3A.3 shows an expample of volume size distribution in urban 

air (quoted from Seinfeld and Pandis [2006]), and that measured in Tokyoin the spring of 2013 by 

a scanning mobility particle sizer (SMPS) and optical particle counter (OPC; unpublished data), 

together with the transimission efficiencies of the aerodynamic lens [Miyakawa et al. 2015] and 

the PM2.5 cyclone.  We asumed that the ambient particle density was 1.5 g cm-3
 for calculating 

the vacuum aerodynamic diameters. As a result, the uncertainty of size cut was estimated to be 

−0.15 for ambient particles.  
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Figure 3A.3. An example of volume size distribution in urban air quoted from Seinfeld and Pandis 

(2006) (dashed line) and that measured in Tokyo in the spring of 2013 (filed and open circles), 

transmission efficiency of the aerodynamic lens (TEADL, shaded line), and that of the PM2.5 cyclone 

(TEcyclone, solid line). The vacuum aerodynamic diameters were calculated based on the assumption 

that the ambient particle density was 1.5 g cm-3. The curve of TEcyclone was drawn based on the 

datasheet of URG-2000-30EH. The arrows indicate the vacuum aerodynamic diameters of 

calibration (NH4)2SO4 particles. 
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4. Laser induced incandescence – mass spectrometry 

(LII-MS) 

 

4.1. Introduction 

Investigating the mixing states of BC is important for estimating the climate impact of aerosol 

particles. Electron microscopy, LII, and a method combining a mass spectrometer and LII have 

been used as measurement methods for the mixing states of BC. However, LII cannot quantify the 

chemical composition of aerosols mixed with BC particles. It is effective to combine the LII with 

a mass spectrometry technique to measure the chemical composition of aerosols mixed with BC 

in situ. 

SP-AMS is one of the most important instruments recently developed for the on-line 

measurement of the chemical composition of aerosols mixed with BC. A soot particle-aerosol 

mass spectrometer (SP-AMS) [Onasch et al. 2012] is constructed by placing the solid-state laser 

cavity used in the LII inside the chamber of an aerosol mass spectrometer (AMS). In AMS, 

particles introduced into the vacuum chamber are volatilized with a heated tungsten vaporizer 

(~600 °C) and the chemical composition of aerosols is quantified as vaporized gases with a mass 

spectrometer. In SP-AMS, the point of intersection between the particle beam axis and the laser 

axis installed inside the chamber is set just before the vaporizer. SP-AMS can directly measure the 

chemical composition of BC-containing particles and all particles by switching the laser. However, 

it has been pointed out that there are several important issues regarding such quantifications, 

including uncertainty due to the overlap of the laser and particle beams. Evaluations of the 

quantifications obtained via SP-AMS are underway. An instrument that can quantitatively measure 

the chemical composition of aerosols mixed with BC is needed to investigate the mixing state of 



 

73 

 

ambient BC. 

The LII-MS analyzer has been developed for quantifying the chemical composition of 

aerosol classified by the mixing state of BC. The LII-MS analyzer consists of an LII analyzer, 

which selectively detects and vaporizes BC-containing particles, and a particle trap-laser 

desorption mass spectrometer (PT-LDMS) [Takegawa et al. 2012], which analyzes the chemical 

composition of the aerosol particles transported from the LII analyzer. The principle of operation 

and details of the LII-MS have been described in a previous publication [Miyakawa et al. 2014].  

Some modifications and their performance are described in this Chapter. 

 

4.2. Configuration of the LII-MS 

Figure 4.1 shows a schematic diagram of the LII-MS analyzer. The LII-MS analyzer is an 

instrument in which an LII analyzer and a PT-LDMS are connected in series. In the mode in which 

the two analysis sections are in parallel (parallel mode), the number concentration and the mass 

concentration of the chemical components of aerosols are independently measured by the LII 

analyzer and the PT-LDMS, respectively. On the other hand, in the mode in which the two analysis 

sections are connected in series (tandem mode), the mass concentration of the chemical 

components of aerosols classified with mixing state of BC is measured. In the LII section, because 

BC particles are heated to the boiling point of BC (~4000 K), the chemical components mixed 

with BC particles are vaporized in the LII chamber. Therefore, by switching the LII laser on and 

off, it is possible to measure the chemical components according to the mixing state of BC in the 

PT-LDMS. The chemical composition of the total aerosol particles (all particles) can be analyzed 

in the PT-LDMS by turning off the laser (MS mode), and that of the aerosol particles externally 

mixed with BC (BC-free particles) can be analyzed by turning on the laser (LII-MS mode). The 
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difference between the signal captured for all particles and that of BC-free particles corresponds 

to aerosol particles internally mixed with BC (BC-containing particles). 

 

 

 

 

Figure 4.1. Schematic diagram of the LII-MS system which graphically describes how aerosol 

particles are analyzed by the PT-LDMS. 
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Figure 4.2 shows a schematic diagram of LII analyzer. A collection tube is used to recover 

the aerosol sample flow with only small changes in aerosol concentration. The collection probe 

consists of two coaxial tubes; the center tube is used to isolate and collect the aerosol flow 

separately from the sheath flow. The sample flow rate is limited by the critical orifice of the PT-

LDMS (approximately 0.11 LPM). The remaining sheath flow is drawn through the space between 

the center and the outer tubes, which is referred as the excess flow.  

 

 

 

Figure 4.2. Schematic diagram of the LII analyzer. Arrows depict sample and air flows. 
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The PT-LDMS was developed for the online quantification of the mass concentration of 

sulfate, nitrate, and organics. [Takegawa et al. 2012; Ozawa et al. 2016]. A detailed design is 

described in Takegawa et al. [2012]. Here, the configuration of the PT-LDMS is summarized. The 

PT-LDMS consists of an inlet, a particle trap enclosed by a gold-coated cell, and a quadrupole 

mass spectrometer with electron impact ionization. The inlet consists of a critical orifice, an 

aerodynamic lens, and a skimmer cone. The flow rate is controlled and set to 0.1 LPM by the 

critical orifice. Particles in the sample air are converged into a narrow beam by the aerodynamic 

lens and are separated from the gas by the skimmer cone in the vacuum chamber. The particles are 

then collected in the particle trap. The particle trap consists of five stages of silicon mesh layers 

and a plate at the bottom coated with platinum and tungsten. The particles collide with the wall 

surface in the mesh layer several times and are trapped on the particle trap after losing their 

momentum. The particles trapped on the particle trap are vaporized by heating the trap (to 

~500 °C) using a CO2 laser with a power output of 10 W. This vaporization process includes 

evaporation, sublimation, decomposition, and reactions. The gas vaporized by the thermal 

decomposition of the particles becomes ionized via electron impacts and is detected by a 

quadrupole mass spectrometer (QMS). A mass concentration is calculated by comparing the ion 

signal obtained in ambient measurements with the calibration curve obtained in laboratory 

experiments. 

 

4.3. Modification of LII-MS 

In this section, I focus on important modifications to the LII-MS systems used in previous 

studies. Figure 4.3 shows the overview of LII-MS. The LII analyzer used in this work is the same 

as that used by Miyakawa et al. [2014]. The on/off cycle of the LII laser was changed for more 
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quantitative measurements of the mixing states of BC. The measurement cycle used in this study 

was changed from that used by Miyakawa et al. [2014]. The number of lasers on cycles was 

decreased and the time interval between two off cycles was shortened. This modification makes it 

possible to respond to rapid changes in mass concentration within a measurement cycle. The flow 

balance of the sheath-air inlet of the LII analyzer was changed for more stable measurements. The 

flow rate of sheath air was increased by 0.05 LPM to make the sample aerosol jet narrower. The 

mass concentrations of PM1 aerosol samples passing through the LII analyzer are quantified by 

the PT-LDMS. The PT-LDMS quantifies the chemical composition of aerosol particles collected 

on the particle traps via thermal decomposition using an infrared laser. The PT-LDMS used is the 

same as that described by Ozawa et al. [2016]. The structure holding the particle traps was 

improved and the traps were placed closer for obtaining a high thermal conductivity. This 

modification improved the efficiency of trap cooling using circulating water, and the PT-LDMS 

could measure semi-volatile particles, such as ammonium nitrate (NH4NO4). The performance of 

PT-LDMS has been described in Ozawa et al. [2016]. 
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Figure 4.3. Laser induced incandescence-mass spectrometric analyzer (LII-MS). 

 

4.4. Data processing 

Ion signals at m/z 14 (N+), 16 (O+), 28 (CO+), 30 (NO+), 44 (CO2
+), 48 (SO+), 55 (C4H7

+), and 

64 (SO2
+) were monitored in laboratory experiments and in ambient measurements. The integrated 

values of the ion signals above the background level at each m/z (Qm/z) indicate the mass of the 

introduced species. The values of Q30, Q48, and Q28 were selected as signals for nitrate, sulfate, and 

organic carbon (OC), respectively. The difference between the Qm/z values with and without 

particles (sample air and the zero-filtered air, ΔQm/z) was used as a net signal originating from the 

particles. The details of the calculations of mass concentration are described in Chapter 3. 

Ammonium sulfate ((NH4)2SO4), potassium nitrate (KNO3), ammonium nitrate (NH4NO3), 

oxalic acid (C2di), and azelaic acid (C9di) particles were used in the laboratory experiments. 

Laboratory experiments were performed in LII-MS mode to include the transmission efficiency 

of the tandem nozzle. The typical calibration curves obtained via laboratory experiments during 
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ambient measurements described in Chapter 5 are shown in Figure 4.4. The masses of nitrate 

(NO3
-) and sulfate (SO4

2-) introduced into the LII-MS showed good correlation with the signals of 

Q30 and Q48, respectively. Using these calibration curves, the mass concentrations of nitrate (NO3
-) 

and sulfate (SO4
2-) in the ambient measurements were calculated. 

 

 

 

Figure 4.4. Calibration curves of (a) SO4

2-
 and ΔQ48, and (b) NO3

-
 and ΔQ30 by laboratory 

experiments during an ambient measurements period. 
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4.5. Transmission efficiency of the LII-MS system 

Figures 4.4a–4.4c show the throughput efficiency of the LII chamber (TELII), the transmission, 

collection, and vaporization efficiencies of the PT-LDMS (TEMS·EffMS), and the estimated 

transmission efficiency of the LII-MS system (TELII·TEMS·EffMS), as indicated by Miyakawa et al. 

[2014]. Figure 4.5a shows the TELII of polystyrene latex (PSL) particles. More than 60% of the 

particles in accumulation mode are transported into the PT-LDMS. The TELII of large particles 

(larger than 0.8 μm in diameter) tends to increase because of their greater inertia compared with 

small particles. Figure 4.5b shows the TELII·TEMS·EffMS of KNO3 and (NH4)2SO4 particles. 

Because the TEMS·EffMS at a diameter of 1 µm is ~0.6, the upper size cut of the PT-LDMS can be 

approximated as PM1. Considering the combination of TELII and TEMS·EffMS, it is suggested that 

the LII-MS can collect and analyze 60% or more of particles in accumulation mode without 

significant size dependence (Figure 4.5c). 
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Figure 4.5. Size-dependent instrumental transfer function for the LII-MS system and typical 

volume size distribution in various atmospheric environments indicated in Miyakawa et al. 

2014. (a) the throughput efficiency of the LII chamber (TE
LII

); (b) transmission, collection, and 

vaporization efficiency of the PT-LDMS (TE
MS

·Eff
MS

); (c) estimated transmission efficiency of 

LII-MS system (TE
LII

·TE
MS

·Eff
MS

). 

 

4.5. Analysis of Aerosol Composition Classified by the BC Mixing State 

Figures 4.5a and 4.5b are the results of laboratory experiments of LII-MS reported by 

Miyakawa et al. [2014]. Propane flame soot particles coated with oleic acid (OL) were used as 

BC-containing particles (internally-mixed particle). Uncoated propane flame soot particles and 

(NH4)2SO4 particles were used as BC-free particles (externally-mixed particle). Figure 4.6a shows 

the relationship between ΔQ28 and the OC mass of OL internally mixed with propane flame soot, 

obtained from both MS and LII-MS modes. The organic signals for the MS mode showed a 
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positive correlation with the carbon mass of OL. The signals derived from OC in LII-MS mode 

did not exceed the zero level. These results are proof that BC-containing particles are almost fully 

vaporized before they are transferred to the PT-LDMS when the LII laser is turned on. Mono-

disperse (NH4)2SO4 particles externally mixed with monodisperse fullerene particles were 

introduced to the LII-MS. Figure 4.6b shows the relationship between ΔQ48 (SO+) and sulfate mass 

obtained in both the MS and LII-MS modes. No significant differences were found in the 

correlation of ΔQ48 with sulfate mass. These results demonstrates that BC-free particles are not 

affected by the LII laser and are transferred to the PT-LDMS. 

 

 

 

Figure 4.6. The correlation plots under the LII-MS and MS mode indicated by Miyakawa et al. 

[2014]: (a) the correlation plot of ΔQ28 with the mass concentration of OC of oleic acid coating 

for BC-Containing particles. (b) the correlation plot of ΔQ48 with the mass concentration of 

SO4
2-.   
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4.6. Measurement cycle and error estimation 

Figure 4.7 shows a schematic diagram of a measurement cycle in this study. The mass 

concentration of each chemical component for all particles (Mt
off) under the LII-MS (t = tn+2) was 

estimated in order to calculate the mass concentration of compounds internally mixed with BC. 

The value of Mtn+2

off   was estimated by linearly interpolating between Mtn+1

off   and Mtn+3

off  . The 

difference between Mtn+2

off
  and Mtn+2

on
  was defined as the mass concentration of compounds 

internally mixed with BC at time t. 

 

 

Figure 4.7. A schematic diagram of the measurement cycle used this study. Solid, shaded and 

open circles are the data sampling with the MS (LII laser off), LII-MS (LII laser on) mode, and 

zero air, respectively. The shaded circle indicates the BC-free particle. The difference between 

the dashed line (linear inter potation of the MS data) and shaded circle indicate the mass 

concentration of BC containing particles. 
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Potential errors can occur when estimating BC-containing particles using the LII-MS system. 

These errors are caused by calculating the difference between Mtn+2

off  and Mtn+2

on . In this method, 

uncertainty occurs when the mass concentration is near the limit of detection (LOD) or when it 

changes in a short time. The LOD can be determined from the signal-to-noise ratio of the mass 

spectrometer. During the measurements carried out in this research (presented in Chapter 5), most 

of the mass concentrations of the chemical components were sufficiently larger than the LOD. 

Relative changes in mass concentration within one laser on/off cycle were used as an indicator of 

uncertainty. The relative mass concentration change ratio (R) is defined as follows. 

  R = 
ΔM

M
·

1

Δt
|
t=tn+2

= (
Mtn+3

off -Mtn
off

Mtn+2

off
) ·

1

Δt
 , (4.1)  

Here, Δt represents the time (30 min) of one measurement cycle. The standard deviation (σ) 

of the value of R calculated in MS mode is used as the uncertainty, including the aforementioned 

relative changes. The ratio of BC-containing particles to all particles in LII-MS mode was 

compared with this standard deviation, and it seems that data with values less than σ should be 

indistinguishable from error. Therefore, this σ was used as the LOD of the LII-MS mode. The 

details for screening using this LOD are described in Chapter 5. 
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5. Field measurements of BC mixing state 

 

5.1. Introduction 

Emissions of trace gases and aerosols from industrial sources, biomass burning, and natural 

source in East Asia contribute significantly to the global budget of aerosols [e.g. Streets et al. 2003; 

Wang et al. 2006; Jiang et al. 2013]. Several observational studies were conducted in East Asia to 

quantify the chemical composition of aerosol particles, investigate the formation process of 

aerosols, and estimate the optical and hygroscopic properties of aerosol particles [e.g. Guo et al. 

2013; Cui et al. 2016]. Previous studies revealed extremely high concentration of sulfate in 

northern China when air masses were stagnant on a regional scale [Takegawa et al. 2009; Guo et 

al. 2013]. High concentrations of nitrate were also observed in northern China in low temperature 

conditions [Guo et al. 2014]. These studies provide useful insights into the formation processes of 

aerosols in East Asia, however, variability in the mixing state of BC particles remain poorly 

understood, although they represent an important parameter for the estimation of the radiative 

impact of aerosols. 

Measurements of the mixing states of BC in East Asia were mostly conducted using a 

volatility tandem differential mobility analyzer (VTDMA), [Chen et al. 2012] or single particle 

soot photometer (SP2) [e.g. Shiraiwa et al., 2009; Moteki et al., 2010; 2014]. These techniques 

can quantify the number size distribution of BC-containing particles with high precision, but do 

not provide quantitative information on the chemical composition of aerosol particles internally 

or externally mixed with BC. 

Ground-based measurements of aerosols were conducted in Korea in the spring of 2016. The 

chemical composition of aerosols internally or externally mixed with BC were measured using the 
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LII-MS. The purpose of this study is to investigate the variability in the mixing state of BC-

containing particles in Asian outflow and possible mechanisms affecting this variability. 

 

5.2. Measurements 

5.2.1. Measurement site 

The measurements were conducted from March 26 to April 7, 2016, on the Gwangju Institute 

of Science and Technology (GIST) campus (35°13′N, 126°50′E, as shown in Figure 5.1). A 

previous study showed that air sampled at this site is generally affected by both the regional scale 

pollution from the Asian continent and, emission from local sources depending on meteorological 

conditions and wind directions [Park et al. 2012]. The local emission sources include 

residential/commercial areas (~0.6 km away from the site), major highways (~1.5 km away from 

the site), small industrial areas (~1.5 km away from the site), and agricultural areas (~0.8 km away 

from the site). In addition, a major industrial area is located approximately 90 km southeast from 

the site. 

 

 

Figure 5.1. Location of the measurement site. Location of GIST is depicted on an image of 

aerosol optical depth by moderate resolution imaging spectrometer (MODIS) [Kim et al. 2007]. 

GIST 
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5.2.2. Instruments 

The LII-MS analyzer was used to measure the aerosol chemical composition that was 

internally and externally mixed with BC. In this chapter, the particles internally and externally 

mixed BC referred to as named BC-containing and BC-free particles, respectively. Mass 

concentration of nitrate (NO3
-) and sulfate (SO4

2-) were determined by the sensitivity of routine 

calibrations during the measurements (Appendix 5.1). In this chapter, the mass concentrations of 

SO4
2-, NO3

-, and BC are represented as MSO4, MNO3, and MBC, respectively. Because mass 

concentrations of organic matter (OM) have not been estimated, the ion current signal of m/z 44 

was expressed as a relative value of OM. We compared LII-MS signals with OM mass 

concentrations in laboratory experiments using oxalic acid particles. Resultantly, we found that 

the signal with a value of 3.0 × 104 pC at m/z 44 corresponds to approximately ~15 μg m−3. 

An aethalometer (AethLabs, Magee Scientific, Berkeley, CA, USA) was used to measure the 

MBC [Hansen et al. 1984]. The aethalometer determines the MBC of particles by the spectral 

absorption of seven wavelengths [Hansen et al. 1984]. The aerosol samples introduced into the 

aethalometer are dried using a diffusion dryer that is placed upstream of the aethalometer. The 

limit of detection (LOD) is about 0.3 µg C m−3 [Batmunkh et al. 2016].  

Filter samples were collected for offline analysis of PM2.5 chemical composition. The 

integration time for sampling was 24 h. A total of 18 samples were obtained during the 

measurement period. Ion chromatography was used to quantify the mass concentration of ionic 

species. The instruments used for the ambient measurements are summarized in Table 5.1. 
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Table 5.1. Instruments using the ambient measurements 

instrument Target LOD Time resolution 

LII-MS 
mass concentration of sulfate, nitrate, and 

organics mixed with BC 
Same as PT-LDMS 1 h 

LII BC, aerosol size distribution - 2 min 

PT-LDMS 
mass concentration of sulfate, nitrate, and 

organics 

Sulfate: 0.5 

Nitrate: 0.4 
15 min 

Aethalometer mass concentration of BC 0.05 ug 1 min 

SMPS aerosol size distribution - 5 min 

Filter mass concentration of ions 0.1 ug 12 h 

 

5.2.3. Limit of detection  

The limit of detection (LOD) of the LII-MS analyzer is evaluated in this section. The 

uncertainty in estimating the internally mixed fraction becomes larger if there is a rapid change in 

the mass concentration during the laser on/off cycle, namely, the data obtained in LII-MS mode 

and MS mode. The mass concentrations calculated by linear interpolation can contain uncertainties 

when the mass concentrations are close to the LOD of the PT-LDMS, or when they show large 

temporal variability within a short time period, as described in Section 3. The LOD of the PT-

LDMS was estimated by the same method described in Section 3.4. The values of the LOD for 

SO4
2−- and NO3

− in the current instrumental setup were estimated to be 1.4 (± 0.6) μg m−3 and 2.9 

(± 0.7) μg m−3, respectively. During the measurement period, most of the data exhibited higher 

MSO4 and MNO3 than these LOD values. A measure of the uncertainty due to the LII laser on/off 

cycle was defined as R, as described in Section 3. The R-value of the measurements using only the 

PT-LDMS was calculated and the standard deviation (σ) of R was defined as the LOD of the 

measurements obtained with the LII-MS analyzer. This LOD was compared with the value of R 

calculated from the measurements of the LII-MS analyzer, and the data of the LII-MS analyzer 
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were screened. 

 

5.2.4. Error estimation 

The uncertainty of the data obtained with the LII-MS analyzer was estimated from possible 

random and systematic errors. The error in the mass concentration of aerosol particles measured 

by the LII-MS analyzer is mainly caused by the PT-LDMS measurement and calibration. Error 

factors were discussed in Section 3.4. The major error factors of the LII-MS are the error in size 

cut of the inlet and error due to the volatility efficiency of the chemical composition of aerosol 

particles. The error of the inlet also includes the uncertainty of the transmission efficiency of the 

LII. For calibration errors, the values described in Section 3.4 were and used with (± 5%). The 

uncertainties of the LII-MS are discussed below. Hereafter, the positive and negative signs of 

systematic errors indicate overestimation and underestimation, respectively. 

The potential uncertainties of the inlet were caused by the size cut of the PT-LDMS inlet and 

the transmission efficiency of the LII. The size cut of the PT-LDMS and transmission efficiency 

of the LII were described in Section 3. The uncertainty related to the transmission efficiency of 

the LII can be cancelled out by a comparison between the ambient and calibration conditions. 

Therefore, by comparison with the filter analysis, the difference between the size cut of the inlet 

of the PT-LDMS (PM1) and the size cut of the filter analysis (PM2.5) is a major factor determining 

the uncertainty. As shown in Figure 5.2, the mass size distribution of the aerosol obtained during 

the measurement period was close to a typical urban size distribution, with a peak diameter of 

~400 nm. The systematic error calculated using the measured size distribution and the size cut of 

the aerodynamic lens of the previous study was −12%.  

As discussed in Section 3.4, the potential uncertainties in the vaporization are stem from 
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incomplete volatilization and refractory materials with a decomposition temperature that is above 

the trap temperature of the PT-LDMS. Regarding the former, the uncertainty due to the incomplete 

volatilization of SO4
2− was calculated as the ratio of the zero-air signal to the particle signal for the 

signal of m/z 48, and the result was −15%. Because nitrate materials have a low decomposition 

temperature (100 – 200 °C), incomplete volatilization is unlikely. Therefore, the contribution to 

uncertainty due to the incomplete vaporization of NO3
− is negligible. Regarding the latter, the 

influence of materials with a decomposition temperature higher than the trap temperature of the 

PT-LDMS (~400 °C) was estimated from cations (K+, Na+, Mg2+, Ca2+) measured by filter analysis. 

The possible uncertainties of SO4
−2 and NO3

− caused by refractory materials were −12% and −7%, 

respectively. 

 

 

 

Figure 5.2. Typical number (red) and volume (blue) size distributions by LII using scattering 

signal. 
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5.2.5. Comparison with filter analysis 

The MSO4 and MNO3 measured using the LII-MS analyzer were compared with those obtained 

by filter analysis, as shown in Figure 5.3. The data of the LII-MS analyzer were averaged over 12 

h for consistency of the time resolution for the filter analysis. Note that the LII-MS data contains 

mass concentrations measured by the parallel and tandem modes as described in Section 4.2. The 

PT-LDMS measurements were conducted before the measurement period analyzed in this study. 

The PT-LDMS was calibrated using the method described in the work of Ozawa et al. [2016], and 

MSO4 and MNO3 obtained in the parallel mode were calculated by linear regression with the time 

series of the sensitivity data. The mass concentrations obtained by filter analysis were calculated 

as 25 °C and 1 atm conditions. The error bars in Figure 5.3 depict the uncertainties of the LII-MS 

analyzer. The uncertainties are discussed in the previous section. 

The uncertainty of the filter is considered to account for the errors in the extracted volume, 

sampling flow rate, and calibration curves, as well as errors caused by volatilization during 

sampling. It is difficult to estimate these errors. In a previous study, the uncertainties of SO4
2− and 

NO3
− were ± 25% [Manuel et al. 2012]. The systematic random errors were calculated to be 20% 

and ± 5%, respectively, from the uncertainties of the LII-MS analyzer described in the previous 

section. The data of SO4
2− and NO3

− was distributed within ± 25%, including the errors. The 

inorganic salt measurements obtained with the LII-MS analyzer after averaging over 12 hours of 

the measurement period were consistent with the filter analysis within ± 25%. The two 

measurements agreed within their corresponding errors. 
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Figure 5.3. Correlation plots of LII-MS versus filter analysis for mass concentrations of (a) 

SO4
2-and (b) NO3

-. The LII-MS averaged over 6 h were used for comparison with filter analysis 

data. The circles represent the LII-MS data measured by MS mode and quadrangles represent 

the LII-MS data measured by LII-MS mode. The solid line indicates a 1:1 correspondence. The 

shaded region shows the ± 25% range. 

 

5.3. Metrological Conditions 

5.3.1. Characterization of Air Mass 

Three-day backward trajectories for sampled air were calculated using the hybrid single-

particle lagrangian integrated trajectory (HYSPLIT) model [Draxler and Hess 1998; Stein et al. 

2015] (http://ready.arl.noaa.gov/HYSPLIT.php). The subplots in Figure 5.4 show examples of 

trajectories classified by possible origins of air parcels. China air masses (CH) were defined as 

those originating from the northern or eastern part of China. Stagnated air masses (ST) were 

defined as those stagnated around Korea at least two days prior to the measurement. Maritime air 

masses (MR) were defined as those originating from the East China Sea. Free troposphere air 

masses (FT) were defined as those originating from the free troposphere. 

The temporal variation of the meteorological field around the observation site were 

characterized by a sequential passage of synoptic scale disturbances, namely, low-pressure and 
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high-pressure systems, which passed near the Korean peninsula. When CH-type air masses were 

sampled, a low-pressure system passed over the north side of the Korean Peninsula and air in the 

cold side of cold front reached the observation site. In contrast, when ST-type air was sampled, a 

high-pressure system covered the Korean Peninsula and weak wind resulted in the stagnation of 

air around the observation site. The low-pressure and high-pressure systems periodically moved 

from west to east during the measurement period. In summary, the backward trajectory analyses 

suggest that the air sampled during the observation period was generally transported from over the 

Asian continent to the Korean peninsula except for the ST-type air occasionally sampled. 
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Figure 5.4. Horizontal and vertical plots of backward trajectories of air mass of the following 

types:  China (CH, left top), Stagnant (ST, right top), (c) Maritime (MR, left down), and free 

troposphere (FT, right down). 3-day backward trajectories calculated using the national oceanic 

and atmospheric administrations (NOAA) HYSPLIT model. The trajectories were calculated 

every hour during the measurement period.  
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5.3.2. Local meteorological data 

Figure 5.5 shows the time series of air temperature, relative humidity (RH), precipitation, 

wind speed, and wind direction measured at the observation site. Classification of the sampled air 

described in the previous section is also shown in this figure. When local meteorological data were 

not available, data obtained by the Korea Meteorological Agency (KMA) 

(http://www.weather.go.kr/) are shown. The temperatures were 5 – 10°C during the first half of 

the measurement period, but it rose to 10 – 15°C in the latter half. The temperature of the first half 

was lower than that in the latter half. The wind direction at the observation point was typically 

north or south, depending on the meteorological conditions, and generally corresponded to the air 

type (origin of air) described above. Relatively strong wind of speeds greater than 4 m s−1 were 

observed on March 29, but in other periods, weak winds of 0 – 2 m s−1 were generally observed. 

Precipitations rarely occurred during the measurement period, except on April 3.  

 

Figure 5.5. Time series during the measurement period. Upper graph: air temperature, relative 

humidity, precipitation. Lower graph: wind direction at GIST campus, wind direction at 

Gwangju weather station (red open circle and line), wind speed (blue marker and line), and air 

mass type (rectangle marker). AWS is the Automatic Weather Station of GIST. KMA is the 

Korea Meteorological Administration. Air mass types are represented in Section 5.3.1. 
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5.4. Results 

5.4.1. Mass concentrations and temporal variation 

Figure 5.6 shows temporal variations of MSO4, MNO3, MBC, and, m/z 44 signal (a major 

fragment ion of organic aerosols) during the measurement period. Mass concentrations of BC-

containing and BC-free particles are separately shown for MSO4, MNO3, and m/z 44 signal. The 

MSO4 and MNO3 were calculated using the sensitivity calibrated using (NH4)2SO4 and NH4NO3 

particles, as described in Section 5.2.2. The mass concentrations measured by the LII-MS analyzer 

contain an uncertainty that depends on the relative change in the mass concentration within one 

cycle of the LII laser on/off modulation [Miyakawa et al. 2014]. When changes in mass 

concentrations between the laser on and off modes within each measurement cycle are lower than 

the limit of detection (LOD), the data are discarded and not used in the following analyses. The 

averages of the observed values are summarized in Table 5.2. 

 

 

 

Table 5.2. Averages of measured parameters  

 SO4
2- (µg m-3) NO3

- (µg m-3) m/z 44 (pC) 

Mall 8.2 ± 3.6 13.7 ± 6.7 17207.1 ± 7278.6 

Mint 1.5 ± 0.9 2.1 ± 1.3 3246.0 ± 2066.4 

Mext 6.7 ± 3.3 11.6 ± 6.0 13961.0 ± 6474.8 

Gall 0.26 ± 0.07 0.45 ± 0.07 0.28 ± 0.06 

Gint 0.27 ± 0.11 0.43 ± 0.10 0.30 ± 0.12 

Gext 0.27 ± 0.08 0.46 ± 0.08 0.27 ± 0.06 

F 0.19 ± 0.10 0.16 ± 0.08 0.19 ± 0.10 
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The total MSO4 and MNO3 varied in ranges of 1 – 15 μg m−3 and 5 – 35 μg m−3, respectively. 

NO3
− was the most abundant species during the measurement period. Because the temperature 

was low (~15°C) during the measurement period, MNO3 tended to be higher. As described above, 

concentrations of OM have not been estimated in this study, and the ion current signal for m/z 44 

was shown for OM. A signal with a value of 3.0 × 104 pC at m/z 44 corresponds to approximately 

~15 μg m−3 (Section 5.2.2.). The time series of MSO4, MNO3, and m/z signal did not show clear 

diurnal variations, while they did exhibit day-to-day variations, which were similar to each other 

(Figure 5.6e). In fact, as shown in Figure 5.7, one-hour data of MNO3 and MSO4 show a clear positive 

correlation (r2 = 0.8). 

MBC varied in range of 1 – 5 μg m−3. Spikes of very high values within short time periods 

(typically ~30 minutes) were frequently observed in the temporal variation of BC (e.g., March 27 

daytime, March 29 nighttime, and April 5 nighttime). These high values were quite likely due to 

local emission sources, namely combustions near the observation site. The temporal variations of 

BC other than these spikes generally took place with day-to-day time scales and they were similar 

to those of NO3
- and SO4

2-. The temporal variations of NO3
-, SO4

2-, and BC did not exhibit clear 

diurnal variations. Because BC (primary aerosols introduced to the atmosphere by emission 

sources) and inorganic aerosols (secondary aerosols formed in the atmosphere) show similar day-

to-day variations, these temporal variations were likely caused by synoptic scale meteorological 

variations, namely regional scale transport of pollutant air masses. This argument is further 

examined using backward trajectories as below. 

The mass concentrations (and ion signal) of the aerosols (MSO4, MNO3, MBC, and m/z 44 signal) 

were highest in the morning of March 29. Backward trajectory analyses showed that CH-type air 

masses (air transported from China, Section 5.3.1 and Figure 5.4) were sampled in this event. After 
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this event, a rapid decrease in concentrations was observed in association with changes in the local 

wind speed/direction. Trajectory analyses show that sampled air was of the MR-type air mass, 

which likely stagnated over the Yellow and East China Sea. Thus, it was less influenced by 

anthropogenic emissions. After April 4, mass concentrations of aerosols remained low (~5 − 10 

µg m-3) and sampled air was found to be of the FT-type air mass, which descended from the free 

troposphere (FT) to the planetary boundary layer (PBL) within a few days prior to the observations. 

FT air is considered to be clean (less affected by recent anthropogenic or natural emissions), and 

therefore, the observed low aerosol concentrations were considered to be consistent with these 

trajectory analyses. The average mass concentrations of sulfate and nitrate (MSO4 and MNO3) for 

each air mass category are summarized in Figure 5.8. Averages of MSO4 and MNO3 were highest in 

CH-type air masses. Conversely, they were lowest in FT-type air masses. These results indicate 

that the observed chemical properties (aerosol mass concentrations) and meteorological properties 

(air mass type) are generally consistent during the measurement period.  
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Figure 5.6. Temporal variations of (a) MSO4, (b) MNO3, and (c) Mm44 signals for BC-containing 

(black color bars), BC-free (red, blue and green color bars), and all (red, blue and green lines) 

particles. (d) Temporal variations of MBC particles obtained by the LII (shaded circles) and by 

the aethalometer (solid line) with air mass types (quadrangle marker). (e) Temporal variations 

of MSO4 (red line), MNO3 (blue line) and MBC (black line). Mass concentrations of BC-free 

particles stack on top of those of BC-containing particles in figure (a), (b) and (c).   
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Figure 5.7. Scatter plots of MNO3 versus MSO4. Open circles depict the BC-free particles and 

black circles depict the BC-containing particles. 

 

 

 

Figure 5.8. Mass concentration of (a) sulfate and (b) nitrate for each air mass category. Numbers 

above the plots depict the number of samples. Box plots show the median and 25 − 75 % of 

data. The bars depict the 10 − 90% range. 
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5.4.2. Mixing state: mass fraction with BC-containing and BC-free particles 

The relative fractions of MSO4 (or MNO3 or Mm44) in the total aerosol mass (summation of MSO4, 

MNO3, and Mm44) are separately calculated for BC-containing and BC-free particles as below.  

  Gx
y
 = 

Mx
y

MSO4
 y

 + MNO3
 y

 + MOM
 y  (x = SO4

2-
, NO3

-
, m44; y = int, ext), (5.1) 

where “int” and “ext” express the internal and external mixture, respectively. Mm44 was calculated 

from m/z 44 signals using the sensitivity estimated from laboratory experiment with oxalic acid 

(as described in Section 5.3.2). 

Figure 5.9 shows the time series of the Gx
y values. The average values of Gx

y are summarized 

in Table 5.2. As shown in this figure and table, on average, there were no clear differences in Gx
y 

values between BC-containing and BC-free particles as well as all particles (fractions for the sum 

of BC-containing and BC-free particles). However, temporal variations of one-hour Gx
y values are 

not necessarily similar between internally and externally mixed compounds. In fact, a scatter plot 

between the 1-hour values of GSO4
int and GSO4

ext shows no clear correlation between these two 

parameters (r2 = 0.2, Figure 5.10).   

These results suggest that on average, the growth of individual inorganic aerosol compounds 

takes place concurrently between BC-containing and BC-free particles: when BC-free particles 

grow by secondary production processes, BC-containing particles also grow leading to increases 

in a coating thickness of BC particles. However, there are some processes, which can change Gx
y 

values in different ways between BC-containing and BC-free particles, and these processes likely 

generate different temporal variations between BC-containing and BC-free particles. Possible 

mechanisms of these processes are discussed in section 5.5. 
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Figure 5.9. Temporal variations of the mass fraction of (a) all particles, (b) BC-containing 

particles and (c) BC-free particles. 

 

 

Figure 5.10. Scatter plot of G
int

SO4 and G
ext

SO4. 
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5.4.3. Mixing state: mass fraction between BC-containing and BC-free particles 

The mass fraction of species x internally mixed with BC within the total mass concentration 

of this species (sum of internally and externally mixed amounts), Fx (subscript x indicates the 

chemical component), is defined as follows:  

 Fx=
Mx

int

Mx

 (x = SO4
2-

, NO3
-
, OM). (5.2) 

where Mx
int is the mass concentration of species x internally mixed with BC, and Mx, is the total 

mass concentration of species x. Figure 5.11 shows temporal variations of FSO4, FNO3, and Fm44. 

The average values of Fx are summarized in Table 5.2. Evident diurnal variations were not 

observed. Figure 5.12 shows the histograms of FSO4, FNO3, and Fm44. There were no significant 

differences in the values of among FSO4, FNO3, and Fm44 on average. Their values ranged from 0.16 

to 0.19. 

 

 

Figure 5.11. Temporal variations of the mass fraction for the internal mixture to all particles for 

(a) sulfate, (b) nitrate and (c) organics. 
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Figure 5.12. Histograms of F
SO4

 (red), F
NO3

 (blue), and F
OM

 (green). 

 

Figure 5.13 shows scatter plots of FNO3 and FOM versus FSO4. The open circles in this figure 

denote averages for FSO4, FNO3, and FOM values within their individual data ranges (bin average). 

The F values depict weak correlations. The r2 was 0.4 for the one-hour value and 0.6 for the 

average value.  

The averages of FSO4 and FNO3 internally mixed fractions of sulfate and nitrate for each air 

mass category are summarized in Figure 5.14. The average FSO4 value was lowest and highest for 

CH-type and FT-type air, respectively. As previously, shown in Figure 5.8, the absolute mass 

concentrations of SO4
2- and NO3

- (MSO4 and MNO3) were the highest and lowest in CH-type and 

FT-type air, respectively. These results indicate that on average, although mass concentrations of 

SO4
2- were highest in CH-type air (polluted air), relative fractions of aerosol amounts, which 

internally mixed with BC, were lowest. High mass concentrations of SO4
2- accounted for 

externally mixed compounds. On the other hand, systematic differences in FNO3 values were not 

observed according to the air mass type. 
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Figure 5.13. Scatter plots of (a) FNO3 versus FSO4 and (b) FOM versus FSO4. 

 

 

 

Figure 5.14. Average (a) FSO4 and (b) FNO3 for each air mass category. The numbers above the 

plots depict the number of samples. The box plots show the median and 25 – 75% of data. The 

bars depict the 10 − 90% range. 
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Figure 5.15a shows a scatter plot of the relation between FSO4 and MSO4. Different symbol 

colors are used for different air mass categories. The FSO4 and MSO4 related to the specific air mass 

type. MSO4 and FSO4 values were higher and lower, respectively, in CH-type air, while the opposite 

tendency was observed in FT-type air. These results are consistent with the averaged values of 

MSO4 and FSO4 as described above (see Figures 5.8 and 5.14). On the other hand, FNO3 values did 

not show clear variability related to the air mass type as shown in Figure 5.15b. In the following 

sections, the sulfate particles with characteristic variations are discussed. 

 

  

Figure 5.15. Scatter plot of (a) FSO4 and the mass concentration of SO4
2- and (b) FNO3 and the 

mass concentration of NO3
- from different air mass origins.  Colors of markers depict the air 

mass origins; red is CH, black is FT, blue is MR, and green is ST.  White circles represent the 

bin average for 4 µg m-3 of the mass concentration.  Error bars depict the 2σ of each average 

value. 
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5.5. Discussion 

5.5.1. Process controlling averaged BC mixing state 

As described in the previous sections, by separately measuring aerosol amounts, which 

internally and externally mixed with BC, following new findings were obtained. 

1) Gx
y values, which denote the mass fractions of particular compounds to the total aerosol 

mass, are generally similar between to the BC-containing and BC-free particles on average. 

However, one-hour values of Gx
int and Gx

ext do not show clear correlations. 

2) Fx values, which denote the mass fractions of particular compounds internally mixed with 

BC within a total mass concentration of this species (sum of internally and externally mixed 

amounts) are similar among SO4
2-, NO3

-, and OM (m/z 44) on average. Furthermore, one-hour 

values of FSO4, FNO3, and FOM were weakly correlated. 

3) FSO4 tends to be inversely correlated with MSO4. MSO4 and FSO4 values are higher and lower, 

respectively, in CH-type air, while the opposite tendency is recognized in FT-type air. 

Aerosol particles grow by various physicochemical processes, such as a coagulation and 

condensation in the atmosphere during transport from their source regions. Coagulation and 

condensation processes depend on particle diameters, number concentrations, and the partial 

pressure of condensed gases, as described in Section 2. When coating thickness of BC particles is 

thick enough, condensation and coagulation processes are considered to work in similarly to BC-

free particles (externally mixed aerosols). This is because vapor pressures at the particle surface, 

accommodation coefficients, and coagulation kernels are expected to be similar between BC-

containing and BC-free particles in cases when BC particles are fully coated by inorganic and/or 

organic compounds. Resultantly, mass concentrations of BC-containing and BC-free particles are 

expected to increase concurrently. Therefore, averaged Gx
y values of internally and externally 
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mixed amounts become similar. Furthermore, regarding Fx values, the similarities in averaged 

values and correlations can also be explained by simple condensation and coagulation processes 

as described below.  

For simplicity, ideal cases are considered in which the number concentration ratios of BC to 

all aerosols (NBC/Nall) are same among samples examined here. Even when the absolute number 

concentrations of BC and aerosols (NBC and Nall) are different, F values do not change through the 

condensation processes if initial NBC/Nall values are same. One can easily expect that F values also 

do not change through the coagulation processes when the shape of initial aerosol size distributions 

are same. On the other hand, when the initial NBC/Nall values are different, the resulting F values 

become different. 

In order to quantitatively examine how condensation process affects BC mixing state, a box 

model that calculates the condensational growth of aerosol particles and associated changes in the 

BC mixing state was developed. The details of the box model are described in Appendix 5.4, and 

a brief summary is given here. In this box model, a size-dependent BC mixing state is represented 

by a two-dimensional representation of aerosols; the first axis represents dry aerosol diameters and 

the other axis represents BC mass fraction within all dry aerosol mass. The growth of aerosol is 

calculated assuming only condensational growth using the mass transfer equation. Consequently, 

a particle number concentration does not change in this calculation. For initial aerosol size 

distributions, one size distribution was prepared for pure BC particles and the other one for pure 

(NH4)2SO4 particles, using observations obtained in this study as well as those obtained in source 

regions in China, namely in conditions immediately after emissions of aerosols and gases [Cheng 

et al. 2017; Batmunkh et al. 2016]. 

The calculation result by the box model is shown in Figure 5.16. Aerosols with large (small) 
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NBC/Nall ratios will result in large (small) F values, as shown in Figure 5.16. This result is 

reasonable, because when relative the number fraction of BC-containing particles is higher, then 

the total amount of aerosols that condense on the BC-containing particles is higher, and thus, F 

values become higher. Because the condensation processes work in the same way for SO4
2- and 

NO3
-, one can expect that Fx values become similar for these two compounds and that FSO4 and 

FNO3 values correlate with each other.  

 

 

 

 

Figure 5.16. Box model calculation result. 
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However, simple condensation and coagulation processes cannot explain some of the 

observed features. Figure 5.17 portrays the same data as Figure 5.16, but observed values are 

presented instead of model calculations, namely, a scatter plot between assumed NBC/Nall values 

and resulting F values. Although a positive correlation is seen for the model calculations, there 

was no correlation between observed NBC/Nall and F values. This result indicates that changes in 

the NBC/Nall values may not be the primary factor causing changes in F values. Furthermore, the 

condensation/coagulation processes cannot explain the fact that one-hour values of Gx
int and Gx

ext 

do not show clear correlations. In addition, the observed inverse correlation between FSO4 and 

MSO4 likewise cannot be also explained. These results suggest that the condensation/coagulation 

processes likely play important roles in controlling the averaged BC mixing states, while other 

processes also affect temporal variations of BC mixing states that could have worked in different 

ways between the CH-type and FT-type air. 

 

 

Figure 5.17. Ambient measurements results. Marker colors depict different air mass origins; 

red is CH, black is FT, blue is MR, green is ST. 
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5.5.2. BC mixing state in CH-type air 

The inverse relationship between FSO4 and MSO4 values is examined from the viewpoint of 

differences in atmospheric processes for CH-type and FT-type air masses. For this purpose, 

chemical signatures of air (aerosol concentrations and size distributions) and properties of air 

trajectories are examined together. CH-type air is examined in this section, and FT-type air is 

examined in the next section. 

Figure 5.18 shows average aerosol size distributions observed in CH-type air (March 29 and 

30 AM). The pronounced feature of these size distributions is that the number concentrations for 

aerosols with diameters (D) larger than 100 nm were high. In comparison, the average size 

distribution for FT-type air (April 5 AM) is also shown. This distribution is more like the typical 

one observed in the atmosphere. The enhancement of aerosols with D = 100 – 500 nm were 

previously reported [e.g., Hering and Friedlander, 1982], and they were attributed to the aqueous-

phase sulfate production in the cloud or fog water [Meng and Seinfeld, 1994]. These are referred 

to as the droplet mode aerosols. In general, particles in droplet mode cannot be explained by 

condensational growth because the gas phase reaction to produce SO4
2- from SO2 is rather slow. 

Aqueous phase reactions efficiently supply SO4
2− to the atmosphere [Kerminen and Wexler, 1995].  
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Figure 5.18. Average normalized size distributions measured by SMPS. The size distribution 

was normalized using the peak value of each size distribution, which was the CH air masses on 

29 AM and 30 AM of March, and average of all FT and ST air masses. 

 

Visible and infrared images of clouds over East China and Yellow Seas obtained by Multi-

functional transport satellite (MTSAT) from the Japanese Aerospace Exploration Agency (JAXA, 

http://www.eorc.jaxa.jp) were examined to evaluate possible influences of cloud/fog water to 

explain observed chemical features of sampled air. Resultantly, when CH-type air had passed over 

East China and Yellow Seas, clouds were found to be extensively present above these regions 

(Figure 5.19, Appendix 5.5). Furthermore, as described in Section 5.3.1., backward trajectory 

analyses show that CH-type air masses had likely been influenced by anthropogenic emissions 

over China and been transported within the PBL for a few days prior to the measurements (Figure 

5.4). The analyses of meteorological parameters along the trajectories show that the CH-type air 

occasionally experienced high relative humidity values up to ~85% (Appendix 5.3). Although 

these results do not present direct evidence, one could speculate that CH-type air is affected by 

aqueous-phase SO4
2− production. If BC-free particles, whose mass concentrations were increased 
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by the aqueous-phase SO4
2− productions, were mixed into CH-type air, then MSO4 would increase 

with a concurrent decrease of FSO4. Consequently, chemical features that are not consistent with 

the observations are obtained.  However, it is nevertheless highly uncertain when and where the 

sampled air masses encountered fog or clouds. In this study, one of the possible mechanisms is 

proposed. In order to quantitatively evaluate the influence of this mechanism on the variability of 

the BC mixing states, further observations including fog/cloud and precursor gases, as well as 

detailed numerical modeling are necessary. 

 

 

Figure 5.19. (a) Backward trajectory at 6:00 AM on March 30; (b) weather chart at 6:00 AM 

on March 30; (c) visible image 7:00 AM on March 30 and (d) infrared image 6:00 AM on March 

30 observed by MTSAT. Color plots in Figure 5.19c depict the RH value. The visible image at 

7:00 AM was used because that at 6:00 AM was not available. 
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5.5.3. BC mixing state in FT-type air 

The chemical signatures of the FT-type air are characterized by low MSO4 and high FSO4 

values. Aerosol concentrations in FT are lower than those in the PBL because of the lack of recent 

influences from anthropogenic and natural emissions at the planetary surface, and of wet removal 

processes of aerosols and precursor gasses by precipitation during the vertical transport of air. The 

wet removal processes of aerosols could explain the observed high FSO4 values because the 

removal rates can be different between BC-containing and BC-free particles during cloud 

processes, as described below. 

Aerosol particles, which can serve as cloud condensation nuclei (CCN), are activated to cloud 

droplets near the cloud base. One part of these activated aerosols is removed by precipitation 

through collision- coalescence processes of cloud droplets and drops [Ohata et al., 2016]. Some 

BC-containing particles are removed from the atmosphere by precipitation, but other BC particles, 

which are not activated to cloud droplets, tend to be carried to higher altitudes and detained in FT-

type air. According to the κ-Köhler theory [Kӧhler, 1936; Petters and Kreidenweis, 2007], the 

critical diameter of aerosol particles activated to cloud droplets can be controlled via the 

hygroscopic property, κ, determined by the chemical composition of each particle. The κ-value of 

particles consisting of multiple chemical components is determined by the volume ratio of the 

components constituting the particle. The κ of BC is significantly lower than that of other aerosol 

components. Consequently, when the coating thicknesses of BC-containing particles are thin, such 

as that of freshly emitted BC particles, these particles are generally not easily activated to cloud 

droplets and are not easily removed. In other words, the critical diameters of BC-containing 

particles are generally higher than that of BC-free particles, and only relatively large size aerosols 

are removed by precipitation. For example, assuming a supersaturation of 0.5%, the critical 



 

116 

 

diameter is calculated to be approximately 190 nm and 40 nm for bare BC particles and ammonium 

sulfate particles, respectively, as shown in Figure 5.20. Thus, freshly emitted BC particles with 

thin coatings are more likely to be carried into the free troposphere by cloud processes, while BC-

free particles are more efficiently removed. Consequently, internally mixed amounts of SO4
2− 

become higher, leading to high FSO4 values. Figure 5.21 shows data calculated assuming wet 

removal was performed in 3 hours after the start of calculation using the box model described in 

Section 5.5.1. The critical diameters calculated using the super saturation ratio of 0.01, 0.2, 0.4, 

0.5, and 0.6%. This result can explain the observation result of the FT type air mass as shown in 

Fig. 5.17, and is qualitatively consistent with the above hypothesis. Nevertheless, there is no 

evidence to support this hypothesis. To this end, further observation of the mixing states with BC 

particles using an aircraft are needed. 

 

 

Figure 5.20. Schematic diagram of the dependence of the critical diameter on particle size and 

mixing state. 
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Figure 5.21. Change in F value by wet removal using the box model. The blue circle is one of 

the calculation results shown in Figure 5.16. The square markers are the result of calculation 

assuming the wet removal as described. After calculating for 3 h from the initial conditions, 

particles above the critical diameter of wet removal calculated in Figure 5.20 were removed 

from the calculation. Subsequently, the box model calculation was performed using the particle 

size distribution of aerosols subjected to wet removal and the gas concentration of 1/100 of the 

initial value as initial estimates. The color plots depict the super saturation ratio. The super 

saturation ratios of 0.01, 0.2, 0.4, 0.5, and 0.6% are used. 
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free troposphere. The backward trajectory and the temporal variation of mass concentration 

frequently showed the influence of regional air pollution transported from the Asian continent. 

There was no significant difference in the chemical composition between the BC-containing 

and BC-free particles. The values of the internally mixed fraction for sulfate and nitrate showed a 

weakly positive correlation. Although measurements were conducted through a limited period, 

they provide important information for estimating the optical properties and humidity of aerosol 

particles. These results can be explained by assuming that the coagulation and condensation 

processes occur without dependence on the chemical compositions or mixing state. 

The internally mixed fraction for sulfate tended to be lower in highly polluted air masses 

originating from China and higher in clean air masses originating from the free troposphere. The 

inverse correlation between the internally mixed fraction for sulfate and the mass concentration of 

sulfate cannot be explained by the coagulation and condensation assumption. When observing the 

air mass originating from China, the characteristic particle size distribution, the droplet mode, was 

shown, which indicated the influence of the aqueous-phase reaction. On the other hand, the high 

internally mixed fraction for sulfate in air masses originating from the free troposphere can be 

explained by the selective removal of BC-containing particles in the cloud process. However, 

present evidence is inadequate because of the limited data obtained from our measurements. It is 

necessary to conduct further observations, including the measurement of precursor gas 

concentrations, and evaluate using 3D models to investigate the processes that determine the 

variability of mixing states in aerosols.  
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Appendix 5. 

A5.1. Calibration 

The data reduction of the LII-MS analyzer was performed as described in the work of 

Miyakawa et al. [2014] and Ozawa et al. [2016] (Chapters 3 and 4). Laboratory experiments for 

determination of the sensitivity used for obtaining the mass concentrations with the LII-MS were 

conducted using the same setup as that described in Chapter 4. NH4NO3 and ammonium sulfate 

((NH4)2SO4) particles were used for these laboratory experiments to determine the sensitivities for 

nitrate (NO3
−) and sulfate (SO4

2−), respectively. These laboratory experiments were conducted on 

March 28 and April 7 and the average values of the obtained sensitivities were used to calculate 

ambient mass concentrations. 

The inlet flow rate of the PT-LDMS and the LII analyzer was calibrated using a standard flow 

meter (DryCal DC-Lite Air Flow Calibrator, Brandt Instruments, Inc., USA). Mass concentration 

is expressed as µg m−3 at 25 °C and 1 atm pressure conditions. 

 

A5.2. Measurement setup 

As shown in Figure A5.1, the sample air for the LII-MS was aspirated from the rooftop down 

to the observation room at a height of approximately 10 m above the ground level using a 1-inch 

stainless steel tube (1-inch tube) with a length of 1.4 m. The 1-inch tube was reduced to a 1/2-inch 

stainless steel tube and subsequently to a 3/8-inch stainless steel tube. A PM2.5-cut cyclone (URG-

2000-30EH, URG, Inc., USA) was used to remove coarse particles in the frontal part of the LII-

MS analyzer. Because the PM2.5 cut cyclone requires a flow rate of 16.7 L min−1, an air flow of 

~16 L min−1 was drawn by a backup pump added the LII-MS analyzer (which has a flow rate of 

~0.1 L min−1). 
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Figure A5.1. Measurement set up. 

 

A5.3. Analysis of RH and the satellite image 

A reanalysis of the metrological data set by the Global Data Assimilation System (GDAS) is 

used in the HYSPLIT model calculation. The spatial and temporal resolutions in GDAS data set 

are 1°, and 3 h, respectively. Ensemble calculations are started multiple trajectories with each 

member of the trajectory ensemble calculated by offsetting the meteorological data by a fixed grid 

factor (0.01 sigma of meteorological grid points). This results in 27 trajectories for all-possible 

offsets in X, Y, and Z. The meteorological fields followed by individual backward trajectories can 

diverge significantly.  

Figure A5.2 shows the RH trends of the ensemble members. The RH value of CH-type air 

masses measured on March 30 at 6:00 AM has a large divergence in 20 − 80% within the same 

period. When the RH was extremely high (80%), the altitude was high (~1.5 km), and the existence 

of a lower cloud was found in the satellite image. Considering that vertical mixing is abundant in 

the troposphere, it is considered that the environment in which the aqueous-phase reaction was 

dominant prevailed. However, the droplet mode and the history of RH are not always consistent. 

Figures A5.2b and A5.2c show the RH of ensemble members of the backward trajectory at 9 AM 
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on April 1 and 9 AM on April 2 when observing ST-type air mass. The RH values on April 1 was 

not high (~ 20%), while there was data that showed high RH (~85%) on April 2. However, in the 

latter case, data indicating an aqueous-phase reaction could not be obtained. Consequently, it is 

difficult to estimate the liquid phase reaction from the RH data of the meteorological field. 

 

 

 

Figure A5.2. Relative humidity trends of ensemble calculations on (a) March 29, (b) April 2, 

and (c) April 3. 
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Figure A5.3 shows a typical infrared satellite image in observations of each air mass during 

the measurement period. A cloud over the Yellow Sea was present when observing CH-type air 

mass. In the case of ST-type air mass, few clouds were present over the Korean Peninsula; however, 

there were occasions when a large amount of cloud was present, like on April 2 and April 3.  

 

 

Figure A5.3. Typical satellite images of China and the Yellow Sea obtained from Japan 

aerospace exploration agency (JAXA). 
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A5.4. Box model for aerosol growth 

Physical and chemical processes that grow aerosol during transportation are mainly 

condensation and coagulation. Condensation growth is particularly important in regional scale 

transportation. If the mass transport from the gas phase to the particle phase is considered assuming 

that particle phase and gas phase are not in equilibrium. By equation 2.3, the change of particle 

diameter due to the condensation process can be expressed by the following Equation A5.1: 

 
dDp

dt
=

4DiMi

RTDpρ
p

f (Kn, α) (p
i
 - p

eq,i
 ), (A5.1) 

where ρp is the density of the particle. Since the change in Dp is inversely proportional to Dp, the 

change becomes smaller as Dp increases. This calculation was based on the mass transfer equation 

provided in Seinfeld and Pandis [2006]. The calculation result of a simple aerosol bin is likewise 

reproduced from Seinfeld and Pandis [2006].  

In the box model, both the particle size distribution and BC mixing state were expressed using 

a two-dimensional aerosol bin as shown in Figure A5.3. One dimension is the dry particle size of 

the aerosol and the other dimension is the BC mass fraction of the total aerosol mass concentration 

in the dry condition. This two-dimensional representation is similar to Oshima et al. [2009]. The 

aerosol size range between 5 nm to 10 μm was divided into 30 bins at equal intervals on the log 

scale. The BC mass fraction is divided into 10 bins from 0 to 1.0. The initial particle size 

distribution of the aerosol was assumed to be a lognormal distribution with a mode particle size of 

20 nm and σ = 1.5. The value of NBC/Nall (0.1 − 0.4), with the total concentration of the aerosol as 

1000 cm-3, was used in the same manner as in the previous studies [Cheng et al. 2017; Batmunkh 

et al. 2016]. Other parameters use same in Seinfeld and Pandis [2006] (Di = 0.1 cm2 s-1, Mi = 100 

g mol-1, T = 298 K, and ρ = 1 g cm-3).  
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Figure A5.4. 2-D aerosol bin representation 

 

A5.5. Analysis of CH-type air mass 

Figure A5.4 shows the backward trajectory line of the CH-type air sample, the satellite 

infrared image, and the particle size distribution of the aerosol. The twelve samples explain thin 

clouds above the Yellow Sea. The particle size distributions show the typical droplet mode, 

although the aqueous-phase reaction may have occurred. 
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Figure A5.5. The backward trajectories, infrared satellite images, and number size distributions 

of aerosols in CH-type air samples. The color bars in backward trajectories depict the RH. The 

red lines in size distributions depict the lognormal fitting lines. 
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6. General Conclusion 

Laboratory and field studies focusing on the chemical composition of aerosols mixed with 

BC particles were conducted. This study included the improvement and evaluation of a mass 

spectrometer, PT-LDMS for practical application of a device LII-MS analyzer capable of 

quantifying the chemical composition of aerosols classified by the mixing state of BC, and ambient 

measurements in a downstream area of a large-scale anthropogenic emission source. 

Laboratory experiments were performed to investigate the optimal conditions for ambient 

measurements and the temperature dependence of sulfate sensitivity. The major decomposition 

product of (NH4)2SO4 was similar to that of ambient sulfate in the PT-LDMS. The results also 

showed that the sensitivity for (NH4)2SO4 particles tends to increase with Tcell, which may be 

explained by decreased adsorption of the decomposition product of (NH4)2SO4 on the cell surface 

at high temperatures.   

Ambient measurements for the overall testing of the instrument, as well as the 

intercomparison of PT-LDMS with other measurements methods, were performed in Tokyo. 

ΔQ
64

X
/ΔQ

48

X
 for ambient aerosol particles show good agreement with the laboratory data to within 

15%, indicating that the thermal desorption products from ambient sulfate aerosol particles are 

very similar to those from (NH4)2SO4 particles generated in the laboratory. The PT-LDMS 

exhibited tight correlation with the SPA (r2 = 0.96), but tended to underestimate the mass 

concentration of sulfate (slope = 0.70).  

Major uncertainties in PT-LDMS during the measurement period originated from the size cut 

of the aerodynamic lens (~12%) and differences in the vaporization efficiency of (NH4)2SO4 

particles between calibrations and ambient conditions (~10%). In addition, uncertainty in the 



 

133 

 

contribution of refractory sulfur compounds between the PT-LDMS and SPA was estimated to be 

~6% in this case. These uncertainties were estimated by considering numerous sources of 

systematic error and used for the interpretation of the intercomparison results. The overall 

uncertainty due to the above factors was estimated to be ~20%, which potentially explains the 

underestimation of PT-LDMS to a large extent. Further studies using polydisperse aerosol particles 

and other materials for calibrations are needed in order to improve the accuracy of quantification. 

Ground-based measurements of aerosol chemical compositions have been conducted in 

Asian outflow at an urban site in Gwangju, Korea, from March 26 to April 7, 2016. The air masses 

measured at GIST were classified as those originating from the continental area, local (urban) area 

and free troposphere by backward trajectories. There was no significant difference in the chemical 

composition between the BC-containing and BC-free particles. The values of the internally mixed 

fraction for sulfate and nitrate showed a weakly positive correlation. Although measurements were 

conducted through a limited period, they provide important information for estimating the optical 

properties and humidity of aerosol particles. These results can be explained by assuming that the 

coagulation and condensation processes occur without dependence on the chemical compositions 

or mixing state. 

The internally mixed fraction for sulfate tended to be lower in highly polluted air masses 

originating from China and higher in clean air masses originating from the free troposphere. The 

inverse correlation between the internally mixed fraction for sulfate and the mass concentration of 

sulfate cannot be explained by the coagulation and condensation assumption. When observing the 

air mass originating from China, the characteristic particle size distribution, the droplet mode, was 

shown, which indicated the influence of the aqueous-phase reaction. On the other hand, the high 

internally mixed fraction for sulfate in air masses originating from the free troposphere can be 
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explained by the selective removal of BC-containing particles in the cloud process. However, 

present evidence is inadequate because of the limited data obtained from our measurements. It is 

necessary to conduct further observations, including the measurement of precursor gas 

concentrations, and evaluate using 3D models to investigate the processes that determine the 

variability of mixing states in aerosol particles. 

In this study, it was made possible to quantitatively measure inorganic aerosols by thermal 

decomposition method which had great uncertainty in previous studies. The results obtained in 

this study are important for considering temperature conditions and uncertain factors in measuring 

sulfate and nitrate aerosols by the thermal decomposition method. On the other hand, this study 

enabled highly accurate and stable measurement of inorganic aerosols, it became possible to 

quantify the chemical compositions related to BC mixing state in the atmospheric conditions. The 

observation of this study was made near China, which is one of the largest BC emission sources 

in the world. Air masses from China were transported to the observation site with a time scale of 

about 24 hours, which is a typical time constant for BC mixing state changes. Consequently, the 

results presented in this paper were obtained in one of the most important locations of BC studies. 

The results of this study confirm the importance of understandings of various chemical and 

physical processes that control the BC mixing state, which is one of the key parameters in 

evaluating BC radiative forcing through the influences on absorption coefficients and wet removal 

efficiencies of BC-containing particles. The results of this study also indicate that in order to 

estimate BC radiative forcing more accurately, numerical model calculations need to more 

explicitly represent the mixing states of BC (e.g. Oshima et al. 2009 and Matsui et al. 2013) and 

more accurately express various aerosol processes, which affect not only BC but also other 

aerosols, such as the aqueous phase reactions and wet removal. It is generally assumed that 
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condensation and coagulation take place with same rate coefficients between BC-containing and 

BC-free particles in current numerical model calculations. The similarity in averaged mass 

fractions of individual aerosol compounds within all compounds between BC-containing and BC-

free particles observed in this study supports the validity of this assumption. However, 

observations in this study also indicate that even when averaged features (such as mass fractions 

and internally mixed fractions) are similar between BC-containing and BC-free particles or among 

aerosol compounds there are considerable variabilities in individual one-hour data. Consequently, 

in order to evaluate numerical model calculations, it is not enough to only examine averaged 

quantities but one has to examine variabilities in BC mixing states, which can change averaged 

quantities. Considering a future pathway for a better understanding of BC radiative forcing and its 

climate impact, it is important to make more measurements of BC mixing state as well as other 

aerosol parameters in a various atmospheric environment, such as in China or regions near intense 

biomass burning. In the near future, a detailed comparison between these new measurements and 

numerical model calculations must be made. 
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