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Abstract  

 Aerosols, one of important atmospheric components, are particulate matters suspended 

in the atmosphere giving significant impacts on various environmental issues. These issues 

include air quality related to their health effects and influences on ecosystem and their important 

roles in the Earth’s climate. However, these impacts by various compounds in aerosols depend on 

the chemical species of each element in aerosols, which is a main viewpoint of this thesis. In 

Chapter 1, I provide introduction and aims of this study, which focuses on the effect of aerosols 

on the Earth’s climate, types of aerosols related to chemical reactions examined in this study, and 

the method for the chemical speciation. 

 The effects of aerosols on the Earth’s climate can be divided into direct and indirect 

effects. The latter, which is better written as indirect radiative forcing, is caused by aerosols acting 

as cloud condensation nuclei (CCN); aerosols alter cloud’s properties such as reflection efficiency 

and lifetime, which enhances its negative radiative forcing (Albrecht, 1989; Lohmann and 

Feichter, 2010; Twomey, 1959). Such indirect radiative forcing by aerosols to cool the earth 

climate is considered to play a significant role to offset warming effects by greenhouse gases, but 

its estimation still has the largest uncertainty to predict the future climate (IPCC, 2013). CCN 

activity of aerosols depends largely on the species and their physicochemical properties of the 

particles such as particle size and hygroscopicity. Sulfate is a major component of aerosols which 

is mostly formed secondarily in the atmosphere through gas-to-particle conversion  from 

anthropogenic sulfur dioxide (SO2) as precursor gases (e.g., Seinfeld and Pandis, 2006) 

Ammonium sulfate ((NH4)2SO4) is considered as a dominate sulfate species in aerosols, because 

concentration of ammonia in aerosols is approximately equal to that of sulfate (e.g., Adams et al., 

1999). (NH4)2SO4 has high hygroscopicity with fine particle sizes. Consequently, sulfate aerosols 

can act as CCN and contribute largely to the indirect cooling effect (Bouche and Randall, 2013). 
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However, the chemical forms of aerosols are variable by undergoing chemical reactions in the 

atmosphere referred to as “aging process.”  

 Mineral particles mainly emitted from natural sources account for about 30% of total 

aerosol mass globally (Satheesh and Moorthy, 2005), which can react with acids including SO2 

gases and sulfate in the atmosphere (e.g., Usher et al., 2003). Several mineral species in the 

particles are altered by aging process, which affects hygroscopicity of the particles. As a result, 

CCN activity of the mineral particles can either increase or decrease. Calcite (CaCO3) is a highly 

reactive species in mineral particles with acids because of its high alkaline property (Al-Hosney 

and Grassian, 2005, 2004; Rubasinghege and Grassian, 2013; Usher et al., 2003). For example, 

reactions of CaCO3 with nitric acid (HNO3) or hydrochloric acid (HCl) form calcium nitrate 

(Ca(NO3)2) and calcium chloride (CaCl2) in mineral particles, respectively, which increases CCN 

activity, because the reaction products have much higher hygroscopicity than that of CaCO3 (Al-

Hosney and Grassian, 2005; Goodman et al., 2000; Ma et al., 2012a; Sullivan et al., 2009; Usher 

et al., 2003). In contrast, CaCO3 reacts with SO2 and/or sulfate to form gypsum (CaSO4∙2H2O) 

with similar hygroscopicity to original CaCO3 and increase of the CCN activity is subtle (Gu et 

al., 2017; Ma et al., 2013; Tang et al., 2015; Usher et al., 2003). Instead, presence of CaSO4∙2H2O 

in the particles formed by the reaction processes may overestimate the CCN activity of sulfate 

aerosol, since CaSO4∙2H2O is less hygroscopic species (e.g., (NH4)2SO4). Therefore, formation of 

CaSO4∙2H2O can decrease of hygroscopic sulfate aerosols such as (NH4)2SO4 due to decrease of 

SO2 and/or sulfate concentrations in the atmosphere, and alters size distribution of sulfate aerosols 

because mineral particles and hygroscopic sulfate particles are generally distributed in large and 

fine size fractions, respectively. Thus, CaSO4∙2H2O formation can affect various physicochemical 

properties of sulfate aerosols and hence their contribution to the earth climate. Therefore, it is 

necessary to identify sulfate species in aerosol and their size distribution with related processes 
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in detail. However, there are few observation studies to observe the reduction of (NH4)2SO4 by 

the formation of CaSO4∙2H2O quantitatively in the field, though these processes are recognized 

in numerous studies in laboratory and in modelling (e.g., Dentener et al., 1996; Ma et al., 2013; 

Manktelow et al., 2010; Usher et al., 2003). In East Asia, emissions of anthropogenic materials 

including sulfate and mineral particles are significant relative to other regions (Crippa et al., 2016; 

Tegen and Schepanski, 2009). In addition, Asian dust contains much higher CaCO3 than that of 

other regions (Krueger et al., 2004). Thus, it is important to investigate sulfate species in aerosols 

especially as well as their reaction and transportation processes in East Asia. 

 This thesis aimed to investigate the following three topics: 

(i) Speciation of sulfate in aerosols with various degrees of hygroscopicity and their 

concentrations in the atmosphere 

(ii) Effect of CaSO4∙2H2O formation on the size distribution of sulfate aerosols and their CCN 

activity 

(iii) Emission sources, reactions in the atmosphere, and aging processes during transportation of 

sulfate aerosols 

To achieve these goals, aerosol samples with finely−size fractionation collected at four sites in 

East Asia and ice core drilled at Greenland were analyzed using X-ray absorption near-edge 

structure (XANES) spectroscopy as a main analytical method which is a direct speciation method 

suitable to this study. This thesis consists of four studies (Chapters 2, 3, 4, and 5) with general 

discussion and conclusions (Chapter 6). Their contents were briefly given below: 

Chapter 2. Sulfate species in aerosol collected in Higashi-Hiroshima 

 In this chapter, seasonal variation of sulfate species in aerosol was analyzed and their 

formation process was discussed. Total suspended particle (TSP) samples without size-

fractionation were collected at Higashi–Hiroshima, Japan from September 2012 to August 2013. 
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As a result of sulfur speciation by XANES, major sulfate species are those with high 

hygroscopicity except for CaSO4∙2H2O. The CaSO4∙2H2O fraction to total sulfate increased 

especially during a period of high concentration of Ca2+ of non-sea salt (nss) origin such as Asian 

mineral dust event in spring. Inversely, the amount of hygroscopic sulfate was decreased 

presumably by the reaction to form CaSO4·2H2O by the reaction with CaCO3 in the mineral dust. 

Subsequently, size-fractionated aerosol samples were collected at the same sampling site during 

winter (January 21 to 30, 2013), spring (March 4 to 9, 2013), summer (July 22 to August 5, 2013), 

and fall (November 11 to 25, 2013). As a result of Ca speciation analysis of the samples by XAFS, 

it was suggested that CaSO4∙2H2O was formed secondarily at the surface of the particles by the 

reaction of sulfate and/or SO2 with CaCO3 in the atmosphere. 

Chapter 3. Analysis of Ca species of whole and at surface of individual aerosol particles 

between 2 sampling sites 

 To confirm whether CaSO4∙2H2O was formed by the reaction of CaCO3, calcium (Ca) 

species of aerosols collected in Aksu (near source area of the mineral dust) and Qingdao (urban 

area in eastern China) during a large dust event recorded from 20 to 22 March 2002 were 

compared. Here, the depth-dependent Ca speciation using μ-XANES was for the first time applied 

to individual aerosol particles to investigate Ca species both in the whole particle and at surface 

of the particles to confirm the presence of CaSO4∙2H2O at the surface. The results directly showed 

that CaCO3 was subject to reaction with sulfate in the atmosphere and formed CaSO4∙2H2O at the 

surface of the particle. 

Chapter 4. Analysis of particles transported and trapped in Greenland ice core sample related 

to secular change of SO2 emission   

 Calcium species in particles trapped mainly in spring in an ice core at southeast 

Greenland were analyzed by Ca K-edge XANES using micro X-ray beam. The ice core has a 
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record of aerosols from 1957 to 2014, and the samples corresponding to 1971, 1978, 1987, 1995, 

and 2004 were analyzed. As a result, CaSO4·2H2O fraction to total calcium in the ice core was 

larger in the recent layers (1995 and 2004) than those in the old layers (1971, 1978, and 1987), 

whereas CaCO3 fraction indicated the opposite trend. The increase in CaSO4·2H2O was consistent 

with the increase of SO2 annual emission in China. Since it was reported by several geochemical 

studies using Sr, Nd, and Hf isotopes that mineral dust from China containing a larger amount of 

CaCO3 compared with other areas is transported to Greenland in spring (Bory et al., 2003, 2002), 

the present data suggested that CaCO3 included in Chinese mineral dusts reacted with sulfur 

components emitted in China and formed CaSO4·2H2O, which was recorded in the ice core.  

Chapter 5. Sulfate aerosols collected in Noto peninsula: estimation of their species, sources, 

reaction process, and roles for CCN 

 Size-fractionated aerosol samples were collected at the head of Noto peninsula from 

July in 2017 to May in 2018. This sampling site faces to the Sea of Japan, therefore it is good for 

observation of aerosols transported form Asian continent. In this chapter, seasonal variation of 

sulfate species and their transportation process with emission sources and aging process were 

investigated about the size-fractionated aerosol samples. Sulfur K-edge XANES spectroscopy for 

the samples revealed size and seasonal variation of sulfate species in the aerosols. As a result, it 

was suggested that CaSO4∙2H2O formation in the coarse particles caused large reduction of 

hygroscopic sulfate in the finer particles. Besides, emission source of sulfate aerosol was 

discussed using [NO3
−]/[nss−SO4

2−] ratio, trace metal concentrations, and sulfur isotope 

compositions. Source of sulfate in coarse particles were mainly mineral particles and sea salts, 

and a part of them was considered to undergo reactions with anthropogenic sulfate components 

emitted from coal combustion in South China or domestic emission by oil combustion in Japan. 

On the other hand, sulfate sources of fine particles were considered to be biogenic emission and 
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oil combustion in Japan during summer. In winter and spring, effects of oil combustion in Japan 

and coal combustion in south China were independently observed. Additionally, in the light of 

particle diameter and sulfate species, it was possible to discuss not only sulfate sources but also 

aging effects during transportation in the atmosphere by the combination of size distribution of 

sulfate, its source analysis, and speciation of sulfate in aerosols. 

Chapter 6. General discussion and conclusion 

 In this thesis, the maximum reduction fraction of hygroscopic sulfate by the formation 

of CaSO4∙2H2O was estimated as 33% of total sulfate during spring, which in turn suggested that 

the number concentration of cloud droplet number concentration (CDNC) decreased by 15.1% 

according to the relationship of mass concentration of sulfate to CDNC reported in Seinfeld and 

Pandis (2016). The reduction of CDNC can change the radiative forcing by +0.35 W/m2 at 

maximum which is comparable to absolute value of the radiative forcing due to the indirect 

cooling effect of aerosols reported by IPCC (2013). It is suggested that the effect of the formation 

of CaSO4∙2H2O on the indirect radiative forcing by sulfate aerosol should not be ignored. In 

addition, the reaction of the sulfate with CaCO3 provided from East Asia is suggested to increase 

the low hygroscopic fraction in the global sulfate budget. The interaction of cloud-aerosol related 

to the indirect radiative forcing has still large uncertainties. For accurate estimation of indirect 

radiative forcing and prospect of future climate, the observational studies such as this thesis is 

important to determine and to justify parameters needed for more accurate estimation and prospect. 
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1.1 Properties of atmospheric aerosols 

 Aerosols are particulate matters suspended in the atmosphere, and is one of important 

atmospheric components. Aerosols originate from (i) natural sources, such as eolian dust, sea 

spray, volcanic eruption, and vegetation, and (ii) anthropogenic activities such as fossil fuel 

combustion (e.g., Andreae and Rosenfeld, 2008; Calvo et al., 2012). Their physicochemical 

properties such as their particle size, morphology, and chemical composition are changeable 

depending on their emission sources and subsequent chemical processes. The emission and 

formation process of aerosols is categorized into 2 broad types; one is emitted directly as particles 

(primary particles) and other is formed in the atmosphere through gas-to-particle conversion 

processes (secondary particles) of vapor precursors (Whitby and Cantrell, 1976). Generally, the 

diameter of aerosols ranges from a few nanometers to below 100 μm and the particle size differs 

mainly depending on their emission and formation processes, which can be generally divided into 

(i) coarse particles (generally greater than 2.5 μm) consisting of primary particles that include  

natural particles (mineral particles, sea salt, volcanic ash, etc.) and anthropogenic particles emitted 

directory to the atmosphere (e.g., debris of paint materials on roads, brake pad etc.), and (ii) fine 

particles (generally less than 2.5 μm) which are mostly secondary particles mainly emitted from 

anthropogenic sources (Calvo et al., 2012; Seinfeld and Pandis, 2006). The particle diameter alters 

after emission to the atmosphere by various processes such as chemical reactions, condensation 

of vapor materials, evaporation of associated water, and coagulation with other particles. The 

aerosol size is an important factor to affect particle’s lifetime in the atmosphere and their chemical 

and physical properties (Seinfeld and Pandis, 2006).  

 Aerosols contain various components both inorganic and organic materials (Calvo et al., 

2012). Size distributions of elements and various compounds in aerosols differ depending on their 

sources and process of formation, transformation, and removal in/from the atmosphere. In 
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addition to the particle size, physicochemical properties such as concentration of elements and 

compounds, mixing state, chemical species, and isotope composition are important information 

to know emission and formation process, and to estimate their effects on the earth’s environment 

and climate, human health, and atmospheric chemistry. 

 

1.2 Aerosol’s effect on the climate of the Earth 

 Aerosols have a direct and indirect radiative forcing to climate of the earth (e.g., Penner 

et al., 2011). The former is an effect that aerosols scatter and absorb solar and infrared radiation, 

which finally cools and warms the earth, respectively (Haywood and Boucher, 2000; Penner et 

al., 2011). In the latter case, aerosols act as cloud condensation nuclei (CCN) and ice nuclei (IN), 

which modifies cloud properties such as radiative properties and amount and lifetime of clouds 

(Albrecht, 1989; Forster et al., 2007; Lohmann and Feichter, 2010; Twomey, 1959). Ambient 

concentration of aerosols has been increased because of anthropogenic activities since the 

Industrial Revolution in 18th century, which influenced the climate system by alteration of 

aerosol’s radiation forcing. Indeed, the drastic increase of concentration of aerosol is one of strong 

factors to change earth’s climate globally and locally during recent decades which has been 

presented by previous studies of ice core records (e.g., Fischer et al., 1998; Lavanchy et al., 1999). 

 The significant physicochemical properties of aerosols to determine the direct and 

indirect radiative forcing are the particle number concentration, particle size distribution, 

chemical composition, and mixing state (the extent of distribution of components among the 

particles) of aerosols. It is confidently considered that both direct and indirect radiative forcing of 

aerosols have large influence on the climate which totally offset global mean radiative forcing by 

greenhouse gases (IPCC, 2013). Storelvmo et al. (2016) estimated that the cooling effect by 

aerosols corresponds to about one third of the warming effects associated with greenhouse gases 
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emitted from 1964 to 2010, suggesting the significant impact of aerosols on the climate of the 

earth. However, the estimation of radiative forcing by aerosols in the latest IPCC report (2013) 

still has a large uncertainty especially in the indirect effect, though there was great improvement 

for the estimation methods after the last IPCC report (AR4; IPCC, 2007) according to the aerosol 

properties. The quantitative estimation of radiative forcing by aerosol is very difficult because (i) 

physicochemical properties of aerosols such as particle size and chemical compositions which 

greatly affect aerosol’s lifetime and radiative effects have wide range, (ii) the conversion 

mechanism of precursors of aerosols into particles is not well understood, (iii) mass and number 

concentrations of aerosols in ambient air are greatly variable in space and time because of their 

short atmospheric lifetime (Penner et al., 2011). Therefore, quantitative understanding of aerosol’s 

physicochemical properties and hence estimation of their radiative forcing is more difficult than 

that of greenhouse gases. Consequently, there is large variation in estimation results on the 

radiative forcing among different models and also between models and observations.  

 The indirect effect of aerosols is caused by acting as CCN to affect the cloud properties 

(Lohmann and Feichter, 2010; McFiggans et al., 2006; Penner et al., 2011). Increase of number 

concentration of CCN caused increase of number concentration of cloud droplets, which leads to 

enhancement of reflection of solar radiation by clouds when cloud thickness and liquid water 

content in cloud remain constant (Twomey, 1959). In addition, increase of number concentration 

of CCN reduces the precipitation efficiency, thus cloud lifetime and hence reflection of solar 

radiation of cloud are enhanced (Albrecht, 1989). However, the aerosol-cloud interaction or the 

indirect forcing still has the largest uncertainties in the estimate as noted above (IPCC, 2013). 

CCN behavior of aerosols is determined by the water saturation ratio in ambient and ability of 

aerosols to absorb enough water. The particle’s ability of the latter largely depends on particle size 

and content of hygroscopic components (McFiggans et al., 2006). Köhler theory (Köhler, 1936) 
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described the CCN activity based on the relationship between critical supersaturation and 

diameter of droplet determined by physicochemical property of particles such as mass and density 

of solute and water, diameter of a dry particle, molecular weight, and  activity coefficient. Petters 

and Kreidenweis (2007) introduced hygroscopic parameter, κ, to Köhler theory (κ-Köhler theory). 

The value of κ is described by parameters only depending on chemical components, and κ of each 

particle is given by simple mixing of volume ratio of several species, their κ value, and dissolved 

faction in a particle, but not depends on the particle size (Petters and Kreidenweis, 2008, 2007). 

Therefore, κ-Köhler theory is widely used to discuss CCN activity of aerosols focusing on their 

chemical components. The value of κ or degree of hygroscopicity varies greatly among chemical 

species. Interaction between aerosol particles and cloud droplets is one of most poorly understood 

issue to estimate the indirect effects of aerosols (Boucher and Lohmann, 1995). Therefore, 

understanding of chemical compositions and their mixing state is necessary to estimate CCN 

activity of aerosols in the atmosphere and hence describe cloud droplets formation process 

accurately.   

 

1.3 Sulfate aerosols 

 Sulfate is a major component in tropospheric aerosols which accounts for about 10 to 

30% by mass of main components of aerosols at various sites (Boucher and Randall, 2013), which 

is mainly formed secondarily in the atmosphere through either aqueous or gaseous phase reactions 

from precursor gases such as sulfur dioxide (SO2) (e.g., Seinfeld and Pandis, 2006). At present, 

SO2 is dominantly emitted by anthropogenic activities as fossil fuel combustions which accounts 

for about 72% of total SO2 global emission and partly from biomass burning (about 2%). Besides, 

natural sources of SO2 are dimethyl sulfate (DMS) emitted by marine phytoplankton (about 19%) 

and volcanic emission (about 7%). These emission estimates are summarized in Haywood and 
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Boucher (2000), and Forster et al. (2007). Since the Industrial Revolution, anthropogenic 

emission of SO2 has rapidly increased globally. In recent decades, the emission of SO2 in Europe 

and USA decreased after 1980s and the global emissions are suggested to decrease in recent years. 

However, the amounts from Asia and other developing countries have increased during the same 

period (e.g., Crippa et al., 2016; Smith et al., 2011; Streets et al., 2003). Because of its relatively 

short lifetime in the atmosphere due to the removal by deposition (24 to 56% of emitted SO2 is 

removed from the atmosphere), the proportion varies dependent on the type of models used for 

estimation. The rest of SO2 remaining in the atmosphere is mostly oxidized to sulfate aerosol 

(Penner et al., 2011). 

 In the atmosphere, the amount of sulfuric acid in the gas phase is negligibly small, , 

ammonium sulfate ((NH4)2SO4) in the solid and aqueous phases is preferentially formed as sulfate 

species (Seinfeld and Pandis, 2013). Emission amount of ammonia from Asia and other 

developing countries have increased during the same period in recent years in common with SO2 

(Crippa et al., 2016). It is widely considered that sulfate in aerosols are mostly neutralized by 

ammonia because the global mean ammonium to sulfate equivalent ratio (NH4
+/SO4

2-) in the 

atmosphere is approximately one (Adams et al., 1999). Therefore, the sulfate is mainly present as 

(NH4)2SO4, sulfuric acid (H2SO4), and intermediate compounds such as NH4HSO4 depending on 

the availability of ammonium to react with sulfate. Besides, sulfate is found mostly in fine 

particles, because sulfate is formed by gas-to-particles reaction in the atmosphere (Seinfeld and 

Pandis, 2006). Sulfate is expected to contribute largely to direct cooling effect of aerosol by light 

scattering (Boucher and Lohmann, 1995), while sulfate is also considered to act well as CCN, 

because (NH4)2SO4 has a high hygroscopicity. Effective radiative forcing of aerosols estimated 

either from all anthropogenic aerosols or from sulfate aerosol only was estimated using various 

models in IPCC (2013), but the difference between the two estimation results is generally small 
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(Boucher and Randall, 2013). Consequently, Storelvmo et al. (2016) suggested that warming by 

0.5℃ in Arctic region since 1980 was related to decrease of emission of sulfate in Europe. These 

results indicate a significant role of sulfate in radiation forcing by aerosols. 

 

1.4 Mineral dusts and its influence on sulfate aerosols 

 As referred above, content of hygroscopic sulfate species such as (NH4)2SO4 in aerosols 

is an important factor to determine CCN activity. Therefore, sulfate aerosols generally have large 

contribution to indirect cooling effect acting as CCN in terms of their large emission amounts, 

size distribution in the atmosphere, and chemical species in aerosols. However, chemical reactions 

in the atmosphere have a possibility to change the species and size distribution of sulfate aerosols, 

which enhances or suppresses CCN activity of the particles.  

 One of important reactants with acids (e.g., SO2, H2SO4, HNO3) in the atmosphere is 

mineral particles. Mineral particles are one of main components in aerosols, which account for 

about 30% of total aerosol emission amount by mass globally (Satheesh and Moorthy, 2005) and 

have impacts on direct and indirect radiative forcing (Usher et al., 2003). Mineral dusts contain 

various mineral components. The surface of mineral particles is considered as an important 

reaction site with gases and droplets in the atmosphere, and various reaction processes have been 

investigated by numerous studies mainly by laboratory experiments (e.g., Goodman et al., 2000; 

Usher et al., 2003; Ma et al., 2013, 2012; Ma and He, 2012; Sullivan et al., 2009; Tang et al., 

2015). Observational studies suggested that the reaction forms secondary materials at particle 

surfaces (Li and Shao, 2008; Matsuki et al., 2009; Ooki and Uematsu, 2005; Takahashi et al., 

2008a). Thus, the chemical reactions can change mineral components and hence converts their 

physiochemical properties such as hygroscopicity, or CCN activity of the particles. Calcite 

(CaCO3) is a reactive component of mineral particles with acids because of its high alkaline 
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property (Al-Hosney and Grassian, 2005; Rubasinghege and Grassian, 2013; Usher et al., 2003). 

For example, reaction of CaCO3 with HNO3 or HCl forms calcium nitrate and calcium chloride, 

respectively, which in turn increases CCN activity due to the high hygroscopicity of the reaction 

products whose hygroscopic parameters (κ) are more than 100 times higher than that of CaCO3 

(Sullivan et al., 2009; Tang et al., 2015). By contrast, the reaction of CaCO3 with SO2 and/or 

sulfate forms gypsum (CaSO4∙2H2O), which has a low hygroscopic nature equivalent to CaCO3 

(Gu et al., 2017; Ma et al., 2013). Therefore, CaSO4∙2H2O formation does not induce enhancement 

of CCN activity of mineral particles. Instead, it is considered that if sulfate is present as 

CaSO4∙2H2O in aerosol instead of (NH4)2SO4, the formation of CaSO4∙2H2O should decrease 

CCN activity of sulfate aerosols due to the lower hygroscopicity of CaSO4∙2H2O than (NH4)2SO4. 

More importantly, CaSO4∙2H2O formation should decrease number concentration of hygroscopic 

sulfate such as (NH4)2SO4 in the atmosphere due to uptake of SO2 (a precursor of sulfate) and/or 

sulfate by CaCO3 in mineral particles; this causes (i) decrease of hygroscopic sulfate due to uptake 

by CaCO3 and (ii) suppression of formation and growth of hygroscopic sulfate due to decrease of 

the amount of SO2 and/or H2SO4. In addition, CaCO3 in mineral particles originally have a lager 

particle diameter, whereas the hygroscopic sulfate is mainly present in fine particles. Therefore, 

CaSO4∙2H2O formation would decrease fine sulfate aerosols, altering their size distribution. These 

effects lead to reduction of CCN concentration in the atmosphere, and hence influence evaluation 

of indirect cooling effects of aerosols. Therefore, quantitative understanding of chemical species 

mainly focusing on hygroscopicity, their mixing fraction in ambient particles, and size distribution 

of the particles is strongly needed. Several state-of-the art models have been constructed to 

explain mineral-sulfate interactions, but still there is lack of knowledge on chemical species and 

their size distributions (Manktelow et al., 2010). 
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1.5 East Asia: its significance as a research field 

 Indirect radiative forcing of aerosols differs substantially, depending on regions 

(Lohmann and Feichter, 2010). East Asia is the highest emission source of anthropogenic SO2 by 

fossil fuel combustion in global scale during the last few decades (IPCC, 2013; Crippa et al., 

2016; Qu et al., 2016). Besides, East Asia is the second largest emission source of mineral particles 

next to the Sahara Desert (Kellogg and Griffin, 2006; Usher et al., 2003). Major mineral 

compositions of Asian mineral dust are clay minerals, mica, feldspar, quartz, and calcite 

(Nishikawa et al., 2000). A unique characteristic of mineral dust composition in East Asia is its 

CaCO3 content much higher than those in other regions (Krueger et al., 2004). As mentioned 

above, reaction of CaCO3 in mineral particles with SO2 and/or sulfate can change 

physicochemical properties of sulfate aerosol, which affects CCN activity of sulfate aerosol and 

indirect radiative forcing. Therefore, it is necessary to investigate sulfate species in aerosols in 

the atmosphere including their reaction and transportation processes in East Asia which has the 

highest concentrations of anthropogenic sulfate and mineral particles. These components also 

have large impacts on the indirect effects regionally and globally. However, direct and quantitative 

researches of sulfate aerosol species and interaction between sulfate and mineral particles are not 

enough, while the interaction has been suggested in numerous laboratory experiments and 

modeling studies. Therefore, this thesis focused on speciation of several elements including sulfur 

in aerosols.  

 

1.6 Chemical speciation analysis of various elements in aerosols 

 In this thesis, X-ray absorption fine structure (XAFS) spectroscopy was applied as a 

main analytical method of identification of chemical species in the samples, which is a direct 

speciation method to clarify chemical state of a target element in the sample such as valence, 
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electronic state, elements of the ligands, and interatomic distances. 

1.6.1 General information of XAFS 

 Each element has an inherent binding energy of the specific electron to the nucleus. 

When incident X-ray energy corresponds to the binding energy of a core electron, the core 

electron is excited, and absorption probability of X-ray rapidly increases. The energy is called as 

absorption edge. XAFS is a fine structure in the X-ray absorption spectrum (XAS) appeared in 

the higher energy region from the absorption edge. 

 XAFS is divided into X-ray absorption near edge structure (XANES) and extended X-

ray absorption fine structure (EXAFS) by their energy ranges from the absorption edge of the 

electron of the target elements. XANES is the fine structure at the vicinity of absorption edge 

energy range (~ around 50 eV), which reflects valence and electronic state of the target element. 

Features of the structure depends on resonance electron transition and also on multiple-scattering 

of photoelectrons ejected at low kinetic energy level. EXAFS is the structure found in the energy 

range above 1000 eV from the absorption edge, which reflects interatomic distances and 

coordination numbers of surrounding atoms. In this thesis, XAENS was applied to aerosol 

samples to identify the counter ion of target elements in the samples. There are several methods 

to obtain the spectra described bellows. 

1.6.2 Transmission mode 

 XAFS spectrum is variation of absorption depending on energy of incident X-ray. 

Absorbance of X-ray is expressed as follows: 

𝜇𝑡(𝐸) = ln(
𝐼0(𝐸)

𝐼(𝐸)
) 

 𝐼(𝐸) = 𝐼0(𝐸)exp(−𝜇𝑡) 

where I0(E) is an intensity of incident X-ray at certain energy (= E), I(E) is an intensity of 

transmitted X-ray, μ is a linear absorption coefficient (cm−1), and t is thickness of the sample (cm). 
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Transmission mode is a method strictly following the fundamental X-ray absorption phenomenon. 

However, samples need to be prepared to have appropriate thickness and concentrations of the 

target element, which is subject to limitation in the detection ability, or sensitivity. In addition, it 

is difficult to measure sulfur XAFS spectra, focused in this thesis, by the transmission mode, 

because the binding energy of 1s electron of sulfur is at lower energy region (soft X-ray region). 

In the soft X-ray region, the incident and transmitted X-ray is absorbed readily by air and the 

sample itself, which makes it difficult to be measured by X-ray detectors (e.g., ion chambers). 

1.6.3 Fluorescence yield (FY) mode 

 X-ray fluorescence arises secondarily when the target elements is excited by incident 

X-ray. There is a relationship between intensity of X-ray fluorescence and absorption coefficient 

(μ) as below: 

𝐼𝑓 = 𝐼0𝛼 (
𝜇𝑥(𝐸)

𝜇𝑇(𝐸) + 𝜇𝑇(𝐸𝑓)
) [1 − exp {−(𝜇𝑇(𝐸) + 𝜇𝑇(𝐸𝑓)) 𝑡}] 

where If is an intensity of fluorescence X-ray, I0 is an intensity of incident X-ray, α is fluorescence 

quantum yield, μT is a full linear absorption coefficient of a sample (cm−1), μx is a linear absorption 

coefficient of a target element (cm−1), E is energy of incident X-ray, Ef is energy of fluorescence 

X-ray, t is thickness of a sample (cm). When (i) μT(E)+ μT(Ef) << 1 (= infinitely thin limit), or (ii) 

(μT(E)+ μT(Ef))t >> 4.6 (= infinitely thick limit) are accepted, If is proportional to μx (If = μxtI0), 

which can be treated as the degree of absorption when normalized by incident X-ray (= 𝜇𝑡(𝐸)). 

FY mode has high sensitivity, which enables us to measure samples with low concentration of 

target elements. In this study, fluorescence X-ray is detected by Lytle detector, or the fluorescent 

ion chamber detector which measures fluorescent x-ray emission. 

1.6.4 Conversion electron yield (CEY) mode 

 When the sample is exposed to incident X-ray, Auger electrons which is defined as 

electrons with energy below 40 eV (Schroeder, 1996) and subsequent secondary electrons are 
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emitted from the target element, which are measured in the CEY mode. Auger electrons are 

released due to transition of excess energy caused by inner shell transition. Therefore, variation 

of the intensity of the Auger and secondary electrons depending on the energy of incident X-ray 

becomes similar to XAFS spectrum detected by the transmission mode. The escape depth of auger 

electrons is very shallow by up to sub-micron. Therefore, the information of the XAFS spectra 

measured in CEY mode are sensitive to the surface of the samples. In the CEY mode, we detect 

current between the sample and an electrode close (about 2-3 cm) to the sample in a chamber 

purged with helium (He) which can contribute to amplification of the signal. The voltage bias 

loaded between the electrode and the sample is usually 100 V in this study.  

 

1.7 Purpose of this thesis 

 The following three issues are the main purposes of this thesis: 

1. To reveal sulfate species in aerosols and their concentrations in the atmosphere, which 

unravels content ratio of each species with various hygroscopicity. 

2. To estimate effects of CaSO4∙2H2O formation in the particles on the properties of 

sulfate aerosols including (i) variation of CCN activity of sulfate aerosol in total, (ii) 

number concentration and production amount of hygroscopic sulfate species, and (iii) 

size distribution of sulfate aerosols. 

3. To examine sulfate emission sources and reaction and aging processes during 

transportation. 

 

 To accomplish the purposes above, two approaches were mainly employed in this thesis: 

1. To collect and use various samples for certain purposes; filter-base aerosol samples 

with 7 size fractionated collection at four sites in East Asia and ice core drilled at 
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Greenland. 

2. To apply direct speciation method, X-ray absorption fine structure (XAFS) 

spectroscopy was employed as a main analytical method for the speciation of sulfate 

and other elements in the samples. 
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Chapter 2.  

Sulfate species in aerosols and their formation process 

 

 

This chapter has been published in the following paper: C. Miyamoto, K. Sakata, Y. Yamakawa, 

and Y. Takahashi, Determination of calcium and sulfate species in aerosols associated with the 

conversion of its species through reaction processes in the atmosphere and its influence on cloud 

condensation nuclei activation, Atmospheric Environment, published, 

https://doi.org/10.1016/j.atmosenv.2019.117193 © 2019 Elsevier Ltd. All rights reserved. 
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2.1 Chapter Introduction 

 Aerosols affect the global climate due to their influence on radiative forcing, causing 

global warming and cooling effects (Penner et al., 2011). One of the cooling effects is caused 

indirectly by hygroscopic aerosols acting as cloud condensation nuclei (CCN), but the 

quantitative evaluation of such effect has not yet been achieved (Lohmann and Feichter, 2010; 

Seinfeld and Pandis, 2006; Sun and Ariya, 2006). Chemical species is an important parameter in 

determining the physicochemical properties of aerosols, such as its hygroscopicity. Therefore, 

species and their concentrations in aerosols must be clarified to estimate the degree of the indirect 

cooling effect. Sulfate aerosol, one of the major components of aerosols formed by the oxidization 

of sulfur dioxide (SO2) in the atmosphere, is considered an important component of CCN because 

it primarily consists of hygroscopic species, such as ammonium sulfate ((NH4)2SO4) in the 

atmosphere (Pilinis et al., 1987; Wang et al., 2008).  

 Mineral particles are major components of aerosols. Some mineral particles can also act 

as CCN and ice nuclei. The surface of mineral particles is an important reaction site with gases 

and droplets in the atmosphere (Dentener et al., 1996; Tang et al., 2017a; Usher et al., 2003). The 

reaction forms secondary species and converts their physicochemical properties from low to high 

hygroscopicity, increasing the CCN activity of aerosols. Calcite (CaCO3) is one of the major 

components of mineral aerosols (Jeong, 2008; Usher et al., 2003). CaCO3 is reactive with acids 

in the atmosphere due to its alkaline property (Al-Hosney and Grassian, 2004; Rubasinghege and 

Grassian, 2013). The reaction of CaCO3 with SO2 and/or sulfate forms gypsum (CaSO4∙2H2O), 

which has low hygroscopic nature (Gu et al., 2017; Ma et al., 2013). CaSO4∙2H2O is also formed 

after the drying of a droplet that contains Ca2+ and SO4
2−. SO2 is mostly converted to sulfate in 

the atmosphere in gas or droplet phase, which mostly consists of (NH4)2SO4. Therefore, the 

formation of CaSO4∙2H2O reduces the atmospheric concentration of hygroscopic species acting 
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as CCN in the atmosphere. Thus, sulfate species in aerosols must be elucidated to estimate the 

contributions of aerosols to the indirect cooling effect because their CCN activity differs 

substantially depending on their chemical species. These species can be altered through 

heterogeneous reactions in the atmosphere. 

 Asian dust is originated from arid areas and deserts in China and Mongolia such as Gobi 

and Taklimakan Deserts (Seinfeld and Pandis, 2006). One of the characters of the mineral 

composition of Gobi and Taklimakan Deserts is high content of CaCO3 (Krueger et al., 2004). 

The Asian mineral particles are extensively transported by winds through urban regions in East 

Asia, for example, large cities in China, Korea, and Japan. On the other hand, East Asia is one of 

the significant regions of high SO2 emission since 1950s because of fossil fuel combustion (e.g., 

Smith et al., 2011). CaCO3 fraction in mineral dust is considered to change by reaction with 

anthropogenic SO2 and/or sulfate and form CaSO4∙2H2O during transportation, which will change 

sulfate species in aerosol and hygroscopicity. 

 In this section, total suspended particles (TSP) in the atmosphere were collected for 1 

year in Higashi–Hiroshima in southwestern Japan. Besides, size-fractionated aerosol samples 

(seven fractions) were obtained during each season. The sampling site was affected by materials 

transported from China, which largely contributed to the global emission of SO2 (Crippa et al., 

2016; Ohara et al., 2007; Smith et al., 2011; Streets et al., 2003). Sulfate and Ca species in aerosols 

were determined by X-ray absorption near-edge structure (XANES) analysis based on previous 

studies (Takahashi et al., 2006, 2009). Subsequently, the contribution of these components to 

CCN activity was estimated based on speciation results and hygroscopicity parameters. This 

chapter is important to understand the formation process of secondary components in particles 

which can increase or decrease CCN activities of mineral particles suggested in laboratory 

experiments and modeling studies (Dentener et al., 1996; Goodman et al., 2000; Ma et al., 2013) 
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through the analysis of actual aerosol samples in the atmosphere on the basis of the speciation of 

both sulfur (S) and Ca in aerosols. Such processes will be eventually linked to the degree of 

cooling effect altered by the reactions between sulfate and CaCO3 in mineral dusts. 

 

2.2 Materials and Methods 

2.2.1 Aerosol samples collected in Higashi−Hiroshima 

 Total suspended particle (TSP) samples without size-fractionation were collected at 

Hiroshima University, Higashi–Hiroshima (34°40ʹ N, 132°71ʹ E; Fig. 2.1) from September 2012 

to August 2013 using a high-volume air sampler (HV-500, Shibata, Tokyo, Japan) loaded with 

polyflon filters (PF050, Advantec, Tokyo, Japan). Each sampling period for the TSP samples was 

typically 1 week. The details of the 33 TSP samples analyzed in this thesis are described in Table 

2.1. 

 Size-fractionated aerosol samples were also collected at the same sampling site during 

winter (January 21 to 30, 2013), spring (March 4 to 9, 2013), summer (July 22 to August 5, 2013), 

and fall (November 11 to 25, 2013). The sampling period for the four samples was 2 weeks. The 

samples were collected using a high-volume air sampler (MODEL-123SL, Kimoto, Japan) with 

a 7-stages cascade impactor (TE-236, Tisch Environmental Inc., USA). The classification of 

particle diameter was as follows: >10.2 μm (sampling stage 1; average diameter is 15 μm), 4.2–

10.2 μm (stage 2; 7.2 μm), 2.1–4.2 μm (stage 3; 3.2 μm), 1.3–2.1 μm (stage 4; 1.7 μm), 0.69–1.3 

μm (stage 5; 1.0 μm), 0.39–0.69 μm (stage 6; 0.54 μm), and < 0.39 μm (backup filter; 0.24 μm). 

The filters used for the samplings were cellulose (stages 1–6: TE-230WH, Tisch Environmental, 

Inc., USA; backup filter: 8 inches ×10 inch, Whatman, USA). In this chapter, the four upper stages 

(stages 1–4) were identified as coarse particles (average diameter: ≥1.0 μm), and the three lower 
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stages were identified as fine particles (average diameter: <1.0 μm). The details of the sampling 

information are described in Table 2.2. 

 

 

  

Fig. 2.1. Sampling site: Hiroshima University located at 34˚40’N, 132˚71’E).   
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Table 2.1. Sampling information of TSP samples. 

Sample No. Time Period Total volume (m3) 

Fall-1 3 days 2012. 9.5-9.8 3309.0 

Fall-2 3 days 2012.9.8-9.11 3175.0 

Fall-3 7 days 2012.9.11-9.18 5718.0 

Fall-4 4 days 2012.9.18-9.22 2863.6 

Fall-5 7 days 2012.9.22-9.29 5628.5 

Fall-6 7 days 2012.9.29-10.6 6479.7 

Fall-7 6 days 2012.10.6-1.6 3787.3 

Fall-8 7 days 2012.10.23-10.29 4553.2 

Fall-9 5 days 2012.10.29-11.3 4023.3 

Fall-10 5 days 2012.11.12-11.17 4055.4 

Fall-11 5 days 2012.11.26-12.1 3650.8 

Winter-1 5 days 2012.12.10-12.15 4025.3 

Winter-2 5 days 2012.12.24-12.29 3934.4 

Winter-3 5 days 2013.1.7-1.12 3806.3 

Winter-4 5 days 2013.1.21-1.26 3826.5 

Winter-5 2 days 2013.1.30-2.1 1752.3 

Winter-6 5 days 2013.2.4-2.9 4045.4 

Winter-7 5 days 2013.2.18-2.23 4075.2 

Spring-1 5 days 2013.3.4-3.9 2908.9 

Spring-2 5 days 2013.3.9-3.14 4075.2 

Spring-3 4 days 2013.3.18-3.22 3013.1 

Spring-4 5 days 2013.3.25-3.30 4036.8 

Spring-5 5 days 2013.4.1-4.5 3446.6 

Spring-6 5 days 2013.4.8-4.13 3773.7 

Spring-7 5 days 2013.4.22-4.27 3888.5 

Spring-8 5 days 2013.4.27-5.2 4038.4 

Spring-9 5 days 2013.5.13-5.18 4075.2 

Spring-10 5 days 2013.5.27-6.1 3988.7 

Summer-1 5 days 2013.6.10-6.15 3628.1 

Summer-2 5 days 2013.6.24-6.29 4059.6 

Summer-3 5 days 2013.7.8-7.13 3914.9 

Summer-4 5 days 2013.7.22-7.27 4072.9 

Summer-5 5 days 2013.8.5-8.10 4075.3 

Summer-6 4 days 2013.8.19-8.23 2969.6 
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Table 2.2. Sampling information of size-fractionated samples (only RH is data measured at Hiroshima city). 

Sample Period Time 
Total 

volume 

Average 

temperature 

Total 

precipitation 

Average 

RH 

   (m3) (ºC) (mm) (%) 

Winter 2013.1.21-1.30 9 days 7624.5 1.6 16.5 66.6 

Spring 2013.3.4-3.9 5 days 4840.2 8.6 0.00 61.0 

Summer 2013.7.22-8.5 14 days 11429.0 26.7 17.5 70.7 

Fall 2013.11.11-11.25 14 days 11698.3 7.5 38.5 66.4 

 

2.2.2 Major ions in the aerosol samples measured by ion chromatography 

 Water-soluble major ions (Na+, K+, NH4
+, Mg2+, Ca2+, F−, Cl−, NO3

−, and SO4
2−) in the 

aerosol samples were measured by ion chromatography (ICS-1100, Dionex, Japan). The twentieth 

part of one filter (approximately 0.1 g) of the size-fractionated aerosol samples was soaked in a 

polypropylene (PP) beaker with 5 mL of ultrapure pure water (MQ; >18.2 MΩ, Merck Millipore, 

MA, USA). An equivalent section of the filter (approximately 0.1 g) was used for the same 

procedure for the TSP samples. The major ions were leached out by ultrasonic treatment for 30 

minutes. Polypropylene beakers used in this process were washed with MQ in advance, and the 

background of the filters was negligibly lower than those measured for the samples. This 

analytical method followed previous studies (Sakata et al., 2014). Sources of K+, Ca2+, Mg2+, and 

SO4
2− are generally derived from sea salt (ss) and other sources, thus concentrations of these ions 

of non-sea salt (nss) origins were calculated as follows: 

 [nss-X]aerosol = [Total-X]aerosol –([X]/[Na])seawater ×[Na]aerosol, (1) 

where X is either K+, Ca2+, Mg2+, or SO4
2−. 
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2.2.3 Analysis of sulfate and calcium species in aerosols by X-ray absorption fine 

structure (XAFS) spectroscopy 

2.2.3.1 Sulfur K-edge XANES 

 Sulfur chemical species in the aerosol were analyzed by XANES spectroscopy 

according to Takahashi et al. (2006). The measurements were conducted at BL-9A in the Photon 

Factory, a synchrotron radiation facility of High Energy Accelerator Research Organization 

(KEK), in Tsukuba, Japan. Energy calibration for S K-edge was conducted at the peak of the 

XANES spectrum of native sulfur at 2472.0 eV. X-ray beam was applied directory to particles 

collected on the sampling filter or separated particles dispersed on carbon tape (Cat. No.731, 

Nisshin EM Co.,Ltd., Japan) from the sampling filter. 

 To estimate fractions of each sulfate species in particles, XANES spectrum of each 

sample was fitted by a model spectrum obtained by a linear combination of reference materials 

which are expected to exist in aerosols such as sodium sulfate (Na2SO4∙10H2O), ammonium 

sulfate ((NH4)2SO4), ammonium hydrogen sulfate (NH4HSO4), and sulfate solution as a hydrated 

state of sulfate (hydrated-SO4
2-). The sulfate compounds other than the solution were purchased 

from Wako Pure Chemicals of analytical grade (Japan). Hydrated-SO4
2- was prepared by 

dissolving Na2SO4∙10H2O in ultrapure water and measured as a solution. The others were 

prepared in powdered state and measured. The fitting analysis were conducted by minimizing the 

sum of squares between the spectra of sample and model using an analysis software for XAFS, 

REX2000 (Rigaku Co., Japan). The goodness of fit was evaluated using the R value related to the 

residual between the measured and model spectra as follows: 

 

𝑅 =
(∑ (𝐼𝑀(𝐸)−𝐼𝑠(𝐸))

2
)

𝐸2
𝐸=𝐸1

1
2⁄

(∑ 𝐼𝑀(𝐸)2)
𝐸2
𝐸=𝐸1

1
2⁄

, (2) 
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where IS and IM is the absorption of the fitted and measured spectra, respectively; and E1 and E2 

are the start and end values of the fitting energy range, respectively.  

The fitting energy region was 2482–2500 eV based on Takahashi et al. (2006). Generally, 

spectral fitting analysis of XANES was focused on an energy range before and after the absorption 

edge where differences of structure among various species are significant. Sulfur components in 

aerosols are mainly present as sulfate (S(VI)) and the absorption structures around absorption 

peak of various sulfate species are very similar. In contrast, sulfates spectra have clear differences 

among various species particularly in the energy region after the main XANES peak depending 

on its counter cation. Therefore, 2482–2500 eV was employed as a fitting energy region in this 

thesis to determine sulfate species. These experimental conditions are listed in Table 2.3. Sulfur 

XANES spectra of reference materials as candidates for sulfate in aerosols are shown in Fig. 2.2a. 

 

Table 2.3. Experimental conditions for sulfur and calcium speciation by XAFS. 

 Sulfur Calcium 

Absorption edge K edge K edge 

Electron binding energy 2472.0 eV 4028.5 eV 

Calibration material Native sulfur (peak top) CaCl2·2H2O (peak top) 

Calibration energy 2472.0 eV 4038.1 eV 

Fitting energy range 2482–2500 eV 4027–2080eV 

Experiment station PF BL-9A PF BL-9A 

Reference materials CaSO4∙2H2O 

Na2SO4∙10H2O 

(NH4)2SO4) 

NH4HSO4 

hydrated-SO4
2- 

CaCO3 

CaC2O4∙2H2O 

CaCl2∙2H2O 

Ca(NO3)2∙4H2O 

CaSO4∙2H2O 
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Fig. 2.2. XANES spectra of reference materials of sulfur (a) and calcium (b). 
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2.2.3.2 Calcium K-edge XANES  

 Calcium chemical species in the aerosol samples were analyzed by Ca K-edge XANES 

spectroscopy using a similar method as sulfur K-edge XANES. Energy calibration for Ca K-edge 

was conducted at the peak of the XANES spectrum of CaCl2·2H2O as 4038.1 eV. Reference 

materials obtained from Wako pure Chemicals used for the fitting analysis were as follows: calcite 

(CaCO3), calcium oxalate dihydrate (CaC2O4∙2H2O), calcium chloride dihydrate (CaCl2∙2H2O), 

calcium nitrate tetrahydrate (Ca(NO3)2∙4H2O), and CaSO4∙2H2O. All of them were measured in 

the powdered state. Fitting energy region was 4027–2080eV based on previous studies (Takahashi 

et al., 2009, 2008b). These experimental conditions are also listed in Table 2.3. Additionally, to 

confirm the reaction on the surface of the particles, we simultaneously measured the XANES 

spectra of the samples both in fluorescence yield (FY) mode and conversion electron yield (CEY) 

modes. FY–XANES can be regarded as a bulk method, because its probing depth is greater than 

6.5 μm. By contrast, CEY–XANES is surface sensitive with a probing depth of less than 0.25 μm 

(Schroeder, 1996). Calcium XANES spectra of reference materials as candidates for Ca species 

in aerosols are shown in Fig. 2.2b. 

 

2.2.4 Calculation of the hygroscopicity parameter (κ) 

 The CCN activity of aerosol can be estimated based on κ­Köhler theory, which explains 

the saturation ratio of water vapor as a function of the diameter of the droplet (particles containing 

water) (Petters and Kreidenweis, 2007). The saturation ratio (S) of an aqueous solution droplet 

can be calculated using Köhler theory and expressed by the following equation: 

 𝑆 = 𝑎𝑤𝑒𝑥𝑝 (
4𝜎𝑠 𝑎⁄ 𝑀𝑤

𝑅𝑇𝜌𝑤𝑑𝑤𝑒𝑡
), (3) 

where 𝑎𝑤 is the activity of water, σ𝑠/𝑎 the surface tension of the solution/air interface, 𝑀𝑤 the molar 

weight of water, R the universal gas constant, 𝑇 the temperature, 𝜌𝑤 the density of water, and dwet 
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the diameter of the droplet. Petters and Kreidenweis (2007) proposed the hygroscopicity 

parameter κ with the relationship between 𝑎𝑤 and κ as described by the following equations: 

 1

𝑎𝑤
= 1 + 𝜅

𝑉𝑑𝑟𝑦

𝑉𝑤𝑎𝑡𝑒𝑟
 , (4) 

 𝑎𝑤 =
𝑑𝑤𝑒𝑡

3 −𝑑𝑑𝑟𝑦
3

𝑑𝑤𝑒𝑡
3 −𝑑𝑑𝑟𝑦

3 (1−𝜅)
 , (5) 

where 𝑉dry and 𝑉𝑤ater are the volumes of dry particulate matter and water, respectively. The κ value 

depends on the chemical composition of the particle, which varies from 0 to a maximum of ~1.4; 

for example, the value for sodium chloride (NaCl) is 1.28. A low κ value indicates low 

hygroscopicity or low activation as CCN. When a particle consists of several components, κ is 

described as follows: 

 𝜅 = ∑ ɛ𝑖𝜅𝑖𝑖 , (6) 

Where ɛ𝑖 is the volume ratio of component 𝑖 in the dry particle. The κ value of each component 

was determined in previous studies (Petters and Kreidenweis, 2007; Sullivan et al., 2009) which 

are shown in Table 2.4. In the current chapter, the κ value of the size-fractionated samples was 

calculated using Eq. (6) from the κ𝑖 reported in previous studies and the ɛ𝑖 of each species 

calculated using its molar weight, density, and mole ratio determined by the XANES analysis. 
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Table 2.4. Hygroscopicity parameters of each species (κi)    

Species ĸi 

Ca(NO3)24H2O 0.43 a 

CaCl22H2O 0.68 a 

CaCO3 6.8×10-3 a 

CaC2O4H2O 6.0×10-3 a 

CaSO42H2O 7.8×10-3 a 

(NH4)2SO4 0.61b 

NH4HSO4 0.93 

Na2SO4·10H2O 0.80 

C2O4H2∙H2O 0.71 a 

NH4NO3 0.67b 

NaCl 1.28a,b 

a Sullivan et al. (2009), b Petters and Kreidenweis (2007) 

 

2.2.5 Back trajectory analysis 

 Back trajectory analysis was conducted using the hybrid single-particle Lagrangian 

integrated trajectory model (HYSPLIT) (Stein et al., 2015) to identify the pathway of the air mass 

arriving at an altitude of 1000 m above ground level (AGL) at the sampling site during each 

sampling period. Each trajectory was traced back for 72 h. 
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2.3 Results and Discussion 

2.3.1 TSP samples 

2.3.1.1 Transport pathway of air mass reaching to Higashi-Hiroshima 

 Back trajectory analysis was conducted to know seasonal variation of transport 

pathways of air mass that reached Higashi-Hiroshima during each sampling period (Fig. 2.3). 

During the periods from winter to spring, air mass came from the Asian continent, which was 

mainly transported from the west or northwest China and Mongolia, then passed through 

industrial areas in coastal China and Korean Peninsula. Besides, transportation distance for 72 

hours from winter to spring was generally longer than that during fall and summer. In contrast, 

during summer, air mass hardly came through the Asian continent. Air mass was transported from 

various directions in the fall. In early fall, the tendency of its transportation pathway was similar 

to that in summer and gradually changed the pathway to that from the Asian continent toward 

winter. 
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Fall 1 Fall 2 Fall 3

Fall 4 Fall 5 Fall 6

Fall 7 Fall 8 Fall 9

Fall 10 Fall 11

Fig. 2.3. Back trajectory analysis during individual sampling periods of TSP samples. The 

pathways reached at 1000m high above sampling site were analyzed back for 72 hours. The 

trajectories were calculated every 12 hours expressed by lines with different colors. 
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Winter 1 Winter 2 Winter 3

Winter 4 Winter 5 Winter 6

Winter 7

Fig. 2.3. Back trajectory analysis during individual sampling periods of TSP samples. The 

pathways reached at 1000m high above sampling site were analyzed back for 72 hours. The 

trajectories were calculated every 12 hours expressed by lines with different colors. 
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Spring 3

Spring 4 Spring 5 Spring 6

Spring 7 Spring 8 Spring 9

Spring 10

Spring 1 Spring 2

Fig. 2.3. Back trajectory analysis during individual sampling periods of TSP samples. The 

pathways reached at 1000m high above sampling site were analyzed back for 72 hours. The 

trajectories were calculated every 12 hours expressed by lines with different colors. 
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Summer 1 Summer 2 Summer 3

Summer 4 Summer 5 Summer 6

Fig. 2.3. Back trajectory analysis during individual sampling periods of TSP samples. The 

pathways reached at 1000m high above sampling site were analyzed back for 72 hours. The 

trajectories were calculated every 12 hours expressed by lines with different colors. 
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2.3.1.2 Seasonal variation of major ion concentrations 

 Fractions of nss ([nss-X]/[total-X]) are shown in Fig. 2.4. This result showed that 

contribution of sea salt was low for SO4
2-, K+, and Ca2+, since their [nss-SO4

2-]/[SO4
2-] ratios were 

more than 0.8 through the year. Fig. 2.5 shows seasonal variations of atmospheric concentrations 

of NH4
+, nss-Ca2+, NO3

-, and nss-SO4
2-. The annual average concentration of nss-SO4

2- was 59 

nmol/m3, and there were some periods when we observed a large amount of nss-SO4
2- around 140 

nmol/m3. The atmospheric concentration of nss-SO4
2- was high especially from winter to spring. 

The variation of nss-SO4
2- concentration was similar to that of NH4

+. There is a good correlation 

between the concentrations of NH4
+ and nss-SO4

2- (r = 0.92) and the slope of linear regression is 

0.98 which means that there has been approximately enough amount of NH4
+ to balance nss-SO4

2- 

(Fig. 2.6). Several data are plotted above a line with slope 1 (Fig. 2.6), which means that these 

data have excess nss-SO4
2- to NH4

+ in the sample. The interpretation of these samples is provided 

in the next section. 

 

Fig. 2.4. Fractionation of non-sea-salt X ion (nss-X) to total X ion in TSP samples (X is SO4
2−, K+, 

Mg2+, or Ca2+). 



42 

 

 

 

 

 

 

  

Fig. 2.5. Seasonal variation of atmospheric concentrations of nss–SO4
2−, NO3

 −, NH4
+, and nss–

Ca2+. 

Fig. 2.6. Correlation of NH4
+ and nss-SO4

2-. The slope of linear regression was 0.98, and 

correlation coefficient ratio is 0.92. Black dashed line is slope 1. 
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2.3.1.3 Seasonal variation of sulfate species in aerosol 

 Sulfur XANES spectra of the TSP samples are shown in Fig. 2.7. These spectra were 

well fitted by the linear combination of those of CaSO4∙2H2O, (NH4)2SO4, NH4HSO4, and 

hydrated SO4
2-, suggesting that they were major components of sulfate aerosols, and other species 

were minor. The fitting results are shown in Fig. 2.8 and Table 2.5. The error of the fitting analysis 

was up to approximately 30 % with largest R value of a sample (Summer-4). Seasonal variation 

of the ratio of atmospheric concentration of high hygroscopic sulfates, i.e., (NH4)2SO4, NH4HSO4, 

and hydrated SO4
2- ions, to that of total sulfate (= [high hygroscopic sulfates]/[Total sulfate]) is 

shown in Fig. 2.9. A low value of the ratio means that the sample contains a large fraction of 

CaSO4∙2H2O with low hygroscopicity. It appeared that the fractions of high hygroscopic sulfates 

were dramatically decreased in some of the fall and spring samples. In other words, during this 

period, CaSO4∙2H2O with low hygroscopicity was dominant in sulfate species in aerosol and 

fractions of that were higher than that of other samples. Previous studies (Adams et al., 1999; 

Fowler et al., 2013; Wang et al., 2008) have suggested that (NH4)2SO4 is the dominant sulfate 

species in aerosols. However, our results showed that CaSO4∙2H2O is also an important sulfate 

species, which cannot be disregarded, even though a relatively large seasonal variation was found 

in Higashi–Hiroshima. At that time, nss-Ca2+ concentration increased (Fig. 2.5). The increase of 

Ca2+ concentration is a good indicator of a dust event in East Asia (Choi et al., 2001). Additionally, 

calcium original species in mineral particles in East Asia is mainly CaCO3, but the abundance of 

CaSO4∙2H2O in our samples was low (Miyamoto et al., 2016; Takahashi et al., 2009) as reported 

in previous study (Nishikawa et al., 2000). Thus, it is suggested that CaSO4∙2H2O was secondarily 

formed during transportation in the atmosphere. 
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Fig. 2.7. Sulfur K-edge XANES spectra of TSP samples collected in fall (a), winter (b), sprig (c), 

and summer (d) with spectra of reference materials (CaSO4∙2H2O and hydrated SO4
2−). 
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Fig. 2.8. Fraction of sulfate species (%) in TSP samples. 
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Table 2.5. Fraction of each sulfate species in the TSP samples determined 

by XAFS. 

  

Sample No. (NH4)2SO4 NH4HSO4 Hydrate SO4
2- CaSO4∙2H2O R value 

Fall-1 34.7  46.9 18.4 0.036 

Fall-2 38.7 45.0 16.3  0.038 

Fall-3 18.9  52.7 28.4 0.037 

Fall-4 36.9  33.3 29.7 0.054 

Fall-5 11.5  56.5 32.0 0.034 

Fall-6 32.2 44.6  23.2 0.038 

Fall-7 45.6 14.4  40.0 0.059 

Fall-8 39.3  22.2 38.5 0.047 

Fall-9 15.4  34.4 50.2 0.038 

Fall-10 21.6  20.7 57.7 0.042 

Fall-11 23.2  15.1 61.7 0.047 

Winter-1 25.9  23.9 50.2 0.041 

Winter-2 19.0  32.6 48.4 0.043 

Winter-3 27.0  23.1 49.9 0.046 

Winter-4 24.4  34.8 40.8 0.038 

Winter-5 64.1   35.9 0.065 

Winter-6 23.6  38.1 38.4 0.036 

Winter-7 36.3  19.7 44.0 0.051 

Spring-1 34.2 36.1  29.7 0.066 

Spring-2 25.5 27.6  47.0 0.040 

Spring-3 27.6   72.4 0.047 

Spring-4 43.3  20.2 36.4 0.053 

Spring-5 33.5  23.7 42.8 0.034 

Spring-6 30.7   69.3 0.047 

Spring-7 41.1  22.1 36.8 0.044 

Spring-8 30.4  13.7 55.9 0.058 

Spring-9 50.8  13.1 36.1 0.062 

Spring-10 44.9  13.4 41.7 0.061 

Summer-1 42.4  16.8 40.8 0.050 

Summer-2 57.1  13.6 29.3 0.065 

Summer-3 38.5  29.7 31.8 0.053 

Summer-4 57.8   42.2 0.075 

Summer-5 39.6  19.6 40.7 0.059 

Summer-6 15.1  21.6 63.3 0.035 
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Fig. 2.9. Seasonal variation of the ratio of atmospheric concentration of high hygroscopic sulfates, 

i.e., (NH4)2SO4 and hydrated SO4
2- ions, to that of total sulfate, indicating the fraction of high 

hygroscopic species in TSP, i.e., [high hygroscopic sulfates]/[Total sulfate]. 
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 As described above, the correlation between charge concentration of NH4
+ and that of 

nss-SO4
2- had good correlation and the slope of linear regression was 0.98 (Fig. 2.6). Therefore, 

if ammonium sulfate preferentially formed in the particles compared with other sulfate species, 

almost all sulfate can be present as (NH4)2SO4. However, CaSO4∙2H2O accounted for more than 

20% of sulfate in the aerosol samples. Figure 2.10a shows that the CaSO4∙2H2O fraction in 

particles is not dependent on total sulfate concentration, because CaSO4∙2H2O is controlled by 

Ca2+ concentration in aerosols. Ca2+ can react with sulfuric acid in the atmosphere. By contrast, 

the (NH4)2SO4 fraction was approximately correlated with total sulfate concentration (R2=0.352, 

Fig. 2.10b), since the amount of available sulfate was large when (i) total sulfate concentration 

was large, and (ii) CaSO4∙2H2O contribution to total sulfate was low. Thus, the correlation of the 

(NH4)2SO4 fraction was improved when the horizontal axis of Fig. 2.10c is changed from total 

sulfate concentration to [Total-SO4
2-] – [CaSO4∙2H2O] (R2=0.391, Fig. 2.10c). The results based 

on the speciation of sulfate by XANES suggest that the reaction for forming CaSO4∙2H2O 

preferentially occurs rather than (NH4)2SO4, but the remaining sulfate forms ammonium salt in 

aerosols. The results also indicated that CaSO4∙2H2O formed in the particle was stable and not 

converted to (NH4)2SO4 once CaSO4∙2H2O was formed. When there was excess nss-SO4
2- to NH4

+ 

in the sample, i.e., the data are plotted above the line of slope 1 in Fig. 2.6, [high hygroscopic 

sulfates]/[Total sulfate] ratio did not always decrease (Fig. 2.9). Consequently, the formation of 

CaSO4∙2H2O in the atmosphere probably consumes sulfate ion or the oxidation products of SO2 

and finally suppresses the formation of high hygroscopic sulfate. A similar role of CaCO3 

conversion has been discussed largely through modeling and laboratory studies (Dentener et al., 

1996; Sullivan et al., 2009; Tang et al., 2016), and the analysis in this chapter obtained similar 

conclusions based on natural observation coupled with XANES spectroscopy. 

  



49 

 

 

 

  

0

0.2

0.4

0.6

0.8

1.0

0 50 100 150

[Total-SO
4

2-
] (nmol/m

3
)

◆ Fall ■Winter

● Spring ▲ Summer

[C
aS

O
4
·2
H

2
O

]/
 [

T
o
ta

l-
S

O
4

2
- ]

0

0.2

0.4

0.6

0.8

1.0

0 50 100 150

[Total-SO
4

2-
] (nmol/m

3
)

[(
N

H
4
) 2

S
O

4
]/

 [
T

o
ta

l-
S

O
4

2
- ]

0

0.2

0.4

0.6

0.8

1.0

0 50 100 150

[(
N

H
4
) 2

S
O

4
]/

 [
T

o
ta

l-
S

O
4

2
- ]

(a) (b)

(c)

[Total-SO4
2-]-[CaSO4·2H2O] (nmol/m3)
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2−]–[CaSO4∙2H2O] concentration and 

(NH4)2SO4 fraction to total sulfate is shown in (c).  

 



50 

 

2.3.2 Size-fractionated samples 

2.3.2.1 Characteristic of samples in each season 

 To understand chemical species in aerosols and their properties depending on particle 

size, size-fractionated samples collected in each season were analyzed. Figure 2.11 shows the 

mass concentration of sulfate and mineral dust around East Asia simulated with a numerical 

model (SPRINTARS; Takemura et al., 2005, 2002, 2000). The concentration of mineral dust 

during spring was high and extended from arid areas and deserts in China and Mongolia (e.g., 

Gobi and Taklimakan Deserts), which are the sources of Asian dust to western Japan, including 

our sampling site. Dust storms are observed frequently during spring in the arid and desert areas 

caused by winds and the dry surface condition in the source region (Lee and Sohn, 2009). 

Consequently, a large amount of mineral dust is transported to Japan and the Pacific, as 

suggested by the back-trajectory analysis (Fig. 2.12). In addition, Choi et al. (2001) described 

that a remarkable increase in Ca2+ concentration is caused by the dust event in Asia. Because of 

the influence of Asian dust, the nss-Ca2+ fraction in the coarse particles was large, particularly 

during spring as described later in Fig. 2.13. By contrast, sulfate mass concentration around the 

sampling site was high in any season. During each season, air mass passed through the high 

sulfate concentration region (large cities) and coastal urban areas in China, which can be 

sources of anthropogenic components, including sulfate transported to the sampling area (Figs. 

2.11 and 2.12).  
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Fig. 2.11. Distribution of the mass concentration of sulfate (upper) and mineral dust (lower) around 

East Asia during each sampling period simulated using SPRINTARS (Takemura et al., 2000, 2002, 

2005). The results for one day during each sampling period are shown. 
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Fig. 2.12. Back trajectory analysis during individual sampling periods of size-fractionated samples. 

The pathways reached at 1000m high above sampling site were analyzed back for 72 hours. 
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 Figure 2.13 shows size distributions of NH4
+, nss-Ca2+, NO3

−, nss-SO4
2−, and oxalate 

ion concentration in the unit of equivalent concentrations (neq/m3) in each sample. The size 

distribution of NH4
+

 and nss-SO4
2− ions for all samples showed that their concentration was 

higher in fine particles then that in coarse particles. These concentrations in fine particles were 

high in winter and spring. In addition, there was high correlation between the size distributions 

of concentration of NH4
+

 and nss-SO4
2−, especially in the fine particles. On the other hand, the 

size distribution of concentration of nss-Ca2+ had a maximum in course particle range whose 

diameter is 2.1−4.2 μm, and its concentration was the highest in spring. NO3
- concentration was 

the highest in the fine particles in winter, whereas in the coarse particles in summer. In the fall 

or spring sample, there were bimodal size distribution of NO3
− in the coarse and fine particles, 

respectively. The bimodal distribution is caused by the reaction of primary particles such as sea 

salts and mineral particles with nitric aids in coarse particles, while nitric acid/ammonia reaction 

to form ammonium nitrate (NH4NO3) in fine particles (Seinfeld and Pandis, 2006). Fractions of 

nss components ([nss−X]/[total−X]) are shown in Fig. 2.14. In course particles, contributions of 

sea-salt were quantified. The ss-Ca2+ and ss-SO4
2− accounted for about 10−20 and 10−60 % in 

coarse particles, respectively. The fraction became small when the particle diameter was small 

except for the summer samples. However, only in spring, the contribution of ss−Ca2+ was small 

at any particle diameters. 
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Fig. 2.13. Size distribution of NH4
+, nss-Ca2+, NO3

-, nss-SO4
2- and oxalate ion equivalent 

concentrations (neq/m3) of winter (a), spring (b) summer (c), and fall (d). Horizontal axis is particle 

size (μm), and vertical axis is atmospheric concentration (neq/m3). It is noted that maximum value 

of left vertical axis is 100 neq/m3 for (a), (c) and (d), 150 neq/m3 for (b). 
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Fig. 2.14. Fraction of non-sea-salt ([nss-X]/[total-X], X is Ca2+ or SO4
2-) of winter (a), spring (b) 

summer (c), and fall (d). 
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 NO3
− and nss-SO4

2− generally originate from anthropogenic emissions as acid gases, 

which form secondary particles through gas-to-particle conversions, such as NH4NO3 and 

(NH4)2SO4 in fine particles (Fowler et al., 2013). However, NO3
− exhibited an evident peak of 

size distribution in coarse particles with particle size ranging from 2.1 μm to 10.2 μm in spring 

and summer samples (Fig. 2.13). Within the same size range, nss-SO4
2− concentration was also 

higher during spring compared with those during other seasons (Fig. 2.13). These variations in 

the size distribution of NO3
− and nss-SO4

2− were caused by the heterogeneous reaction with sea 

salts and mineral particles, which are important reactants with acids (Rossi, 2003; Rubasinghege 

and Grassian, 2013; Usher et al., 2003). 

 NaCl in sea salts reacts with acids in the atmosphere as follows (Rossi, 2003): 

 

NaCl + HNO3 → NaNO3 + HCl (g), 

2NaCl + H2SO4 → Na2SO4 + 2HCl (g). 

(7) 

(8) 

Reaction generally occurs preferentially with HNO3 (Sander et al., 2011). The amount of emitted 

HCl (Cl− loss) is calculated as follows: 

 

[Cl− loss] = [Na+] × ([Cl−]/[Na+])seawater − [Cl−] 

([Cl−]/[Na+])seawater = 1.17. 

(9) 

 Most of the samples indicated that the amount of NO3
− was equivalent to that of a sum 

of Na+ unbound with Cl and NH4
+ ({[Cl− loss] + [NH4

+]} ≒ [NO3
−]). That is, NO3

− is present 

either as NaNO3 or NH4NO3. Several spring and summer samples indicated that excess NO3
− was 

present relative to their sum ({[Cl− loss] + [NH4
+]} < [NO3

−]). These fractions were likely to react 

with mineral particles. 

 The reaction of nitric acid with CaCO3 in mineral particles to form Ca(NO3)2 is an 

important process (Goodman et al., 2000; Usher et al., 2003). Previous studies observed particles 

using electron microscopies, such as transmission electron microscopy (TEM) and energy-
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dispersive X-ray spectroscopy (EDX) (e.g., Li et al., 2016; Li and Shao, 2008; Matsuki et al., 

2009). They reported that Ca(NO3)2 was detected in the coating of mineral particles, which was 

considered to be formed in the atmosphere. The hygroscopicity of Ca(NO3)2 is considerably 

higher than that of CaCO3. Therefore, this reaction is expected to enhance the CCN activities of 

mineral particles, particularly in coarse particles. Our results for the speciation of Ca in particles 

using X-ray absorption fine structure (XAFS) analysis are provided in the Section 2.3.2.3. 

 

2.3.2.2 Size distribution of sulfate species in aerosol particles 

 Sulfur K-edge XANES spectra of the aerosol samples are shown in Fig. 2.15. The 

characteristic structure of the CaSO4∙2H2O spectrum with three small peaks at 2484, 2490, and 

2497 eV was observed in the coarse particles (>10.2 μm, 4.2−10.2 μm, 2.1−4.2 μm, and 1.3−2.1 

μm), indicating that CaSO4∙2H2O was found as a major species of sulfate in the coarse particles. 

By contrast, the features of the spectrum of CaSO4∙2H2O were not appreciable in the fine particles 

(0.69−1.3 μm, 0.39−0.69 μm, and <0.39 μm), but they consist of high hygroscopic species such 

as (NH4)2SO4, NH4HSO4, and hydrated SO4
2− ion. These results suggested that the estimation of 

sulfur species based on the correlation written above is reasonable for fine particles (Fig. 2.16). 

In marine areas, sodium sulfate, which is an important component of CCN, can be a major species. 

However, the aerosol samples measured in this thesis were collected on land, and sodium sulfate 

was not detected. As a result of the speciation, sulfate species in the aerosol samples were 

hygroscopic except for CaSO4∙2H2O. 

The results of fitting analysis are shown in Fig.2.17 and Table 2.6. Especially in spring, 

CaSO4∙2H2O fractions in coarse particles were high even in relatively small particles. Similar size 

distribution was shown in aerosol samples collected in Tsukuba City in Japan, during a large dust 

event in 2002 (Takahashi et al., 2006). 



58 

 

 

 

 

2485 2492 2499 2506

N
or

m
al

iz
ed

 a
bs

or
pt

io
n

Energy (eV)

(c)

2485 2492 2499 2506

N
or

m
al

iz
ed

 a
bs

or
pt

io
n

Energy (eV)

(b)

>10.2 μm

<0.39 μm

4.2-10.2 μm

2.1-4.2 μm

1.3-2.1 μm

0.69-1.3 μm

0.39-0.69 μm

CaSO4∙2H2O

Hydrated SO4
2−

2485 2492 2499 2506

N
or

m
al

iz
ed

 a
bs

or
pt

io
n

Energy (eV)

(a)

2485 2492 2499 2506

N
or

m
al

iz
ed

 a
bs

or
pt

io
n

Energy (eV)

(d)

>10.2 μm

<0.39 μm

4.2-10.2 μm

2.1-4.2 μm

1.3-2.1 μm

0.69-1.3 μm

0.39-0.69 μm

CaSO4∙2H2O

Hydrated SO4
2−

>10.2 μm

<0.39 μm

4.2-10.2 μm

2.1-4.2 μm

1.3-2.1 μm

0.69-1.3 μm

0.39-0.69 μm

CaSO4∙2H2O

Hydrated SO4
2−

>10.2 μm

<0.39 μm

4.2-10.2 μm

2.1-4.2 μm

1.3-2.1 μm

0.69-1.3 μm

0.39-0.69 μm

CaSO4∙2H2O

Hydrated SO4
2−

Fig. 2.15. Sulfur K-edge spectra of the size-fractionated samples collected during winter (a), spring 

(b) summer (c), and fall (d) with the spectra of the reference materials, i.e., CaSO4∙2H2O and 

hydrated SO4
2-. 
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Fig. 2.16. Correlation between 

NH4
+ (horizontal axis) and nss-

SO4
2- (vertical axis) in fine 

particles (< 1.0 μm, average 

diameter) about size-fractionated 

sample. Black dashed line is 

slope 1. 

Fig. 2.17. Fraction of sulfate species (%) in the size-fractionated samples collected during winter 

(a), spring (b), summer (c), and fall (d). The horizontal axis denotes particle size (μm), and the 

vertical axis indicates fraction (%). 
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Table 2.6. Size distribution of fraction (%) of each sulfate species about each season determined by 

XAFS. 

 Particle size 

(μm) 
<0.39 0.39-0.69 0.69-1.3 1.3-2.1 2.1-4.2 4.2-10.2 >10.2 

Winter (NH4)2SO4 43.9 70.1 71.5 44.4 11.7 19.5 23.0 
 NH4HSO4 

 11.2 28.5    25.8 
 Na2SO4·10H2O        

 Hydrate SO4
2- 56.1 18.7  34.3    

 CaSO4·2H2O    21.3 88.3 80.5 51.2 
 R value 0.040 0.055 0.063 0.045 0.025 0.034 0.019 

Spring (NH4)2SO4 58.6  33.6     

 NH4HSO4 
       

 Na2SO4·10H2O        

 Hydrate SO4
2- 41.4 100 43.6 33.5 20.8 18.1 47.4 

 CaSO4·2H2O   22.8 66.5 79.2 81.9 52.6 
 R value 0.048 0.081 0.053 0.047 0.046 0.041 0.056 

Summer (NH4)2SO4 17.9 31.1 24.0     

 NH4HSO4 
 13.8 20.1     

 Na2SO4·10H2O        

 Hydrate SO4
2- 82.1 55.1 55.9 48.0   24.3 

 CaSO4·2H2O    52.0 100 100 75.7 
 R value 0.035 0.039 0.038 0.025 0.044 0.045 0.030 

Fall (NH4)2SO4 
       

 NH4HSO4 
  14.1     

 Na2SO4·10H2O        

 Hydrate SO4
2- 100 100 85.9 73.2  24.7  

 CaSO4·2H2O    26.8 100 75.3 100 
 R value 0.079 0.062 0.049 0.075 0.097 0.051 0.069 
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2.3.2.3 Size distribution of calcium species in aerosol particles 

 Calcium species in the size-fractionated aerosol samples were also investigated. The 

normalized Ca K-edge XANES spectra of aerosol samples (Fig. 2.18) with fitting by the 

endmembers (Fig. 2.2b) provided the size distribution of Ca species in each season (Fig. 2.19 and 

Table 2.7). CaSO4∙2H2O was also found by Ca speciation in common with sulfate speciation, 

which showed that CaSO4∙2H2O constituted the majority of the Ca species for nearly all particle 

sizes. CaC2O4∙2H2O and CaCO3 were also major species in all seasons, while CaC2O4∙2H2O 

accounted for a large fraction of Ca species in spring. Such a result was also found by Furukawa 

and Takahashi (2011). Notably, Ca(NO3)2∙4H2O and CaCl2∙2H2O were minor Ca species in any 

seasons. Ca(NO3)2∙4H2O was not found by XAFS analysis in spring and summer samples. This 

is, excess NO3
− relative to the sum of Na+ unbound with Cl− and NH4

+ did not combine with Ca2+ 

and considered to form nitrate species with other cations. Although identification of nitrate 

counteraction is difficult, the charge balance of cations and anions was confirmed in the sample, 

suggesting that the nitrate in the coarse particles form potassium and/or magnesium salts during 

spring and summer. A previous laboratory study indicated that the coexistence of Ca(NO3)2 and 

oxalic acid led to an aqueous reaction in particles to form CaC2O4∙2H2O and release HNO3 (Ma 

and He, 2012). Ca(NO3)2 was probably once formed in the particles and converted to 

CaC2O4∙2H2O, which was actually formed in our samples. 
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Fig. 2.18. Calcium K-edge XANES spectra of aerosol samples collected in winter (a), spring (b), 

summer (c), and fall (d). The red dashed line in normalized spectra and the black solid line is fitting 
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Fig. 2.19. Size distribution of each Ca species (nmol/m3) in the aerosol samples collected during 

winter (a), spring (b), summer (c), and fall (d). The horizontal axis denotes particle size (μm), 

and the vertical axis indicates atmospheric concentration (nmol/m3). Notably, the maximum value 

of the vertical axis is 20 nmol/m3 for (b) and 5 nmol/m3 for (a), (c), and (d). 
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 Previous studies on aerosols collected in Aksu, which is close to one of the source 

regions of Asian dust in western China, showed that CaCO3 is the major Ca species in the 

particles (Miyamoto et al., 2016; Nishikawa et al., 2000; Takahashi et al., 2009). CaCO3 has 

also been reported as an important component of Asian dust (Jeong, 2008; Krueger et al., 2004). 

By contrast, other species, such as CaSO4∙2H2O, comprise less than 20% of the total Ca in the 

aerosol collected near the source region (Miyamoto et al., 2016; Takahashi et al., 2009). The 

surface of mineral particles is an important reaction site in the atmosphere, and CaCO3 is 

reactive with acids because of its highly alkaline property (Rubasinghege and Grassian, 2013). 

Therefore, the CaSO4∙2H2O and CaC2O4∙2H2O detected in our samples were formed during 

transport in the atmosphere. Laboratory experiments indicated that CaSO4∙2H2O and CaC2O4 

were formed through the conversion of CaCO3 when hygroscopic components (e.g., nitrate 

salts) promoted leaching of Ca2+ and acids contained in particles (Ma et al., 2019, 2013). Given 

that CaSO4∙2H2O and CaC2O4∙2H2O are thermodynamically insoluble and stable in a solution, it 

is reasonable that they will eventually form in the particles. 

 Surface-sensitive CEY-XANES analysis confirmed the presence of CaSO4∙2H2O on the 

surface. CaSO4∙2H2O fraction on the particle surface was larger than that in the whole particle, 

and vice versa for CaCO3 in coarse particles for all the samples (Fig. 2. 20 and Table 2.7). 

Therefore, it is suggested that each Ca species was not present as external mixing particles but 

formed by chemical reactions mostly on the particle surface and present as internal mixing 

particles. In addition, it is considered that the formation of insoluble species, such as CaSO4∙2H2O, 

on the surface inhibited further reaction of CaCO3 (Takahashi et al., 2009), which was also 

indicated by laboratory experiments (Ma et al., 2019, 2013). 
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Fig. 2.20. Size distribution of fraction of each Ca species about each season determined by 

XANES. The species of whole particle were determined by FY-XANES, and species at particle 

surfaces were determined by CEY-XAENS. 
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2.3.2.4 Contribution of the reaction of CaCO3 in mineral particles for aerosol CCN 

activity 

 Hygroscopicity parameters of endmembers κi are provided in Table 2.4. CaCO3 

originally does not exhibit a high CCN activity due to its low hygroscopicity of 6.8×10−3 (Sullivan 

et al., 2009; Tang et al., 2015). Previous studies have suggested that the CCN activity of particles 

that contain CaCO3 will be higher than the original particles, since CaCO3 changes into highly 

hygroscopic species, such as Ca(NO3)2·4H2O and CaCl2·2H2O, through reactions in the 

atmosphere. Their κ values are 0.43 and 0.68, respectively, which are higher than that of CaCO3 

by more than three orders of magnitude. However, our Ca speciation results from XANES 

spectroscopy analysis indicated that these hygroscopic species are minor Ca species. By contrast, 

CaSO4∙2H2O and CaC2O4∙H2O were dominant in the aerosols throughout the year. Therefore, it 

is considered that CCN activity does not dramatically change compared with that of CaCO3.  

 The κ value of each sample was calculated based on the Ca XANES speciation results 

and Eq. (6). For this calculation, we assumed that the volume fraction of the respective Ca species 

in each particle was the same among all the particles in each size fraction (i.e., each stage). The κ 

values of Ca species were determined using Eq. (6), as shown in Table 2.8. The estimated κ values 

of the aerosol samples (κaerosol) were nearly the same as the κ value of CaCO3 (κCaCO3) when only 

CaSO4∙2H2O and CaC2O4∙H2O were formed in the particles (e.g., aerosol samples larger than 2.1 

m during spring as shown in Figs. 2.19 and 2.20, and Table 2.7), confirming that the CCN 

activities of Ca aerosols did not change. However, when Ca(NO3)2·4H2O and/or CaCl2·2H2O were 

included in the particles, κaerosol became 34 times higher than κCaCO3 at most. Even in the latter 

case, κaerosol was approximately one-third of κ(NH4)2SO4 and κNH4NO3, which are considered typical 

hygroscopic aerosols. Therefore, the effects of secondary Ca species in aerosols formed by the 

reaction on CCN activity are insufficiently large to influence the hygroscopicity of aerosols. In 
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addition, low hygroscopic Ca species, such as CaSO4∙2H2O fraction on the particle surface, was 

larger than that in the whole particle, as indicated by the CEY-XANES analysis. This result 

emphasized that the enhancement of hygroscopicity by soluble materials formed on a particle 

surface is unlikely related to Ca species. 

 

Table 2.8. Results of calculated κaerosol value of Ca species in aerosol samples.  

 Winter Spring Summer Fall 

>10.2 μm 7.03×10-3 6.68×10-3 0.104 7.15×10-3 

4.2−10.2 μm 7.17×10-3 6.69×10-3 7.67×10-2 4.75×10-2 

2.1−4.2 μm 8.98×10-2 6.97×10-3 7.34×10-3 7.46×10-2 

1.3−2.1 μm 7.47×10-3 0.150 7.49×10-3 8.87×10-2 

0.69−1.3 μm 0.140 0.119 0.104 0.100 

0.39−0.69 μm 0.218 0.120 0.188 0.118 

<0.39 μm 7.11×10-3 6.67×10-3 No data 0.232 

  

 Similarly, κ values of sulfate in each sample were calculated based on the sulfur XANES 

speciation results and Eq. (6) (Table 2.9). The κ values of endmembers have high values among 

0.61 to 0.93, except for CaSO4∙2H2O with 7.8×10-3 (Table 2.4). Because sulfate species in fine 

particles hardly contain CaSO4∙2H2O, the κaerosol values of sulfate indicated relatively high values 

near that of (NH4)2SO4 (κ(NH4)2SO4= 0.61). In contrast, κaerosol values of sulfate in coarse particles 

were totally lower than that in fine particles because of larger fraction of CaSO4∙2H2O. 

 As a result of calculation of κ values by considering both Ca and sulfate species in the 

aerosol samples, it was suggested that the reaction of CaCO3 in mineral particles totally act to 

decrease CCN activity of aerosol. 
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Table 2.9. Results of calculated κaerosol value of sulfate species in aerosol samples.  

 Winter Spring Summer Fall 

>10.2 μm 0.366 0.295 0.156 7.80×10-3 

4.2−10.2 μm 0.126 0.118 7.80×10-3 0.158 

2.1−4.2 μm 0.079 0.135 7.80×10-3 7.80×10-3 

1.3−2.1 μm 0.483 0.211 0.298 0.450 

0.69−1.3 μm 0.692 0.474 0.667 0.650 

0.39−0.69 μm 0.641 0.610 0.649 0.610 

<0.39 μm 0.610 0.610 0.610 0.610 

 

2.3.2.5 Reduction of the number of hygroscopic sulfate aerosols by the reaction of 

CaCO3 in mineral particles 

 From the result of Ca speciation in Section 2.3.2.3, it is suggested that CaSO4∙2H2O in 

the particles was not original but formed by the reaction in the atmosphere. SO2, a precursor of 

sulfate, was mostly converted to sulfate in the atmosphere in gas or droplet phase. From the result 

of the sulfate speciation analysis by XANES in Section 2.3.2.2, sulfate species in the aerosol 

samples were hygroscopic except for CaSO4∙2H2O. If CaSO4∙2H2O was not formed in aerosols, 

a considerable amount of SO2 must have formed to CaSO4∙2H2O should form hygroscopic sulfate 

aerosols, such as (NH4)2SO4, which is an important species in CCN. Therefore, these results 

suggested that the formation of CaSO4∙2H2O in aerosols may reduce the amount of SO2, which is 

finally converted to hygroscopic sulfate aerosols acting as CCN. Thus, estimating the reduction 

amount of high hygroscopic sulfate, i.e., (NH4)2SO4, in fine particles by forming low hygroscopic 

sulfate, i.e., CaSO4·2H2O, in coarse particles is essential. If the formation of CaSO4·2H2O does 

not occur, then we can assume that 1 mole of CaSO4·2H2O in coarse particles will form 1 mole 

of hygroscopic sulfate in fine particles. Here, we assumed that the fraction of mole concentration 
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of CaSO4·2H2O determined by S XANES analysis in Section 2.3.2.2 to mole concentration of 

total sulfate in all size fraction indicates fraction of reduced hygroscopic sulfate in the atmosphere. 

As a result of the calculation, the fraction of reduced hygroscopic sulfate was calculated to be 

comparable to approximately ~20% of total amount of sulfate in fine aerosols (winter: 9.0%; 

spring: 14.3%; summer: 8.5%; fall: 17.7%). The degree of reduction of the hygroscopic sulfate is 

equivalent to that of (NH4)2SO4 which should be present in fine particles. The reduction amount 

was highest in the spring and fall samples, which were strongly affected by mineral dust. 

Consequently, the formation of CaSO4∙2H2O in the atmosphere likely consumes sulfate ion, or 

oxidation products of SO2, and finally suppresses the formation of high-hygroscopic sulfate. A 

similar role of conversion of CaCO3 has been discussed mainly by modeling and laboratory 

studies (Dentener et al., 1996; Sullivan et al., 2009; Tang et al., 2016). I here emphasize that the 

present chapter obtained similar conclusions based on the natural observation coupled with 

XANES spectroscopy for the speciation analysis of actual aerosol samples. 

 

2.4 Conclusions 

 Here, seasonal variation of sulfate species in both TSP and size-fractionated aerosol 

samples and their characteristics were investigated based on XANES spectroscopy. As a result of 

speciation of sulfate in TSP samples, major sulfate species has high hygroscopicity except for 

CaSO4∙2H2O. The CaSO4∙2H2O fraction to total sulfate increased especially during high nss-Ca2+ 

period such as mineral dust event. It was suggested that CaSO4∙2H2O fraction in aerosols does 

not dependent on total sulfate concentration because CaSO4∙2H2O is controlled by Ca2+ 

concentration. By contrast, the (NH4)2SO4 fraction was better correlated with [Total-SO4
2-] – 

[CaSO4∙2H2O] than total sulfate concentration. This result suggested that the reaction forming 

CaSO4∙2H2O preferentially occurs rather than (NH4)2SO4. Therefore, it is suggested that 
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CaSO4∙2H2O formed was stable and not converted to (NH4)2SO4 once CaSO4∙2H2O was formed. 

In addition, analysis of size-fractionated aerosol clarified that CaSO4∙2H2O was major in coarse 

particles but high hygroscopic sulfate such as (NH4)2SO4, NH4HSO4, and hydrated SO4
2− were 

major in fine particles. The formation of CaSO4∙2H2O in the atmosphere likely consumes sulfate 

and consequently suppresses the formation of high hygroscopic sulfate such as (NH4)2SO4. The 

hygroscopicity parameter of sulfate aerosol decreased depending on the increase of the 

CaSO4∙2H2O fraction to total sulfate. Besides, the amount of hygroscopic sulfate in fine particles 

was decreased by the reaction that formed CaSO4·2H2O in coarse particles which is strongly 

affected by mineral dust. Although similar results have been suggested in other studies based on 

modeling and laboratory investigations, this chapter demonstrated similar conclusions based on 

natural observation coupled with XANES spectroscopy for the speciation of sulfate in actual 

aerosol samples. 

 As a result of Ca speciation analysis of the same samples using combination of FY and 

CEY−XANES analysis, CaSO4∙2H2O fraction on the particle surface was larger than that in the 

whole particle, and vice versa for CaCO3 in coarse particles. Therefore, it was suggested that 

CaSO4∙2H2O was formed secondarily on the surface of the aerosol by reaction of CaCO3 in the 

atmosphere. Besides, CaSO4∙2H2O and CaC2O4∙H2O were identified as major species formed by 

the reaction of CaCO3, because a major Ca species in Asian dust is originally CaCO3. The CCN 

activity of Ca aerosols was not considerably changed by the reaction from the original species 

because the low hygroscopic Ca species such as CaSO4∙2H2O and CaC2O4∙H2O were major in 

particles, meanwhile high hygroscopic such as Ca(NO3)2·4H2O and CaCl2·2H2O were minor  
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Chapter 3.  

CaSO4∙2H2O formation by reaction of CaCO3 in the 

atmosphere 

 

 

This chapter has been published in the following paper: C. Miyamoto, M. A. Marcus, K. Sakata, 

M. Kurisu, and Y. Takahashi, Depth-dependent Calcium Speciation in Individual Aerosol 

Particles by Combination of Fluorescence Yield and Conversion Electron Yield XAFS Using X-

ray Microbeam, Chem. Lett. 2016, 45, 934. doi:10.1246/cl.160392 © 2019 The Chemical Society 

of Japan. All Rights Reserved. 
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3.1 Chapter introduction 

 Mineral particles are one of major component of aerosols emitted from arid and semiarid 

regions and its annual flux reaches 1000−3000 Tg yr-1 (e.g., Zender et al., 2004). They have large 

impacts on visibility, air quality, and direct and/or indirect radiative forcing (e.g., Mikami et al., 

2006; Tang et al., 2004; Usher et al., 2003). In addition, various chemical reactions related to 

various important environmental phenomena can occur on the particle surfaces in the atmosphere 

(Tang et al., 2015; Usher et al., 2003). Among them, calcite (CaCO3) is a reactive mineral 

component with acids because of their high alkaline property (Rubasinghege and Grassian, 2013). 

CaCO3 is one of major components in mineral dusts originated form arid area or desert in western 

China and Mongolia (Krueger et al., 2004; Nishikawa et al., 2000). A huge amount of mineral 

particle including CaCO3 is often emitted by Asian dust event in every spring and transported to 

North Pacific through urban area in East Asia (Kellogg and Griffin, 2006). In recent years, urban 

area in China is a significant emission source of anthropogenic SO2 derived from fossil fuel 

combustion globally (Crippa et al., 2016; Qu et al., 2016; Streets et al., 2003). Therefore, it is 

considered that CaCO3 can react with SO2 and/or sulfuric acids in the atmosphere when mineral 

dust passes through the urban area, which can alter their species. Various previous studies have 

indicated reaction of mineral particles during transportation. For example, Takahashi et al. (2009) 

analyzed calcium (Ca) species in aerosol samples collected in Aksu (near the Taklimakan Desert), 

Qingdao (urban area in eastern China), and Tsukuba (eastern Japan) during a large dust event in 

March, 2002 using Ca K-edge X-ray absorption near-edge structure (XANES) spectroscopy, or 

the structure near absorption edge in X-ray absorption fine structure (XAFS). The main Ca species 

in the spectra were CaCO3 and gypsum (CaSO4∙2H2O), and the mole ratio of CaSO4∙2H2O 

converted from CaCO3 by reaction in the atmosphere to total Ca (= measured by ion 

chromatography) were estimated. The CaSO4∙2H2O fraction determined by the bulk analysis 
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increased in the order from Aksu, Qingdao to Tsukuba. Additionally, CaSO4∙2H2O fraction was 

relatively larger near the surface of particles than that in entire particles which was confirmed by 

Ca K-edge XANES measured in (i) fluorescence yield (FY) and (ii) conversion electron yield 

(CEY) modes. FY-XANES and CEY-XANES analysis provide information of Ca species in the 

whole and at the surface of the particles, respectively. Coupling of the two modes enables us to 

compare fraction of Ca species in the whole and at the surface of the particles. Thus, these results 

suggested that CaSO4∙2H2O was formed by reaction of CaCO3 at the surface of particles during 

transport. However, this analysis using mm-size X-ray beam still has a problem, because the 

method shows average Ca species as bulk analysis of lots of particles recovered on the aerosol 

filters. This means that relatively larger ratio of CaSO4∙2H2O at particles surfaces suggested by 

CEY mode does not indicate formation of CaSO4∙2H2O at the CaCO3 surface, but the secondary 

formation of CaSO4∙2H2O can occur at surface of other particles. 

 In this chapter, X-ray fluorescence (XRF) mapping and Ca K-edge XANES 

measurement both in FY and CEY modes were conducted using a μm-size X-ray beam. This 

method, which can be referred to as depth-dependent μ-XAFS, allows Ca speciation of individual 

mineral aerosols both in the whole and at the surface of the particles, respectively. 

 

3.2 Materials and Methods 

3.2.1 Aerosol samples collected in Aksu and Qingdao 

 Particle size-fractionated samples were collected using a 9-stage Andersen-type air 

sampler (AN-200, Sibata, Japan) in Aksu and Qingdao (Fig. 3.1) during a large dust event 

recorded from 20 to 22 March 2002 in the Aeolian Dust Experiment on Climate Impact (ADEC) 

project (Mikami et al., 2006). Results of bulk chemical analysis of the major ions and Ca chemical 

species in the aerosol sample for all size stages were reported in Takahashi et al. (2009). Here, we 
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report analysis of aerosol samples with 3.3-4.7 μm particle diameter. Details of the sampling were 

shown in Table 3.1. 

 

 

 

Table 3.1. Information about the sampling. 

Sampling site Aksu Qingdao 

Location 
The Aksu Water Budget 
Experiment Station, Chinese 
Academy of Science 

Ocean University of China 

Lat/Long 40°37'N, 80°44'E 36°07'N, 120°33'E 

Height  7.0 m (above sea level) 80 m (above sea level) 

Sampling Period  15-21 March 2002 20-23 March 2002 

Temperature −2.7~ +17.9 °C +1.9~+11.0 °C 

Average Daily 

Precipitation  
0.00 mm 0.67 mm 

R.H.  14.5~59.7 % 39.4~82.1 % 

 

Fig. 3.1. Sampling site: Aksu and Qingdao are located at 40˚37’, 80˚44 and 36˚07’, 120˚33’, 

respectively. 
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3.2.2 Chemical speciation analysis in individual aerosol particles using X-ray 

microbeam 

 Micro-XRF-XAFS analysis was conducted at beamline 10.3.2 at the Advanced Light 

Source in Lawrence Berkeley National Laboratory, U.S.A (Marcus et al., 2004). Particles 

collected on the PTFE filter in the air sampler were dispersed on a carbon tape (Cat. No. 731, 

Nissin EM, Japan). To identify Ca-rich particles, μ-XRF analysis was conducted for the aerosol 

particles dispersed on the carbon tape. Mapping was performed with a beam size of 3×3 μm2 or 

5×5 μm2 for identifying 3-5 μm particles collected in the sample. Subsequently, Ca K-edge μ-

XANES spectra were measured for the Ca-rich particles using 6×6 μm2 beam. The XRF and 

XANES spectra were measured in a cell with two electrodes purged with helium, which enables 

us to measure μ-XANES in CEY mode (Girardeau et al., 1992). In addition, fluorescence X-ray 

was detected by a Canberra 7-element Ge detector (Ultra LEGe, 50 mm2 per element) through a 

thin film of aluminised Mylar used as a window of the CEY cell. The combination of FY-mode 

(probing depth: 6.5 μm) and CEY-mode (probing depth: about 0.25 μm) defined in Schroeder 

(1996) makes it possible to determine Ca species in the whole and at the surface of each particle 

(Takahashi et al., 2009, 2008a). 

 XANES spectra obtained were fitted by a linear combination of spectra of reference 

materials as reported in Takahashi et al. (2008) to estimate mole ratios of Ca species present in 

the individual particle. The least-squares fitting of the spectra was conducted using REX2000 

(Rigaku Co., Tokyo, Japan). The range of uncertainty of fitting analysis was approximately 

±15~30% with smallest and largest R value determined using Eq. (2) in Chapter 2, respectively.  
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3.3 Results and Discussion 

 The results obtained for the samples at Aksu are described first. Aksu located in western 

China close to the Taklimakan Desert, which is the main source of dust transported from the desert. 

It is expected that the degree of conversion of CaCO3 is much lower than that in eastern China 

such as in Qingdao. Bulk FY- and CEY-XANES spectra using a mm-size beam for the Aksu 

sample showed that the Ca species in the bulk samples are mainly CaCO3 and CaSO4∙2H2O 

(Takahashi et al., 2009). The CaSO4∙2H2O fractions of the bulk analysis determined by the FY- 

and CEY-modes were almost identical around 15 mole%. The fact that the CaSO4∙2H2O/ CaCO3 

ratios are identical between the two modes for the bulk sample suggested that CaSO4∙2H2O is not 

formed secondarily at the surface of the particles in the Aksu samples. The particle size as a 

possible factor to cause the difference of the mole ratios can be ignored here, because the samples 

were collected as a fraction with specific particle size (3.3-4.7 μm) by the size-fractionated 

sampling. The content of 15 mole% CaSO4∙2H2O suggested here is reasonable, considering that 

CaSO4∙2H2O is also found in sands in the Taklimakan Desert as primary minerals, but its 

concentration is much lower than that of CaCO3 (Chang et al., 2000; Honda and Shimizu, 1998). 

 Similar results were obtained by μ-XRF-XAFS for individual particles. The XRF 

mapping illustrated distribution of single particles containing Ca on the carbon tape for the same 

aerosol samples collected in Aksu (Fig. 3.2). Three particles were selected for the measurement 

of Ca K-edge XANES individually. Spectra of one particle measured by both FY- and CEY-modes 

were shown in Fig. 3.3 along with the reference spectra of CaCO3, aragonite (a polymorph of 

calcite), and CaSO4∙2H2O. The shapes of XANES spectra measured in FY- and CEY-modes were 

almost identical to the spectrum of CaCO3. The least-squares fitting considering various Ca 

species including CaCO3, aragonite, CaSO4∙2H2O, anhydrite, anorthite, dolomite, and apatite 

showed that these spectra of the aerosol samples can be fitted by assuming the two components, 
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CaCO3 and CaSO4∙2H2O.  

 Table 3.2 is mole fraction (fcal, %) of CaCO3 in the particles determined by least-squares 

fitting analysis. The fcal of Particle 1 was fcal = 86% vs. 81% in the FY- and CEY-modes, 

respectively. Similar measurements for the other two particles showed that fcal = 73% vs. 78% in 

the FY- and CEY- modes, respectively, for Particle 2, and fcal = 100% in both modes for Particle 

3. The CaSO4∙2H2O fraction is not large compared with those measured in Qingdao as described 

below. In addition, the CaSO4∙2H2O mole fractions (100- fcal %) were almost the same between 

FY- and CEY-modes, showing that CaSO4∙2H2O is not formed at the particle surface of CaCO3, 

but the two species are homogeneously mixed within the particle. These results suggested that (i) 

CaCO3 in Aksu is not subject to reaction with acids during transport and (ii) small amount of 

CaSO4∙2H2O relative to CaCO3 may be directly transported from the Taklimakan Desert. 

 

 

 

 

50 um

Particle 

1

Particle 

2

Particle 

3

Fig. 3.2. XRF-mapping of aerosol sample collected in Aksu. The sample collected on 

PTFE filter was dispersed on carbon tape employed for μ-XRF mapping, where green spots 

indicate intensity of Ca K line. Ca K-edge XANES of three particles (Particles 1 to 3) were 

measured. 
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Table 3.2. CaCO3 (calcite) fraction (fcal, %) in each particle analysed by both in the FY and CEY-

mode, which were determined by fitting analysis. Another species was CaSO4∙2H2O, the 

CaSO4∙2H2O fraction = 100−fcal (%). 

Sampling site Analysed 

particle No. 

FY-mode 

(whole of particle) 

CEY-mode 

(surface of particle) 

Aksu 1 86% 81% 

2 73% 78% 

3 100% 100% 

Qingdao 1 70% 43% 

2 88% 55% 
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Fig. 3.3. Normalized Ca K-edge XANES spectra of 

aerosol samples collected in Aksu (Ak) and the fitting line 

by least-squares fitting (dashed line). The spectra of 

reference materials (calcite (CaCO3), aragonite, and 

gypsum (CaSO4∙2H2O)) are also shown. Green dashed 

vertical line means peak top energy of CaCO3, blue one 

means peak top energy of CaSO4∙2H2O. 
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 We also applied the same methods to the individual particles collected in Qingdao 

during the dust event. The result of average CaSO4∙2H2O fraction by XANES using mm-size X-

ray beam for particles on the aerosol filter in FY- and CEY-modes (bulk analysis) were 37 mole% 

and 55 mole%, respectively, for the 3.3-4.7 μm diameter particles (Takahashi et al., 2009). This 

result suggested that CaSO4∙2H2O can be formed selectively at the particle surfaces, but it is not 

clear whether the conversion of CaCO3 to CaSO4∙2H2O occurred at the surface the particles by 

the result, because it is possible to interpret that CaSO4∙2H2O simply coated on any particles.  

 This ambiguity can be excluded using the depth-dependent μ-XAFS. The XRF mapping 

illustrated distribution of single particles containing Ca on the carbon tape for the same aerosol 

samples collected in Qingdao (Fig. 3.4). Figure 3.5 shows Ca K-edge μ-XANES spectra for one 

aerosol particle collected in Qingdao with reference spectra of CaCO3, CaSO4∙2H2O, and 

anhydrite (CaSO4). The result of μ-XANES in FY-mode showed that particles collected in 

Qingdao during a dust event consisted of CaCO3 and CaSO42H2O (Fig. 3.5). When we compared 

FY- and CEY-XANES spectra for the particle, we can find differences in the shapes of the spectra: 

the FY-XANES was similar to that of CaCO3, as seen from the shape around the peak-top. On the 

other hand, the shape around the peak top of CEY-XANES shifted to higher energy than that of 

FY-XANES and the energy of the peak top at 4040.5 eV was almost identical to that of 

CaSO42H2O. The CaCO3 fraction was fcal = 70 vs. 43 in the FY- and CEY-modes, respectively, 

for Particle 1 in Fig. 3.5.  Another particle examined showed that fcal = 87 vs. 55, respectively. 

The fitting results are shown in Table 3.2. 
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Fig. 3.4. XRF-mapping of aerosol sample collected in Qingdao. The sample collected on 

PTFE filter was dispersed on carbon tape employed for μ-XRF mapping, where red spots 

indicate intensity of Ca K line and green spots indicate intensity of Fe K line. Ca K-edge 

XANES of two particles (Particles 1 and 2) were measured. 

Fig. 3.5. Normalized Ca K-edge XANES spectra of 

aerosol samples collected in Qingdao (Qd) and the fitting 

line by least-squares fitting (dashed line). The spectra of 

reference materials (calcite (CaCO3), aragonite, and 

gypsum (CaSO4∙2H2O)) are also shown.  Green dashed 

vertical line means peak top energy of CaCO3, blue one 

means peak top energy of CaSO4∙2H2O. 
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 The results showed that the mole ratio of CaSO42H2O was larger in the CEY-mode than 

that in the FY-mode for individual particle, showing clearly that CaSO4∙2H2O was mainly formed 

at the surface of the individual aerosol particles in Qingdao. In particular, coexistence of CaCO3 

and CaSO42H2O at different ratios in the whole and at the surface of the particles in Qingdao 

suggested that CaSO42H2O was formed at the surface of the CaCO3 particle during long-range 

transport from Aksu to Qingdao. This information of the reaction occurring on each particle 

cannot be obtained using mm-size X-ray beam, because the FY- and CEY- information provides 

average Ca species in the whole and surface of various particles, respectively. 

 

3.4 Conclusion 

 The depth-dependent Ca speciation using μ-XAFS both in FY- and CEY-modes was 

applied to individual aerosol particles collected at two sites (Aksu and Qingdao), which are near 

sources of mineral dust and urban area in East Asia, respectively. The results directly showed that 

CaCO3 was subject to reaction in the atmosphere and transformation to CaSO4∙2H2O at the surface 

of individual particle in the atmosphere. This result was not clear in the reported study using bulk 

analysis. Therefore, it is expected that depth-dependent μ-XAFS will be a useful tool in future to 

understand chemical processes occurring at the surface of aerosols, or mineral dust, which is 

important to know the subsequent effects caused by aerosols in environment, such as cooling 

effect in climate change, which is related to hygroscopicity of aerosol particles. 
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Chapter 4.  

Neutralization process of CaCO3 in the atmosphere 

recorded in the aerosol particles transported and 

trapped in Greenland ice core sample related to secular 

change of SO2 emission   

 

本章については、5 年以内に雑誌等で 

刊行予定のため、非公開。 
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Chapter 5.  

Sulfate aerosols collected in Noto peninsula: estimation 

of their species, sources, reaction process, and roles for 

CCN  

 

本章については、5 年以内に雑誌等で 

刊行予定のため、非公開。 
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Chapter 6. 

General discussion and conclusions 
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6.1 Summary of this thesis 

 The estimation of indirect radiative forcing reported in IPCC has large uncertainty 

(IPCC, 2013). The uncertainty was mainly caused by discrepancy of estimation results given by 

different simulations mainly due to unknown factors in the interactions between aerosols and 

clouds. In order to understand cloud droplet formation from CCN, physicochemical properties of 

aerosols acting as CCN should be clarified (Lohmann and Feichter, 2010). Estimating the 

concentration of sulfate aerosols in modeling studies has been mostly based on (i) the emission 

of the precursor gases (e.g., SO2), (ii) the fraction of deposition amount of SO2, and (iii) the 

chemical transformation rate of SO2 to sulfate (Penner et al., 2011). The anthropogenic SO2 

emission was generally calculated from database of emission inventory by consumption of fossil 

fuel. Therefore, sulfate aerosols are uniformly treated as hygroscopic components, thereby 

difference of hygroscopicity among various sulfate species has not been taken into account.  

 This thesis aimed at clarification of size distribution and seasonal variation of sulfate 

species in aerosol in East Asia based on X-ray absorption near-edge absorption structure 

(XANES) spectroscopy with other multiple analyses. Based on the results, formation and reaction 

processes of sulfate aerosol in the atmosphere were discussed. In addition, effects of change of 

physicochemical properties of sulfate aerosol by the processes on its activity as cloud 

condensation nuclei (CNN) were also evaluated related to its influence on the indirect cooling 

effect as a radiative forcing of the climate change of the earth. The summary is as follows: 

1. As a result of speciation of sulfate in aerosols collected in Higashi-Hiroshima using sulfur 

(S) K-edge XANES spectroscopy, major sulfate species were ammonium sulfate 

((NH4)2SO4), ammonium hydrogen sulfate (NH4HSO4), hydrated SO4
2-, and gypsum 

(CaSO4∙2H2O). CaSO4∙2H2O is suggested to be preferentially formed in particles and not 

converted to (NH4)2SO4 once CaSO4∙2H2O was formed due to its high stability. Additionally, 
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Calcium (Ca) K-edge XANES analysis for bulk aerosol samples indicated that CaSO4∙2H2O 

was preferentially formed at particle surface, which suggested that CaSO4∙2H2O was 

secondarily formed by surface reaction of the particles. 

2. Ca species in aerosol particles collected near emission sources of mineral dust consisted of 

CaSO4∙2H2O and calcite (CaCO3), and the latter is a major mineral in Asian dust (Krueger et 

al., 2004; Nishikawa et al., 2000). Meanwhile, CaSO4∙2H2O fraction to total Ca became large 

at surface of particles than that of whole of particles in urban area in eastern China. 

Consequently, it was concluded that CaSO4∙2H2O was formed by surface reaction of CaCO3 

particles during its transportation in the atmosphere. 

3. CaCO3 fraction to total calcium in particles trapped in a Greenlandic ice core was larger in 

the layers corresponding to 1971, 1978, and 1987 than those to 1995 and 2004. In contrast, 

CaSO4·2H2O fraction to total calcium were larger in the latter layers (1995 and 2004) than 

those in the former layers (1971, 1978, and 1987). The increase trend of CaSO4·2H2O had a 

positive correlation with the growth of SO2 annual emission in China. Consequently, it is 

suggested that (i) CaSO4·2H2O formed by the reaction possibly in the East Asia and (ii) 

CaSO4·2H2O in aerosol formed by the reaction remains unchanged through the long range 

transportation from China to Greenland. 

4. As a result of analysis of aerosol samples collected at Noto peninsula for about one year, it 

is suggested that low hygroscopic CaSO4∙2H2O formation in coarse particles decreased 

hygroscopic sulfate in fine particles and consequently decrease CCN amount in the 

atmosphere. In addition, emission sources of sulfate in aerosol was discussed using 

[NO3
−]/[nss−SO4

2−] ratio, enrichment factor (EF) of trace elements, Pb/V ratio, and sulfur 

isotope ratio (δ34S). Consequently, discrimination diagram using δ34S and Pb/V also with 

sulfate species enable us to discuss not only the sources but also formation and reaction 
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process of the particles in the atmosphere.  

This thesis based on direct observation of aerosols pointed out the importance of sulfate speciation 

in aerosols, because CaSO4∙2H2O with low hygroscopicity was major sulfate species (Chapters 2 

and 5). The CaSO4∙2H2O was formed by reaction of CaCO3 in mineral particles with SO2 and/or 

sulfate in the atmosphere (Chapter 3), which is suggested by laboratory studies (Ma et al., 2013; 

Tang et al., 2017b). The reaction of mineral particles and sulfate has not been sufficiently 

considered in the estimation of the radiative forcing. Additionally, the results in this thesis have 

indicated that (i) CaSO4∙2H2O was preferentially formed among sulfate species depending on the 

availability of Ca2+ due to its high stability (Chapters 2 and 4), (ii) CaSO4∙2H2O was formed 

during transportation of mineral particles from East Asia which is the main reaction site of mineral 

aerosols with sulfate emitted from fossil fuel combustion in China (Chapters 2, 4, and 5), and (iii) 

the formation of CaSO4∙2H2O decreases amount of hygroscopic sulfate in fine particles (Chapter 

5). The variation of number concentrations of hygroscopic aerosols such as fine sulfates (e.g., 

(NH4)2SO4) will change the number concentration of CCN, and hence the indirect radiative 

forcing (Albrecht, 1989; Lohmann and Feichter, 2010; Twomey, 1959). 

 

 

Anthropogenic SO2

The indirect radiative forcing 

CaCO3

Acting as CCN

Mineral particles

Marine-derived SO2

Transportation,

reaction
CaSO42H2O; Gypsum

Sulfate aerosol

e.g. (NH4)2SO4 ( : 0.61)

Transportation 

Hiroshima, Noto
Aksu

(Source of mineral dust)

Qingdao
(Urban region) Greenland

Chapter 3 Chapter 2 and 5 Chapter 4

( : 0.0078)

Hygroscopic sulfate

by up to 33% to total sulfate 
(annual average: about 10%)

Fig. 6.1. Summary of this thesis. κ is hygroscopicity parameter. A larger κ value indicates higher 

hygroscopicity (Petters and Kreidenweis, 2007). 
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6.2 General discussion 

 以下、5 年以内に雑誌等で刊行予定のため、非公開。 
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