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Abstract. The sampling campaign of atmospheric aerosols (total particulate matter (TPM) and PM2.5)

was carried out in Kitakyushu, Japan. For TPM, five main sources (industrial combustion plus ship

emissions, secondary sulfates, secondary nitrates plus biomass burning, marine aerosols, and dust) were

identified in this study, accounting for 26%, 23%, 22%, 19%, and 10%, respectively. Secondary

inorganic aerosols (SIA) had the largest contribution for total particle mass concentration, and its

formation process is significantly influenced by Ox, NO2, NH3, HNO3, HCl, T, and RH. Based on the

sensitive tests of ISORROPIA II model, it can be known that controlling SIA concentrations was an

effective and realistic method to mitigate particle pollution in Kitakyushu, Japan. The inorganic aerosol

mass concentration (IAM) changed nonlinearly when we reduced TNH4+ and TSO42- concentrations,

while IAM decreased linearly when we control TNO3- concentration (the fitting curves: y = -5.11x -

13.82x2 + 9.21x3, y = -12.89x + 10.47x2, and y = -6.74x, respectively (y and x presents IAM variation

[μg·m-3] and concentration reduction ratio (CRR)/100 [dimensionless]). As the most sensitive aerosol

component, aerosol liquid water content (ALWC) was statistically and strongly related to the variations

of NO3-, Cl-, SO42-, HSO4-, HNO3, and NH3 (P < 0.05), with coefficients of 1.68, 5.23, 1.83, 2.81, 0.34,

and 0.57, respectively. In addition, the concentration level of ALWC could affect aerosol pH; the

reductions of TSO42- and TNO3- concentrations caused the obvious increase of aerosol pH, with the

fitting equations of y = 0.97x + 0.54x2 and y = 0.49x, respectively (y and x presents the inorganic

aerosol pH variation [dimensionless] and CRR/100 [dimensionless]). Only the inorganic aerosol pH

after controlling TNH4+ was lower than that in base case, and the variations of aerosol pH followed the

fitting equation of y = -0.35x - 1.50x2.

Except for particle mass concentration and aerosol pH, the risk level of toxic components for the

ecological system was also one of the parameters for atmospheric particle pollution. As compared with

coarse-mode particles, fine-mode particles are easier to adsorb harmful substances due to the higher
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surface/mass ratio; thus, the risk assessment of PM2.5-bound heavy metals were further investigated in

this study. Among 29 heavy metals, Se, Mo, Pb, As, Zn, W, Sb, Cu, V, Cr, Ni, and Cs were mainly

from anthropogenic sources, which had the EF values larger than 10, and Igeo values larger than 0. The

comprehensive ecological risk index for these 12 anthropogenic metals was far greater than 600. This

large index showed the severe metal pollution and very high ecological risk in Kitakyushu, Japan,

which should be paid great attention. The human health assessment result further revealed that children

living here faced severe non-carcinogenic risk (HI=7.8) and moderate carcinogenic risk (CR=1.2×10-4),

and oral ingestion was basically the most important exposure pathway, followed by dermal contact and

inhalation. The priority control metals included Mo, Se, As, Pb, Sb, and Cr, moreover, the

concentration-weighted trajectory analysis (CWT) indicated that Mo, Sb, and Cr were from ship

emissions because some shipping routes around Kyushu area were identified as their potential pollution

source regions, while Se, As, and Pb were carried by the air masses from Asian landmass. Overall, our

results clearly demonstrate the characteristics of atmospheric particles, providing policy makers with

basic and effective ideas for mitigating particle pollution.

Keywords: filter-pack method; pollution source; sensitive tests; anthropogenic metals; human health

risk; ship emissions.
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Chapter 1: Introduction

1.1 Overview of aerosol types, sources, and atmospheric processing

Atmospheric aerosols, also known as particulate matters, are minute particles suspended in the ambient

atmosphere, with the size range from a few nanometers to tens of micrometers in diameters (McNeill,

2017). The whole life cycle of aerosols is shown in Fig. 1-1. First, primary particles and some gaseous

pollutants could be directly emitted from a wide variety of natural and anthropogenic sources, such as

forest fire, volcanic eruption, sea salts, biomass burning, desert dust, construction activity, traffic

emission, industrial emission, incomplete combustion of fossil fuels, and biological materials (plant

fragments, pollen, micro-organisms, etc.) (Wen et al., 2018; Li et al., 2019; Duan et al., 2020; Hao et al.,

2020; Tsai et al., 2020; Behrooz et al., 2021). Then, secondary particles could be formed by the

gas-to-particle conversion in the ambient atmosphere and/or the condensation of gaseous compounds on

pre-existing particles (Hama et al., 2017; Wang et al., 2017; Kim and Zhang, 2019; Svedova et al.,

2019). Once airborne, these particles can change their size, structure, and composition by coagulating

with other particles, by chemical reactions, by condensation or evaporation of vapor species, or by

activation in the presence of water supersaturation (Seinfeld et al., 2006; Monks et al., 2009). In general,

the total particle number and mass concentrations in the lower atmosphere (troposphere) typically vary

in the range of about 102–105 cm3 and 1–100 μg·m-3, respectively (Monks et al., 2009). The

predominant chemical components of atmospheric aerosols are nitrate, sulfate, ammonium, organic

carbon, and black or elemental carbon, each of which typically contribute about 10–30% to the overall

mass load (Morakinyo et al., 2016; Liu et al., 2020; Ren et al., 2021; Shao et al., 2021; Zhang et al.,

2021).

Atmospheric particles are eventually removed from ambient air by two deposition mechanisms (dry

deposition and wet deposition) (Li et al., 2018). Dry deposition refers to the deposition of particles or
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gases from the atmosphere through the direct delivery of mass to the surface (i.e. via non-precipitation)

(Dolske and Gatzet, 1985). On the other hand, wet processes are often referred to as rain or snow

scavenging (Tai et al., 2017), with rain-scavenged particles being generally classified as ‘rainout

particles’ (serving as cloud-condensation nuclei or undergoing capture by cloud water) and as ‘washout’

(i.e. removal of below-cloud particles by raindrops as they fall) (Chate et al., 2003). Depending on

aerosol properties and meteorological conditions, the characteristic residence times (lifetimes) of

particles in the atmosphere range from hours to weeks (Pöschl, 2005; Monks et al., 2009).

Today there is a growing interest and concern in improving air quality by both the general public and

governments. These interests and concerns have prompted an important increase in atmospheric particle

pollution research, which is a complex task requiring knowledge of all the factors and processes

involved: the emission sources, the transport process, the chemical and physical transformations,

deposition mechanisms, and, finally, their effects on the environment and living beings. All these

processes must be considered from different perspectives and at several scales, both spatial and

temporal.

Fig. 1-1 Primary emissions, secondary formations, and atmospheric processing of natural and anthropogenic aerosols.
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1.2 Global particle pollution

Over the past few decades, atmospheric particle pollution has aroused great attention on a global scale.

Fig. 1-2 shows the spatial distributions of PM10 and PM2.5. As we can see that particle pollution was

most pronounced in China, India, Saudi Arabia, and some countries in northern Africa. Previous

researches have confirmed that the formation process, component distribution, and risk level of

atmospheric particles among regions vary greatly due to the difference of meteorological conditions,

precursor concentrations, atmospheric oxidation level, etc (Monks et al., 2009; Fuzzi et al., 2015;

Mukherjee et al., 2017; Hopke et al., 2020; Lim et al., 2020).

Fig. 1-2 PM10 and PM2.5 concentration levels on the global scale over 2015-2018 (Solimini et al., 2021).
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1.3 Particle monitoring in Japan

Compared with other countries, the concentration level of PM2.5 in Japan was relatively low (Khan et al.,

2010; Inomata et al., 2016; Phung et al., 2020; Ikemori et al., 2021). The Ministry of the Environment

of Japan have conducted particle monitoring for a long time. The average PM2.5 mass concentration in

Japan was about 12.5 μg·m-3 from 2015 to 2018. Among 179 monitoring sites, there were 25 sites with

the PM2.5 concentration level larger than the annual National Ambient Air Quality Standards of the

United States Environmental Protection Agency (15 µg·m-3), and the highest PM2.5 mass concentration

(20.5 µg·m-3) was observed at Kitakyushu monitoring site (Fig. 1-3). Hence, the particle pollution in

Japan still needs attention, especially in Kitakyushu City.

Fig. 1-3 PM2.5 concentration levels (µg·m-3) at 179 monitoring sites in Japan over 2015-2018 (Data source:

http://www.env.go.jp/air/osen/pm/monitoring.html).



7

1.4 Research objectives of the present study

Kitakyushu City is a well-known urbanized and industrial area in Japan, with about one million

inhabitants. The atmospheric particles in Kitakyushu City are double-influenced not only by in-country

transport but also by trans-boundary transport. The main objectives of this study are as follows: (1) to

quantify the contribution of each pollution source and distinguish the potential pollution source regions,

especially for secondary aerosol; (2) to analyze the factors driving secondary formation; (3) to assess

the calculation bias of the nitrogen oxidation rate when the presence of atmospheric HNO3 is ignored; (4)

to comprehensively assess the responses of inorganic aerosols to the reductions in precursor

concentrations; (5) to evaluate the integrated environmental risk due to the exposure of particle-bound

heavy metals, and the human health risk via oral ingestion, inhalation, and dermal contact, and (6) to

identify the high-risk metal sources and their potential pollution source regions. Our comprehensive

study about atmospheric aerosols could provide scientific reference to formulate countermeasures for air

pollution issue on aerosol.
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Chapter 2: Sources, species and secondary formation of atmospheric aerosols and gaseous

precursors

2.1 Introduction

Atmospheric aerosols are complex pollutants that can be classified as primary aerosols and secondary

aerosols and not only affect the radiation budget and climate through cloud formation processes but also

cause human health risks due to exposure to toxic components (Kanniah et al., 2016; Pietrogrande et al.,

2018; Zhang et al., 2019b). Primary aerosols are directly emitted from natural and anthropogenic

sources, while secondary aerosols are formed through gas-to-particle conversion, in a process that can

be accomplished by either condensation, which adds mass to pre-existing aerosols, or direct nucleation

from gaseous aerosol-forming precursors (Hama et al., 2017; Wang et al., 2017; Kim and Zhang, 2019;

Svedova et al., 2019). In Japan, transboundary aerosol pollution can strongly influence air quality, with

a large fraction of the primary and secondary aerosols originating from the Asian landmass, where

significant emission sources, such as mineral particles from arid or semiarid regions and anthropogenic

aerosols and gaseous precursors arising from fossil fuel combustion and vehicle emissions, exist (Khan

et al., 2010; Takahashi et al., 2010; Moreno et al., 2012; Kaneyasu et al., 2014; Inomata et al., 2016). In

addition, many researchers have clarified that secondary aerosols play a dominant role in severe particle

pollution events, now having become an important particle pollution source in Japan and abroad (Khan

et al., 2010; Inomata et al., 2016; Kong et al., 2018; Ng et al., 2019; Roger et al., 2019; Wang et al.,

2019).

Due to the complex photochemical and aqueous reactions that take place in the atmosphere, the

secondary formation process can be influenced by and related to a variety of factors. Wang et al. (2019)

showed that SO42-, NO3-, and NH4+ (SNA) contributed to the largest fraction of atmospheric aerosols

and had a strong positive relationship with gaseous precursors, especially nitrogen oxides (NOx), sulfur
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dioxide (SO2), and ammonia (NH3). Wen et al. (2015) investigated the important roles of NH3 and O3

on the elevated concentration of fine particulate nitrate. Fu et al. (2015) and Jiang et al. (2019) indicated

that aerosol pH is a significant parameter for acidity-dependent heterogeneous reactions on aerosol

surfaces, such as the oxidation of SO2 and the hydrolysis of N2O5. Xu et al. (2017) and Svedova et al.

(2019) concluded that meteorological conditions play a crucial role in the transformation of atmospheric

aerosols. More specifically, variations in wind direction, wind speed, and temperature can drive the

horizontal transport and vertical dispersion of atmospheric aerosols and gaseous precursors. Relative

humidity also has significant positive correlations with the concentrations of SNA, especially for

particles in the size range of 0.606 to 2.48 μm, and a high relative humidity can create conditions that

are favorable for aqueous reactions and more easily accelerate the formation of secondary inorganic

aerosols (Deshmukh et al., 2011; Svedova et al., 2019). Further, the influence of relative humidity on

aerosol liquid water content has been investigated (Xue et al., 2014; Kong et al., 2018; Wang et al.,

2019). As the relative humidity increases, the hygroscopic effect from the surrounding environment on

aerosols is increased, causing a significant change in the particle size distribution, due to water uptake,

and the optical property of the atmospheric aerosols, which affects the scattering and absorption of solar

radiation; as a result, the aerosol liquid water content increases accordingly, promoting the dissolution

of gaseous precursors and further reactions to form stable aerosol species (McMurry and Wilson, 1983;

Kitamori et al., 2009; Tan et al., 2017; Wang et al., 2019). Although many researchers have analyzed

the specific relationship between the concentration of SNA and several important factors, few studies

have explored secondary aerosol formation with a focus on the comprehensive influence of related

factors, even though the inner mechanisms are worth investigating.

In the present study, year-round, daily observation of atmospheric particles and gaseous precursors

was carried out in Kitakyushu City on the western edge of Japan by using the filter-pack (FP) method.
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The FP method can simultaneously provide useful information regarding atmospheric particles and

gaseous precursors (nitric acid (HNO3), hydrochloric acid (HCl), sulfur dioxide (SO2), and ammonia

(NH3)), and thus it is frequently used all over the world (Hong et al., 2002; Aikawa et al., 2013; 2016).

In contrast, sampling and the following chemical analyses must be carried out manually, which is a

time-consuming and laborious process. As a consequence, few datasets based on the FP method and

utilizing daily recording for a long period of time, such as one year, have been reported. In this study, by

combining precious observational data collected by using the FP method with some statistical and/or

thermodynamic model analyses, we set the objectives as follows: (1) to investigate the concentration

level of atmospheric particles and gaseous precursors, (2) to quantify the contribution of each pollution

source and distinguish the potential pollution source regions, especially for secondary aerosols, and (3)

to analyze the factors that drive secondary formation. To achieve these objectives, source diagnosis

combined with positive matrix factorization (PMF) and concentration-weighted trajectory (CWT)

analysis was applied to evaluate the contribution of secondary sulfates and secondary nitrates, as well as

to clarify corresponding transport pathways and potential pollution source regions (Tan et al., 2014; Li

et al., 2017; Taghvaee et al., 2018; Zhong et al., 2018; Yamagami et al., 2019). Then, multiple

regression analysis was performed to further explore the inner mechanisms of the secondary formation

process and their factors of influence (Wang et al., 2019). Among the factors of influence, aerosol liquid

water content and aerosol pH were difficult to measure directly; hence, Extended Aerosol Inorganic

Model III (E-AIM-III) was employed to estimate these two factors (Silvern et al., 2017; Jia et al., 2018).

Simultaneously, ISORROPIA II, a thermodynamic equilibrium model, was also used to assess the

gas-to-particle conversion process for the year-round observation dataset (Tang et al., 2016; Tan et al.,

2017; Kong et al., 2018; Roig Rodelas et al., 2019). The findings of this work could provide valuable

field measurement-based evidence regarding the significant contributions and inner mechanisms of
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secondary aerosol pollution, which could be adopted as the important basis for policy-maker to mitigate

particle pollution.

2.2 Experimental

2.2.1 Filter-pack method observations

2.2.1.1 Sampling site and period

Air sampling was carried out from the rooftop (18 m above the ground) of the Hibikino Campus of the

University of Kitakyushu (33.89° N, 130.71° E) from March 2017 to February 2018. Our sampling site

is in the suburb of Kitakyushu City, as illustrated in Fig. 2-1. Kitakyushu City is (1) one of the most

urbanized cities in Japan with a population density of more than 961,000 people/492 km2, (2) one of the

largest industrial cities in Japan, which mainly focus on heavy industries such as steel manufacturing

and chemical industry, (3) an important transport hub for traffic between Honshu and Kyushu, and (4)

on the western edge of Japan, being located on the forefront of transboundary transportation from the

Asian landmass. The atmospheric particles around the sampling site were double-influenced by

in-country transport and trans-boundary transport, such that their complex emission sources were worth

in-depth investigation. In addition, the secondary aerosol studies in a suburban area of Japan are

insufficient, and in particular, the available information on the secondary formation process and the

potential pollution source regions remains rather limited. Thus, this study has the potential to help

policy makers to mitigate particle pollution, especially secondary aerosol pollution.
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Fig. 2-1 Location of the sampling site.

2.2.1.2 Sample collection and chemical analysis

Atmospheric particles and gaseous compounds (SO2, HNO3, HCl, and NH3) were simultaneously

collected on a daily (noon-noon) basis by using the four-stage filter-pack method (1st to 4th stage: PTFE

filter, polyamide filter, 6% K2CO3/2% glycerin-impregnated filter, and 5% H3PO4/2%

glycerin-impregnated filter). After sampling, the filters were extracted using 20 mL of ultrapure water

and 30 minutes of shaking at room temperature. After filtering, the extracted solutions were used to

measure eight water-soluble ions (Na+, NH4+, K+, Mg2+, Ca2+, Cl-, NO3-, and SO42-) by ion

chromatography (Thermo ScientificTM DionexTM Integrion Thermo Fisher Scientific Inc., Waltham, MA,

USA). More detailed information regarding the sampling methodology and chemical analysis is given

in previous research (Aikawa et al., 2005; 2010; 2013; 2016; 2017a). In addition, the concentrations of

other air pollutants (Ox, SO2, NO2, SPM, and PM2.5) and meteorological data (temperature, relative



17

humidity, wind speed, and wind direction) during the corresponding period were obtained from the

monitoring station (ca. 1.5 km from the sampling site) managed by the Kitakyushu City local

government.

2.2.1.3 Quality assurance (QA) and quality control (QC)

To ensure the quality of the data, the pretreatment, sampling collection, and subsequent analysis were

conducted entirely in accordance with strict QA and QC procedures. The sampling flow was calibrated

regularly, and standard curves were constructed during each bath of analysis to retain the correlation

coefficients at values greater than 0.995 for every ion. The filter blanks were measured together with

samples and subtracted from the results. In addition, the quality of the aerosol components data was

assessed by ion balance (R1) and conductivity balance (R2) (Fig. S1). Any sample solutions in which

the R1 or R2 was not within the acceptable range were analyzed again by ion chromatography.

Moreover, we also compared the gases (SO2, HNO3, HCl, and NH3) collected by four-stage filter-pack

method with those obtained from the nearby monitoring station or measured by another device at the

same sampling site. The time variation trends of these gaseous precursors measured by different

instruments agreed well (Fig. S2), with the R2 values being larger than 0.8, further confirming the

analytical accuracy of the method and data reliability.

2.2.1.4 Calculation of sea-salt and non-sea-salt species

The concentrations of sea-salt and non-sea-salt species were evaluated based on the Na+ concentration,

assuming that only sea salt contributed to Na+ in the sample (Aikawa et al., 2016; 2017a). The original

data were further classified into 16 variables, which included the sea-salt components (Na+, ss-Cl-,

ss-SO42-, ss-K+, ss-Mg2+, and ss-Ca2+) and non-sea-salt components (nss-SO42-, NO3−, NH4+, nss-K+,

nss-Mg2+, and nss-Ca2+) of the atmospheric particles and their gaseous precursors (HCl, HNO3, NH3,

and SO2) (The detailed composition information of seawater was shown in Table S1).
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2.2.2 Statistical analysis and model calculation

2.2.2.1 Pearson’s correlation analysis

The statistical calculations in this study were performed using IBM SPSS Statistics 20.0. The

Pearson’s correlation coefficient can be used to show the strength of the linear relationship between two

variables (Jiang et al., 2019). The calculations are expressed as follows:
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where Cov(vi, vj) is the covariance of two variables, and Std(vi) and Std(vj) are the standard deviations

of the ith and jth variables, respectively.

2.2.2.2 Hierarchical cluster analysis

To identify the sources of the atmospheric particles and gaseous precursors, hierarchical cluster analysis

(HCA) was performed using the squared Euclidean distance (SED) as the dissimilarity metric and

Ward’s distance (WD) as the linkage method. The calculations of SED and WD are expressed as

follows:
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where Xik denotes the kth sample concentration that is measured for variable i, Xjk is the kth sample

concentration that is measured for variable j, a and b are the centroids of clusters A and B, respectively,

and nA and nB are the frequencies of clusters A and B, respectively. The result was depicted in a

dendrogram, which can show similarities and potential correlations among the variables. Specifically,

the variables with similar properties were classified as a category, and the two categories with the
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highest degree of similarity were merged to form a new category. The shorter the distances between the

branches, the more significant the association (Chen et al., 2016; Mesquita et al., 2016; Zhong et al.,

2016; Pietrogrande et al., 2018; Govender and Sivakumar, 2020).

2.2.2.3 Positive matrix factorization (PMF)

PMF is an effective source apportionment receptor model that does not require the source profiles prior

to analysis and has no limitation on source numbers (Tan et al., 2014; Taghvaee et al., 2018; Zhong et

al., 2018). In this study, PMF was utilized to quantify not only the proportions of the main pollution

sources but also the daily contribution concentration of each source. The input data included the original

data matrix, which consisted of the concentrations of 16 variables in each sample, and the uncertainty

data matrix, which was calculated as below:

22 )05.0()( ijjij XSDCU  , (2-4)

where Uij is the data uncertainty, Cj is expressed as the uncertainty proportional coefficient of the jth

variable, SD is the standard deviation of the dataset of the corresponding variable, and Xij is every

particular concentration value in the original data matrix (Prendes et al., 1999; Zhang et al., 2019a).

2.2.2.4 HYSPLIT model and concentration-weighted trajectory (CWT)

The air parcel backward trajectories were computed by the Hybrid Single-Particle Lagrangian

Integrated Trajectory (HYSPLIT) model in TrajStat Software based on GDAS data from the National

Oceanic and Atmospheric Administration (Li et al., 2017; Zong et al., 2018; Yamagami et al., 2019). In

this study, 48-hour backward trajectories were generated, in which the arriving height and start hour

were 1000 m and 15:00 (UTC), corresponding to 0:00 (JST (Japan Standard Time)), respectively (Fig.

S3). Therefore, a total of 365 backward trajectories were obtained in this study. Adding the daily

concentration data of each pollution source identified by PMF to the corresponding daily trajectories,

the CWT values can be calculated as follows:
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where Cij is the average weighted concentration in the ijth cell, l is the index of the trajectory, M is the

total number of trajectories, Cl is the concentration observed on the arrival of trajectory l, and ijl is

the time spent in the ijth cell by trajectory l. A high value for Cij implies that air parcels traveling over

the ijth cell would be, on average, associated with high concentrations at the receptor.

2.2.2.5 Sulfur oxidation rate and nitrogen oxidation rate

The sulfur oxidation rate (SOR) and nitrogen oxidation rate (NOR) are often used to evaluate the degree

of secondary formation from SO2 and NO2 to SO42- and NO3- in the atmosphere (Zhou et al., 2016; Xu et

al., 2017; Svedova et al., 2019). The calculations are expressed as follows:
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where SOR quantifies the degree of sulfur oxidation and is defined as the ratio of sulfate to total sulfur

(sulfate plus sulfur dioxide), NOR quantifies the degree of nitrogen oxidation as the ratio of nitrate to

total nitrogen (nitrate plus nitrogen dioxide), and n refers to the molar concentration and has a unit of

μmol·m-3.

2.2.2.6 Multiple regression analysis

Multiple regression analysis (MRA) is a widely used method for interpreting the dependence of a

response variable on several independent variables to obtain a linear input-output model for a given

dataset (Tan et al., 2016; Wang et al., 2019; Yuchi et al., 2019). The MRAmodel can be expressed as:

pp22110 xβ...xβxββy  , (2-8)

where y is the concentration of secondary sulfate or secondary nitrate, x1, x2,…xp refer to the relevant
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driving factors, β0 is the constant value of the regression equation, and β1, β2,…βp are regression

coefficients.

2.2.2.7 ISORROPIA II model and E-AIM model

ISORROPIA II was used to predict the equilibrium partitioning of the atmospheric inorganic

components in the gas phase, the aerosol solid phase, and the aerosol aqueous phase (Tang et al., 2016;

Tan et al., 2017; Kong et al., 2018; Nakahara et al., 2019; Roig Rodelas et al., 2019; Wang et al., 2019).

According to the agreement level between observed data and simulated data, the forward mode and

metastable state were finally chosen in the ISORROPIA II model (Karydis et al., 2010; Sudheer and

Rengarajan., 2015). In addition, the Extended Aerosol Inorganic Model (E-AIM)-III was run in open

mode to estimate the aerosol pH and aerosol liquid water content (ALWC) with the input data of the

concentrations of SO42-, NO3-, NH4+, Na+, and Cl- in the aerosol phase and NH3 in the gas phase (Silvern

et al., 2017; Jia et al., 2018).

2.3 Results and discussion

2.3.1 Seasonal variation

During the entire sampling period, the average mass concentration of water-soluble ions (WSIs), i.e.,

the mean of the sum total of WSI concentrations, was 14.4 μg·m-3, and SNA contributed to 68% of the

WSIs, suggesting that secondary formation was the main pollution source of atmospheric particles in

suburban Japan. To be specific, the mass concentrations of SO42-, NO3−, and NH4+ were 4.9 μg·m-3, 3.2

μg·m-3, and 1.6 μg·m-3, respectively. The SO42- mass concentration presented a seasonal variation

similar to that of suspended particulate matter (SPM; 100% cut-off diameter, 10 μm) with a decreasing

order of spring > summer > autumn > winter. In contrast, the seasonal variations of the NO3− and NH4+

mass concentrations were similar to that of the PM2.5 mass concentration, and as shown in Fig. 2-2,

those contributions were greater in spring and winter and lower in summer and autumn. Pearson’s
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correlation analysis (Table 2-1) also indicated consistently that the correlation coefficient of SO42- with

SPM (0.45) was greater than that with PM2.5 (0.40), whereas both NO3- and NH4+ had higher positive

correlation coefficients with PM2.5 than with SPM (p < 0.01). These phenomena revealed that NO3- and

NH4+ were easily concentrated in fine particles, while relatively larger fractions of SO42- could be

combined with coarse particles, chiefly with the chemical form of CaSO4 in the aerosol solid phase.

Sulfates, such as ammonium sulfate ((NH4)2SO4) and/or ammonium hydrogen sulfate (NH4HSO4), are

generally understood to exist in the atmosphere as fine particles (Makar et al., 2009; Yin et al., 2018).

Our finding regarding the chemical form of sulfates is quite interesting, thus we will discuss these

findings quantitively and in more detail in section 2.3.3.3. Combining the seasonal variations in these

air pollutants with the meteorological conditions could provide us with a further indication that the

winds from the northwest were dominant in spring and had relatively high speeds; hence, transboundary

transports occurred easily, and air masses from the Asian landmass could carry high concentrations of

air pollutants into the sampling site, causing the most severe pollution in the spring (Hayami, 2005;

Khan et al., 2010; Moreno et al., 2012; Inomata et al., 2016; Aikawa et al., 2017a). In addition, three

gaseous precursors (SO2, NO2, and NH3) did not show good agreement with the seasonal variation of

each corresponding ion in the particles in this study, which revealed that the emitted amounts of SO2,

NO2, and NH3 were not the only primary factors that could affect the gas-to-particle conversion process;

therefore, mechanisms of secondary formation are worth in-depth investigation.
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Fig. 2-2 Seasonal variation of air pollutants and meteorological conditions

Table 2-1 Pearson’s correlation analysis among PM2.5, SPM, and SNA

Species SO42- NO3- NH4+

PM2.5 0.40** 0.42** 0.38**

SPM 0.45** 0.24** 0.32**

Note: **significant level at p < 0.01

2.3.2 Source analysis

To better evaluate the interrelationships among particle components and gaseous precursors,

hierarchical cluster analysis and Pearson’s correlation analysis were combined. As shown in Fig. 2-3,

the results indicated that 16 variables were classified and merged into four distinct clusters. The first

cluster mainly included sea-salt components (ss-Cl-, ss-SO42-, Na+, ss-Mg2+, ss-K+, and ss-Ca2+), which

can be explained as the influence of marine aerosols. Except for these six components, gaseous HCl was

also classified into the first cluster and had the highest Pearson’s correlation coefficient (0.42) with

ss-Cl-, indicating that most of the gaseous HCl was from a natural source, namely, the release of Cl-

from marine aerosols (Aikawa et al., 2017b; 2018). The second cluster consisted of NO3-, nss-SO42-,

NH4+, and nss-K+. Specifically, NO3- and nss-SO42- were primarily derived from a secondary formation
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process, and NH4+ had a strong positive correlation with nitrate (0.62) and sulfate (0.82), indicating that

NH4+ was more easily combined with nss-SO42- as a major counter cation. The third cluster was

composed of nss-Mg2+ and nss-Ca2+; these are the basic constituents of soil, rock, and sand and had

relatively high correlation coefficients with NO3- (0.49 and 0.57, respectively), revealing that these two

chemical components were likely from the same transport pathway as NO3-. In contrast to the other

three clusters, Cluster 4 consisted of three gaseous components (HNO3, NH3, and SO2).

Fig. 2-3 Heatmap with Pearson’s correlations between the 16 variables studied throughout the total sampling period

To further quantify the source contributions and identify potential pollution source regions, PMF and

CWT analyses were performed (Figs. 2-4 and 2-5). The first source (S1) was characterized by the high

loading of SO2. Coal and oil combustion played a key role in the release of SO2 into the atmosphere.

Moreover, CWT analysis indicated that the potential pollution source regions of S1 were the industrial

area around Kyushu, Japan, and some shipping routes between the Kyushu area and the Pacific Ocean

(around the western edge of the enclosed sea area (the Seto Inland Sea)). Thus, this source could be
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explained as a domestic/vicinal pollution source (industrial combustion plus ship emissions). By

combining this information with wind roses for the four seasons (Fig. 2-2), it can be seen that wind

from the southeast that passed through the potential pollution source regions of S1 had the highest

frequency in spring, followed by autumn; hence, S1 had high contribution concentrations in spring (7.3

μg·m-3) and autumn (5.7 μg·m-3). The second source (S2) presented secondary sulfates based on high

contributions of nss-SO42- and NH4+. Moreover, gaseous pollutants (HNO3 and NH3) were enriched in

this source. The origins of the secondary sulfates observed in Japan can be classified as having arrived

via in-country transport and transboundary transport. Aikawa et al. (2017a) showed that secondary

sulfate from the eruption of Sakurajima volcano and/or Aso volcano in the Kyushu area reached Kobe,

Japan (ca. 420 km east of the current study site) by in-country transport, strongly indicating that such

in-country loading was observed in this study in addition to the oxidation of SO2 from the first source

(industrial combustion and ship emissions). Meanwhile, the secondary sulfate arriving through

transboundary transport originated from the coastal cities of Eastern China, as shown in Fig. 2-5. In

addition, S2 had the highest contribution concentration in summer (6.7 μg·m-3) (Fig. 2-4), which can be

attributed to the combination of local SO2 emissions and more active oxidation to SO42- due to the high

relative humidity, high temperature, and low wind speed (weak horizontal transport) (shown in Fig. 2-2).

The third source (S3) was a mixed source, including secondary nitrates and biomass burning. The

potential pollution source region of S3 was northwest of the sampling site, namely, Mongolia and

Northern China. The dominant wind directions in spring and winter were mainly from the WNW

(west-northwest) and NW (northwest), passing through the potential pollution source regions of S3;

thus, this source had the highest contribution in spring and winter (6.3 μg·m-3), and low influence in

summer (2.8 μg·m-3) and autumn (3.7 μg·m-3) (Fig. 2-4). The fourth source (S4) was closely associated

with sea-salt components (Na+, ss-Cl-, ss-SO42-, ss-K+, ss-Mg2+, and ss-Ca2+) and could be interpreted as
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marine aerosols. Moreover, the concentration of marine aerosols in autumn (5.9 μg·m-3) was obviously

higher than those in the other three seasons. From Fig. 2-2, in autumn, the air masses from the northeast,

which passed through the Sea of Japan, and the southeast, which passed through the Pacific Ocean, had

the highest frequencies, while the wind speed from the northeast was higher than that from the southeast.

Hence, the air masses from the Sea of Japan would be able to carry more marine aerosols to the

sampling site, consistent with our CWT results, namely, that the Sea of Japan was the main potential

pollution source region of S4 (Fig. 2-5). In particular, on October 22 and 23, under the influence of a

typhoon in Japan, the transport pathways of air masses passed through the Sea of Japan, and the wind

speeds were high, with maximum momentary wind velocities reaching 19.7 m/s and 16.3 m/s,

respectively; thus, marine aerosols became the largest pollution source on these two days, and the

concentrations of Na+ and Cl- in the atmospheric particles accounted for more than 80% of the total

water-soluble ions. The last source (S5) was dust (soil dust and desert dust) with typical crustal

components, such as nss-Ca2+ and nss-Mg2+, and had the same potential pollution source regions as the

secondary nitrates (northwest of the sampling site), as shown in Fig. 2-5. The air masses in spring

carried the highest concentrations of desert dust from the Asian landmass to the sampling site through a

long-distance atmospheric transportation process, which caused severe particle pollution, especially on

May 7 and 8. Nitrate was presumably associated with an interaction between dust and anthropogenic air

pollution during the transportation process (Li et al., 2012; Klingmüller et al., 2019). Overall, five main

sources (S1–S5) were identified in this suburban area of Japan: industrial combustion plus ship

emissions, secondary sulfates, secondary nitrates plus biomass burning, marine aerosols, and dust, with

average contributions of 26%, 23%, 22%, 19%, and 10%, respectively. Comparing the key variables of

the four clusters (Fig. 2-4), we concluded that PMF and HCA produced consistent results, with S1, S4,

and S5 corresponding to Cluster 4, Cluster 1, and Cluster 3, respectively. Cluster 2 (secondary aerosols
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and biomass burning) was further divided into secondary sulfates (S2) and secondary nitrates plus

biomass burning (S3) by PMF.

Fig. 2-4 The five source profiles (left) and daily contribution concentrations of each identified source and average values for

the four seasons (right)
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Fig. 2-5 CWT maps of the five sources and transport pathways of air masses in the extreme events (Oct. 22-23 and May 7-8)

by TrajStat software

2.3.3 Secondary formation process

2.3.3.1 SOR and NOR

SOR and NOR are direct parameters for evaluating oxidation and secondary formation events in the
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atmosphere. In this study, the SOR and NOR values were larger than those in previous research (Zhou

et al., 2016; Xu et al., 2017; Svedova et al., 2019), suggesting that secondary formation is the most

significant cause of particle pollution at the sampling site. SOR had the highest value in summer (0.58),

followed by autumn (0.50), spring (0.48), and winter (0.42), while NOR did not present any obvious

seasonal variations, with values of approximately 0.14. In fact, Eq. (2-6) and Eq. (2-7), which were

routinely adopted in previous studies, offered disadvantages for evaluating SOR and NOR. First, the

influence of marine aerosols could not be overlooked, especially at our sampling site; thus, the presence

of ss-SO42- in Eq. (2-6) (n(SO42-)) may cause the overestimation of SOR. For Eq. (2-7), previous

research did not take HNO3 into consideration because HNO3 determination is generally difficult;

however, HNO3 was also transformed from NO2, which may cause the underestimation of NOR. In this

study, HNO3 data could be obtained by adopting the four-stage filter-pack method; hence, to evaluate

SOR and NOR more accurately, the original calculations were modified as follows:
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As expected, the modified SOR was lower than the original SOR; however, the difference was small,

and the modified SOR presented a similar seasonal variation with the decreasing order of summer (0.58)

> autumn (0.49) > spring (0.47) > winter (0.41). Moreover, the modified SOR was distributed in nearly

the same manner as that of the original SOR under the influence of RH and T, as illustrated in Fig. 2-6a

and c. The SOR basically increased with the simultaneous growth of the relative humidity and

temperature, and the highest value of SOR appeared at a relative humidity that was higher than 70% and

a temperature greater than 16°C. For NOR, the modified NOR showed an obvious seasonal variation,

with the highest value in summer (0.22), followed by spring (0.19), winter (0.17), and autumn (0.15).
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This result was different from the variation of the original NOR, further confirming a clear and

significant underestimation of the nitrogen oxidation rate, based on Eq. (2-7), especially at a relative

humidity lower than 60% and temperature greater than 16 °C (Fig. 2-6b and d). This phenomenon may

be related to gas-particle partitioning among NH3, HNO3, and NH4NO3; a higher temperature and lower

relative humidity generally favor partitioning into the gas phase (Watson, et al., 1994; Schiferl, et al.,

2016), ultimately leading to a significant increase of the HNO3 concentration.

Fig. 2-6 Impacts of temperature and relative humidity on SOR and NOR. The color scale in the legend represents the values

of SOR and NOR.

2.3.3.2 Factors of influence

Under complex and variable atmospheric conditions, multiphase chemical reactions are frequently

applied between atmospheric particles and gaseous precursors. The formation of secondary aerosols is
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significantly influenced by many factors, such as the concentrations of photochemical oxidants and

gaseous precursors, ambient temperature, relative humidity, etc. (Biswas et al., 2008; Wen et al., 2015;

Jiang et al., 2019; Wang et al., 2019). To investigate the comprehensive impacts of these factors of

influence on secondary aerosols, multiple regression analysis was performed by SPSS (Table 2-2), and

the functions among the secondary aerosol concentration and factors of influence can be described as

follows:

)01.0,81.0(03.003.057.134.315.002.009.070.9][ 2
3322  PRRHTHClHNONHNOSOOSS x , (2-11)

)01.0,72.0(04.024.044.226.002.106.008.077.52][ 2
3322  PRRHTHClHNONHNOSOOSN x . (2-12)

where [SS] and [SN] are, respectively, the contributed concentrations (μg·m-3) of the secondary sulfate

and secondary nitrate provided by PMF. The third source estimated by the PMF model was, in fact, a

mixed source, including secondary nitrate and biomass burning; however, the influence of biomass

burning was ignored in this analysis because of the far lower concentration of nss-K+ compared with

NO3- and NH4+ (Fig. 2-4). The relationships between the secondary aerosols and eight factors of

influence were linear, with high R2 values. Except for two parameters (NH3 and RH), the opposite signs

in the regression coefficients for the influencing factors in Eqs. (2-11) and (2-12) revealed that the inner

formation mechanisms of secondary sulfates and secondary nitrates were distinct. Considering the

significant level of each factor of influence (Table 2-2), only three factors of influence would be

important driving factors for secondary sulfates. Specifically, HNO3 and RH presented positive relations,

while HCl showed a negative relation with the formation of secondary sulfate (p < 0.01). HNO3 could

accelerate the formation rates of sulfuric acid-ammonia clusters, acting as a “bridge” connecting the

smaller and larger clusters (Liu et al., 2018). A high relative humidity could cause a significant size shift

in the atmospheric particles and the promotion of aerosol hygroscopic growth, further enhancing

secondary formation (Tan et al., 2017; Tian et al., 2018; Wu et al., 2018), while the negative relation of
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HCl to secondary sulfate formation was closely related to the aging reactions of marine aerosols. The

long-range transport of anthropogenic pollutants (SO2, NOx, organics, etc.) and their interactions with

sea-salt particles often suppress the hygroscopic growth of marine aerosols, which is unfavorable for the

secondary formation process (Boreddy and Kawamura, 2016). In addition, SO2, as an important

precursor, was not significantly related to secondary sulfate, which is due to the low oxidation rate of

SO2 to SO42-. The formation mechanism of secondary nitrate was different and significantly more

complicated compared with that of secondary sulfate. The factors of influence, except SO2 and HNO3,

significantly impacted the formation of secondary nitrate. Ox, NO2, NH3, HCl, and RH had positive

relations, while only T had a negative relation (p < 0.01), revealing that the secondary nitrate produced

via the heterogeneous reaction of N2O5 might be significant in this suburban area of Japan. To be

specific, NO2 was first oxidized by O3, being the main components of Ox (Xu et al., 2018), to form

N2O5 (Wen et al., 2015; Ge et al., 2017), after which time the heterogeneous hydrolysis of N2O5 easily

occurred under the low temperature and high relative humidity (Ge et al., 2017). Then the neutralization

process of NH3 and the aging process of marine aerosols (chloride depletion in sea-salt particles) further

enhanced the accumulation of NH4NO3 and NaNO3 in the aerosol phase (Wen et al., 2015; Li et al.,

2016; Ge et al., 2017). In addition, NH4NO3 was unstable, causing equilibrium shifts to gaseous HNO3

and NH3 under a high temperature and low relative humidity (Wen et al., 2015).
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Table 2-2 Multiple regression results for equations (2-11) and (2-12)

Model 1 Unstandardized Coefficients Standardized Coefficients
t Sig.

Response variable Independent factors β Std. Error Beta

SSa/μg·m-3

Oxc/ppm -9.70 12.07 -0.06 -0.80 0.42

SO2/μg·m-3 0.09 0.06 0.08 1.53 0.13

NO2/μg·m-3 -0.02 0.02 -0.06 -0.91 0.36

NH3/μg·m-3 0.15 0.29 0.04 0.52 0.60

HNO3/μg·m-3 3.34 0.20 0.80 16.71 0.00

HCl/μg·m-3 -1.57 0.47 -0.22 -3.36 0.00

T/°C 0.03 0.03 0.09 1.05 0.29

RH/% 0.03 0.01 0.35 3.13 0.00

SNb/μg·m-3

Oxc/ppm 52.77 13.29 0.36 3.97 0.00

SO2/μg·m-3 -0.08 0.06 -0.09 -1.35 0.18

NO2/μg·m-3 0.06 0.02 0.26 2.98 0.00

NH3/μg·m-3 1.02 0.32 0.28 3.21 0.00

HNO3/μg·m-3 -0.26 0.22 -0.07 -1.20 0.23

HCl/μg·m-3 2.44 0.51 0.37 4.75 0.00

T/°C -0.24 0.03 -0.76 -7.31 0.00

RH/% 0.04 0.01 0.44 3.22 0.00

Note SSa: Secondary sulfate; SNb: Secondary nitrate; Oxc: photochemical oxidants which mainly include ozone and

peroxyacetyl nitrate (Xu et al., 2018); The t-value and corresponding p-value are denoted as the "t" and "Sig."

2.3.3.3 Thermodynamic equilibrium model calculation

Gas-particle partitioning significantly influences secondary aerosols and is effectively governed by

equilibrium thermodynamics, gas-particle mass transfer kinetics, and heterogeneous chemical reactions

(Nakahara et al., 2019). In this study, ISORROPIA II was mainly used to predict the concentrations of

existing species in the gas phase, aerosol solid phase, and aerosol aqueous phase at chemical

equilibrium with the comprehensive observation data provided by the four-stage filter-pack method.
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Few to no studies have predicted the concentrations of chemical forms based on the comprehensive

observation of aerosols and their gaseous precursors. As shown in Fig. 2-7, ALWC derived from

ISORROPIA II and E-AIM-III agreed well with the R2 value of 0.97 and the slope of 1.00, revealing

that the simulation results of ISORROPIA II/E-AIM-III reliably reinforced each other. The results of

gas-particle partitioning (Fig. 2-7) showed that the gaseous NH3, HCl, and HNO3 concentrations in this

suburban area of Japan were 1.8, 1.1, and 1.1 μg·m-3, respectively, with the R2 values between the

simulated and observed concentrations of these gases at higher than 0.78. In addition, the total

atmospheric particle mass concentration, namely, the total concentration of all components in both the

aerosol solid phase and the aerosol aqueous phase, was 32.7 μg·m-3. In comparison with our observation,

the aerosol solid phase only contributed 7% of the total particle mass concentration, being attributed to

CaSO4. Furthermore, the aerosol aqueous phase accounted for the largest proportion (93%), and ALWC,

as an efficient medium for secondary formation (Wu et al., 2018), had the highest contribution

concentration (19.2 μg·m-3), followed by NO3- (3.2 μg·m-3) and SO42- (3.1 μg·m-3), comprising 59%,

10%, and 9% of the total particle mass concentration, respectively. Moreover, in the aerosol aqueous

phase, the molar ratio of ammonia to sulfate (n(NH4+)/n(SO42-), where n(X) is the molar concentration

of component (X), was 2.69, and the concentration of HSO4- was extremely low, ranging from 0 to 0.1

μg·m-3 (Fig. 2-7), indicating that aqueous sulfate could be completely neutralized by ammonium with

the main chemical form of (NH4)2SO4. The particle neutralization ratio

(PNR=n(NH4+)/(2n(SO42-)+n(NO3-)) (0.62) was less than 1, and the aerosol pH determined by

E-AIM-III model was approximately 3.3, which revealed that the ammonium could not fully neutralize

the nitrate, thus the aerosols were acidic in this suburban area of Japan (Makar et al., 2009; Yin et al.,

2018). Moreover, the multiple regression results confirmed that NH3 had a positive relation with the

secondary inorganic aerosols, especially secondary nitrate (Table 2-2); hence, the reductions in NH3
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may result in significant reductions in particulate mass.

Fig. 2-7 Simulation quality (Top) and chemical forms of aerosol components identified by the ISORROPIA II model

2.4 Conclusions

The simultaneous assessment of source apportionment and secondary formation processes was

comprehensively studied in a suburban area located on the western edge of Japan by combining

year-round daily observation using a filter-pack method with model calculations. Secondary formation

was the most important pollution source, accounting for ca. 45% (23% (secondary sulfates) + 22%

(secondary nitrates)) of the sources of total atmospheric aerosol mass. For the secondary aerosol

composition at this suburban site in western Japan, the secondary sulfates were mainly derived from

volcanic eruptions (Sakurajima volcano and/or Aso volcano), the oxidation of SO2 from industrial

combustion, ship emissions in the Kyushu area, and long-distance transportation from several coastal

cities in Eastern China. Multiple regression results further revealed that the secondary sulfate formation

process was significantly influenced by and related to HNO3, HCl, and the relative humidity (RH) (p <

0.01). While the potential pollution source region of secondary nitrates was located in the northwest
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region of the sampling site, where air masses pass through Mongolia and Northern China, the formation

mechanism of secondary nitrates was more complicated, with the important driving factors being Ox,

NO2, NH3, HCl, temperature (T), and RH. In addition, if the presence of atmospheric HNO3was ignored,

the nitrogen oxidation rate (NOR) would be significantly underestimated, especially at relative humidity

levels less than 60% and temperatures greater than 16°C. The results of this study clearly demonstrate

the source contribution and characteristics of secondary aerosols in the suburban area of western Japan

and can be adopted as the important basis to mitigate particle pollution.
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Chapter 3: Thermodynamic response corresponding to concentration reducing of components in

inorganic aerosols

3.1 Introduction

Atmospheric inorganic aerosols are complex mixtures that originate from various pollution sources and

have different formation pathways, basically accounting for one third or more of total particulate

matters, and main components are sea salts, secondary inorganic ions, crustal materials, and liquid water

(Khan et al., 2010; Kong et al., 2018; Yin et al., 2018; Ng et al., 2019; Roger et al., 2019; Zhang et al.,

2020, 2021b). The related environmental problems include air quality deterioration, human health risk,

climate change, visibility reduction, etc., which are closely related to the loading level of inorganic

aerosols in the atmosphere and the physical/chemical characteristics of components (Xue et al., 2011;

Carnevale et al., 2012; Tan et al., 2017; Gao et al., 2020). To improve air quality, strict standards for

atmospheric particles have been established by individual governments and international organizations

(Chen et al., 2016; Wang et al., 2018; Roberts and Wooster, 2021; Zhang et al., 2021a). Controlling

particle mass concentration level is necessary and urgent to achieve these environmental standards,

especially in the severe pollution regions; moreover, the effective countermeasures are required based

on the specific situations of different regions or countries. In previous studies, the thermodynamic

inorganic model, ISORROPIA II, was often used to simulate the gas-particle conversion process,

providing a simple and effective method of assessing particle-control measures. To be specific, San et al.

(2005) modeled the response of inorganic aerosols to changes in sulfate, nitrate, and ammonium

concentrations (SNA) in Mexico City; the results indicated that particle behavior was dominated by the

abundance of ammonia, and changes in sulfate and nitrate concentrations were expected to have a

greater effect on the inorganic aerosol mass concentration (IAM) in an ammonium-rich condition.

Zhang et al. (2020) observed that when the atmosphere had an ammonium-rich condition, the reduction
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of nitrate emissions was the optimal control measure for fine particle pollution in urban Beijing,

followed by controlling sulfate and ammonium concentrations. Ansari and Pandis (1998) simulated the

20% reduction of SNA in two polluted urban areas, showing that reductions in ammonia emissions had

the most significant impact on the total particle concentration level in ammonium-poor conditions,

although such a reduction would substantially increase atmospheric acidity. Walker et al. (2006) used

the same approach to assess the effect of a 50% reduction, clearly illustrating that inorganic fine

particles were most sensitive to a reduction in sulfate concentration during warm months and

approximately equally sensitive to reductions in sulfate and nitrate concentrations during cold months.

It should be noted that these studies focused on the effects of changes in SNA concentrations but not the

effects of changes in the amounts of NH3, SO2, and NOx emissions on the ambient air quality; moreover,

the aerosol liquid water content (ALWC) was the sensitive component, showing its relatively high

contribution for the variation of IAM (Lv et al., 2021). However, from the perspective of human health,

the mass concentration of ALWC was not the directly influencing factor. Previous researches have

shown that the concentration level of ALWC could affect aerosol pH, and low pH could activate

particle-bound hazardous materials (e.g., trace metals) (Kong et al., 2018; Zhang et al., 2019; Gao et al.,

2020; Song and Osada, 2021). Hence, the mass concentration of dry inorganic aerosols (DIA) and

aerosol pH are the most important parameters to evaluate the human health effect of inorganic aerosols.

In the present study, year-round observation of atmospheric particles and gaseous pollutants (HNO3,

HCl, and NH3) was carried out in the suburbs of western Japan using a four-stage filter-pack method

(Hong et al., 2002; Aikawa et al., 2013; 2016). Combining with these field observation data, the

sensitive tests for different aerosol components were performed by means of ISORROPIA II model.

The main objective was to comprehensively assess how inorganic aerosols respond to concentration

reducing of components in the suburbs of Kitakyushu, Japan, to investigate their deep mechanisms and
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the characteristics of sensitive aerosol components, and, as a consequence, to provide scientific

information regarding the mitigation of particle pollution from two perspectives of air quality and

human health.

3.2 Materials and Methods

3.2.1 Sampling and chemical analysis

Air sampling was conducted on the roof of the North Building, Hibikino Campus, the University of

Kitakyushu (33.89° N, 130.71° E). The four-stage filter-pack method was used to collect total

particulate matter (TPM) and gaseous pollutants (SO2, HNO3, HCl, and NH3) simultaneously. The

samples were collected on a daily (noon-noon) basis from March 2017 to February 2018. The procedure

for determining water-soluble ions (Na+, NH4+, K+, Mg2+, Ca2+, Cl-, NO3-, and SO42-) was described in

detail in previous studies (Aikawa et al., 2005; 2010; 2013; 2016; 2017a), and ion chromatography

(Thermo ScientificTM DionexTM Integrion, Thermo Fisher Scientific Inc., Waltham, MA, USA) was used

in the determination. More detailed information about the sampling site, experiment methodology, and

the process of quality assurance and quality control was shown in Section 2.2.1.

3.2.2 Model calculation

The thermodynamic equilibrium models (ISORROPIA, E-AIM, GFEMN, HETV, MESA and UHAERO)

are widely used for investigating the gas-particle conversion process of inorganic aerosols; however, an

important limitation of these models is the lack of treatment of crustal species (Ca2+, K+, and Mg2+)

(Karydis et al., 2010). To improve the simulation accuracy, Fountoukis and Nenes (2007) introduced a

new thermodynamic model, ISORROPIA II, in which the thermodynamics of the crustal species have

been added to the preexisting suite of components of the ISORROPIA model; many studies have

adopted this new model to analyze the characteristics of coarse particles (Quan and Zhang, 2008;

Karydis et al., 2010; Xue et al., 2011; Carnevale et al., 2012).
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In this study, the ISORROPIA II model was run in the forward mode with input data of relative

humidity (RH), temperature (T), and the concentrations of sodium (Na+), chloride (HCl + Cl-),

ammonium (NH3 + NH4+), sulfate (SO42-), nitrate (HNO3 + NO3-), magnesium (Mg2+), potassium (K+),

calcium (Ca2+) (abbreviated as TNa+, TCl-, TNH4+, TSO42-, TNO3-, TMg2+ , TK+, and TCa2+ hereafter)

(Sudheer et al., 2015; Kong et al., 2018; Wang et al., 2019; Zhang et al., 2020, 2021b). Then, the stable

state or metastable state was selected for inorganic aerosols based on the specific condition of sampling

site. For stable condition, salts precipitate once the aqueous phase becomes saturated with respect to a

salt, while, for metastable condition, the aerosol is composed only of an aqueous phase regardless of its

saturation state (Xue et al., 2011). Finally, this model predicted which species can exist in the gas phase,

aerosol solid phase, and aerosol aqueous phase, and calculated their concentration levels at chemical

equilibrium, as well as aerosol pH.

3.3 Results and Discussion

3.3.1 Simulation quality of the ISORROPIA II model

To assess the simulation quality of the ISORROPIA II model, the output data of NH4+, NO3-, and Cl- in

the aerosol phase and NH3, HNO3, and HCl in the gas phase were compared with data observed by the

four-stage filter-pack method using four statistical parameters, including mean bias (MB), mean error

(ME), normalized mean bias (NMB), and normalized mean error (NME) (Karydis et al., 2010; Li et al.,

2015; Li et al., 2017a; Sudheer et al., 2015; Zhang et al., 2017; Chen et al., 2018). The statistical

analysis of the agreement between observations and model predictions in stable and metastable

conditions is shown in Table 3-1. The values of these four parameters in a metastable state were closer

to 0 than those in a stable state, which reveals that the metastable condition was the more suitable

atmospheric situation in the suburbs of western Japan. In addition, NH4+, Cl-, and HNO3 showed

negative values of MB and NMB under metastable condition, which indicates that the simulation results
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slightly underestimate these three species and overestimate NH3, HCl, and NO3-. However, in total, the

simulation bias in this study was still within acceptable levels (Karydis et al., 2010; Sudheer et al.,

2015). Moreover, the ALWC derived from two different thermodynamic models (ISORROPIA II and

E-AIM-III) agreed well, with an R2 value of 0.97 and a slope of 1.00 (Zhang et al., 2021b). Thus, the

simulation results of the ISORROPIA II model in metastable conditions were reliable and can be

applicable to the following analysis.

Table 3-1 Statistical evaluation of the simulation results of the ISORROPIA II model

Species
MB / μg·m-3 ME / μg·m-3 NMB / % NME / %

Stable Metastable Stable Metastable Stable Metastable Stable Metastable

NH4+ -0.43 -0.34 0.55 0.48 -26.14 -27.75 33.76 39.15

Cl- -0.36 -0.28 0.51 0.45 -19.23 -18.23 27.20 29.44

NO3- -0.18 0.02 0.76 0.62 -5.46 0.68 23.43 20.36

NH3 0.43 0.34 0.55 0.48 29.94 18.08 38.65 25.50

HCl 0.36 0.28 0.51 0.45 45.71 24.02 64.71 38.82

HNO3 0.18 -0.02 0.76 0.62 15.30 -1.51 65.36 46.58

Note:   
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; where Si is the simulated value

of the pollutant concentration, Oi is the observed value of the corresponding pollutant concentration at the same time, and N

is the total number of the samples (365).

3.3.2 Original atmospheric condition (base case)

Table 3-2 shows the initial atmospheric situation in Kitakyushu City, Japan, as simulated by the

ISORROPIA II model, which served as the base case for the seven sensitive tests. Specifically, the

average mass concentrations of three gaseous pollutants (NH3, HCl, and HNO3) were 1.8, 1.1, and 1.1

μg·m-3, respectively, and the IAM was about 32.7 μg·m-3, with the aerosol pH of 3.3. Among the

inorganic aerosol components, only CaSO4 was in an aerosol solid phase, with an average concentration
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of 2.4 μg·m-3, while other components, including Na+, Cl-, NH4+, SO42-, NO3-, K+, Mg2+, and ALWC,

were all in aerosol aqueous phase, and the concentrations were 1.5, 1.6, 1.4, 3.1, 3.2, 0.2, 0.2, and 19.2

μg·m-3, respectively.

The high loading of the ALWC revealed that inorganic aerosols were highly humid, playing an

important role in both visibility impairment and aerosol radiative forcing (Xue et al., 2011). Many

studies have proved that the ALWC was principally influenced by the relative humidity (Tan et al.,

2017; Xu et al., 2017; Wu et al., 2018; Wang et al., 2019), which was consistent with our result. From

Fig. 3-1(a), it can be seen that the ALWC increased exponentially with the increase of the relative

humidity. When the relative humidity was lower than 60%, the concentration of aerosol liquid water

was approximately 2.11 μg·m-3 and basically was unchanged, which was because the hygroscopic effect

of atmospheric particles was minimal under low-humidity conditions, and the moisture level was too

low to be absorbed effectively by particles (Tan et al., 2017). In contrast, when the ambient RH

increased from 60% to 85%, the ALWC increased gradually, and this gradual increase could be

attributable to the absorption of water by mixed deliquescent salts. Fong et al. (2016) and Wu et al.

(2018) actually demonstrated that when the ambient RH reached the lowest deliquescence relative

humidity (DRH) of inorganic salts in aerosols (Li et al., 2017b), with increased RH, more and more

inorganic salts absorbed water to form saturated solution droplets, until the aerosol system fully

deliquesced. Finally, when the relative humidity exceeded approximately 85%, water molecules in the

atmosphere started to be adsorbed on aerosol surfaces, forming a water layer, and the thickness of the

water layer increased quickly with the humidity (He et al., 2019), causing the obviously higher rate of

increase of ALWC.
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Table 3-2 The simulated concentrations of related species in the gas phase and the aerosol phase by ISORROPIA II

Phase Species Mean value / μg·m-3

Gas phase

NH3 1.8

HNO3 1.1

HCl 1.1

Aerosol solid phase CaSO4 2.4

Aerosol aqueous phase

Na+ 1.5

Cl- 1.6

NH4+ 1.4

SO42- 3.1

HSO4- 0.0

NO3- 3.2

K+ 0.2

Mg2+ 0.2

Ca2+ 0.0

ALWC 19.2

Note: The initial input data (mean value): RH (70%), T (289.9 K), TNa+ (1.5 μg·m-3), TCl- (2.7 μg·m-3), TNH4+ (3.1 μg·m-3),

TSO42- (4.9 μg·m-3), TNO3- (4.4 μg·m-3), TK+ (0.2 μg·m-3), TMg2+ (0.2 μg·m-3), and TCa2+ (0.8 μg·m-3).

Fig. 3-1 Variation of the ALWC as a function of the relative humidity (a), and the further influence of marine aerosols on the

ALWC (b). The samples are grouped according to the concentration level of TNaCl in the atmosphere in Fig. 3-1 (b).
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3.3.3 Optimal countermeasure for mitigating particle pollution

To find an effective method of mitigating particle pollution, seven sensitive tests were performed in this

study. As shown in Fig. 3-2(a), the IAM changed nonlinearly when we reduced TNH4+ and TSO42-

concentrations (the fitting curves: ya = -5.11x - 13.82x2 + 9.21x3 and ya = -12.89x + 10.47x2,

respectively (ya and x presents IAM variation [μg·m-3] and concentration reduction ratio (CRR)/100

[dimensionless]). Meanwhile, after reducing TNaCl (Na+ + HCl + Cl-), TNO3-, TMg2+, TK+, and TCa2+

concentrations (0% ≤ CRR ≤ 100%, with the exception of 100% in TNaCl), IAM responded linearly

with slopes of -13.55, -6.74, -1.78, -0.41, and 1.08, respectively. The largest decrease in the amounts of

IAM was basically achieved by the reduction in the TNaCl concentration. However, as TNaCl in the

suburbs of western Japan was mainly from marine aerosols (Aikawa et al., 2017b; 2018; Zhang et al.,

2021b), its atmospheric concentration was difficult to control artificially and, furthermore, easily varied

with changes in the proportion and transport speed of air masses from the Sea of Japan (Zhang et al.,

2021b). Hence, limiting the concentration of TSO42- (CRR < 35%) or TNH4+ (CRR > 35%) in

Kitakyushu, Japan was the most effective for particle pollution mitigation from the perspective of air

quality.

For human health effect, we should take both DIA mass concentration and inorganic aerosol pH into

account; the variations of these two parameters in seven sensitive tests were shown in Fig. 3-2(b and c).

Totally speaking, the reduction of TSO42- concentration was the most effective, which showed the

largest decreasing amount of DIA mass concentration at any CRR and the significant increase of aerosol

pH, with corresponding fitting equations of yb = -5.55x + 1.76x2 and yc = 0.97x + 0.54x2, respectively

(yb, yc, and x presents the DIA mass concentration variation [μg·m-3], inorganic aerosol pH variation

[dimensionless], and CRR/100 [dimensionless]). In comparison with TSO42-, the decreasing amounts of

DIA after controlling TNaCl, TNO3-, and TNH4+ were slightly low, and there was little difference
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among these three sensitive tests. However, only the reduction of TNO3- could cause the increase of

aerosol pH, with the slope of 0.49. The inorganic aerosol pH after controlling TNaCl and TNH4+ were

obviously lower than that in base case, and the variations of aerosol pH followed the fitting equations of

yc = -0.49x (except for CRR of 100%) and yc = -0.35x - 1.50x2, respectively. In addition, among seven

sensitive tests, the changes of DIA mass concentration under the reductions of TCa2+, TMg2+, and TK+

concentrations were relatively small, with the linear response slopes of -0.66, -0.47, and -0.25,

respectively, revealing that controlling crustal species was not effective measure to mitigate particle

pollution in Kitakyushu, Japan. Moreover, these three sensitive tests all caused the decrease of aerosol

pH, and the aerosol acidity was the strongest under the reduction of TCa2+, followed by TMg2+, and TK+

at any CRR.

Fig. 3-2 Variations of inorganic aerosol mass concentrations (a), dry inorganic aerosol mass concentrations (without ALWC)
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(b), and inorganic aerosol pH (c) in seven sensitive tests (CRR= %100
0

10 


C
CC

, where C0 and C1 represent species

concentrations in cases of without reduction and with reduction, respectively.)

3.3.4 Thermodynamic equilibrium shifts of particle-related species in seven sensitive tests

3.3.4.1 Response to the reduction in TNaCl concentration

To better understand the response of inorganic aerosols, the variations of related species in the gas

phase, aerosol solid phase, and aerosol aqueous phase were investigated. As shown in Fig. 3-3(a), when

TNaCl in the atmosphere decreased from 4.2 μg·m-3 (0% reduction) to 0.4 μg·m-3 (90% reduction), the

ALWC was the most sensitive component in the aerosol phase, with the linear slope of 9.7, which could

explain approximately 72% of the total particle concentration variation, followed by the sum of Na+ and

Cl- (23%). This phenomenon revealed that the concentration level of marine aerosols could also affect

the ALWC, except for the relative humidity. A more-detailed analysis regarding factors involved in the

ALWC is shown in a following section (3.3.4.4). In addition, the slight drop in NO3- concentration was

mainly due to the thermodynamic equilibrium shift of aged sea salts from an aerosol aqueous phase

(NaNO3) to a gas phase (HNO3) (Boreddy and Kawamura, 2016; Ge et al., 2017). However, when the

CRR of TNaCl was 100%, the IAM increased by 3.6 μg·m-3, in which the variation of DIA mass and

ALWC accounted for 58% and 42%, respectively. To understand this sudden increase, we simulated the

gas-particle conversion processes in detail for 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, and 99%

reductions of TNaCl (Fig. 3-3(b)). Fig. 3-3(b) indicated that the responses of inorganic aerosols in

conditions of 91%–99% reduction followed the original equation. The sharp variation in the DIA mass

concentration was only observed at 100% reduction, which was due to the changes of NO3- and NH4+ in

the aerosol aqueous phase. The conversion process of nitrate and ammonium from the gas phase to the

aerosol aqueous phase could be enhanced effectively with the extremely low concentration of marine

aerosols; this subsequently influenced the concentration level of the ALWC, finally resulting in the
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increase of the IAM and aerosol acidity.

3.3.4.2 Individual response to the reduction for TNH4+, TSO42-, and TNO3- concentrations

As opposed to marine aerosols from natural sources, secondary inorganic aerosols (SIA) are mainly

from anthropogenic sources and play a dominant role in severe particle pollution (Sun et al., 2016;

Roger et al., 2019; Xu et al., 2019; Zhang et al., 2020). Hence, the reduction of SIA component

concentrations could have more practical significance for mitigating particle pollution. Specifically,

after reducing the concentration of TNH4+ (Fig. 3-3(c)), NH3 in the gas phase and NH4+ in the aerosol

aqueous phase decreased simultaneously. With this reducing NH4+, the Cl- and NO3-, which had

combined with this reduced NH4+ (NH4Cl and NH4NO3), were continuously released into the

atmosphere in the gaseous form; hence, the concentrations of HCl and HNO3 in the gas phase increased

obviously. In addition, when the CRR of TNH4+ was larger than 60%, the remaining NH4+ in the aerosol

phase was lower than 0.9 μg·m-3, which was not sufficient for maintaining all SO42- with the chemical

form of (NH4)2SO4; hence, the appearance of HSO4- was observed in the aerosol aqueous phase. During

the entire process, the ALWC was the most sensitive component, accounting for ca. 64% of the IAM

variation. Finally, under the comprehensive influence of NH4+, Cl-, NO3-, SO42-, HSO4, and ALWC, the

inorganic aerosol pH decreased nonlinearly in the strict sense, and the lowest value (1.4) was observed

under 100% reduction of TNH4+. As for controlling TSO42-, the IAM, DIA mass concentration, and

aerosol pH all varied nonlinearly, which was consistent with the findings of a previous study (West et al.,

1999); however, the variation trends of these three pollution parameters was obviously different from

that of the controlling TNH4+ (Fig. 3-2). When the TSO42- decreased from 4.9 μg·m-3 (0% reduction) to

2.5 μg·m-3 (50% reduction), the concentration of SO42- in the aerosol aqueous phase obviously

decreased, while the concentration of CaSO4 in the aerosol solid phase had little change (Fig. 3-3(d)).

For NH4+ that was bound to these reduced SO42-, one part could be directly released into the atmosphere,
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causing the increase of NH3 in the gas phase, and the other part could be combined with the Cl- and

NO3-, which were transformed from gaseous HCl and HNO3. When the CRR of TSO42- exceeded 50%,

CaSO4 also started to decrease significantly, and most of the Ca2+ in the aerosol solid phase could enter

the aerosol aqueous phase. In addition, during the entire process, the variation of the ALWC was

obviously different from that of other components; that is, the ALWC gradually decreased as TSO42-

decreased, and the amount of the decreased ALWC became smaller and smaller when the CRR was

larger than 50%. Hence, if we plan to improve air quality through the reduction of TSO42- concentration,

the CRR of TSO42- should be lower than 60%, because the variation of the ALWC disturbed the

decrease of inorganic aerosols in the condition of high TSO42- reduction. As for controlling TNO3- (Fig.

3-3(e)), NO3- in the aerosol aqueous phase and HNO3 in the gas phase decreased simultaneously.

Subsequently, most of NH4+ bound to the reduced NO3- was directly released into the atmosphere,

causing a linear increase of NH3 in the gas phase, and a small part of NH4+ was combined with Cl-,

which was transformed from gaseous HCl. Finally, the ALWC decreased linearly with a slope of -3.2,

and the increase of aerosol pH was mainly caused by the variations of Cl-, NH4+, NO3-, and ALWC in

the aerosol aqueous phase.

3.3.4.3 Clear difference among the response to the reduction in TMg2+, TK+, and TCa2+

concentrations

Among aerosol components, Mg2+, K+, and Ca2+ had relatively low concentrations (Table 3-2), and the

reductions in TMg2+, TK+, and TCa2+ concentrations were not as effective as controlling SIA component

concentrations for mitigating particle pollution, especially TSO42- and TNO3- (Fig. 3-2). After

controlling TMg2+ and TK+, the inorganic aerosol responses had a similar gas-particle conversion

mechanism. As shown in Fig. 3-3(f and g), TMg2+ or TK+ was mainly in the chemical forms of MgCl2

and Mg(NO3)2 or KCl and KNO3 in the aerosol aqueous phase. Hence, as the TMg2+ or TK+
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concentration was reduced, most of the Cl- and NO3- that had been combined with these reduced Mg2+

or K+ concentrations could be released directly into the atmosphere, resulting in decreased Cl- and NO3-

in the aerosol aqueous phase and increased HCl and HNO3 in the gas phase. A small part of these Cl-

and NO3- concentrations could be combined with NH4+, which was transformed from gaseous NH3. In

addition, the concentrations of the ALWC decreased slightly under the comprehensive influence of these

responsive species, finally resulting in the linear decrease of the IAM and aerosol pH.

As opposed to controlling TMg2+ and TK+, reducing the TCa2+ concentration brought the increase of

aerosol loading in the atmosphere (Fig. 3-2(a)). As shown in Fig. 3-3(h), after controlling TCa2+, CaSO4

in the aerosol solid phase decreased linearly, but the SO42- that had combined with Ca2+ in the aerosol

solid phase could transfer into the aerosol aqueous phase. Subsequently, a part of the increased SO42- in

aerosol aqueous phase was combined with the NH4+, which was transformed from gaseous NH3, while

another part was abstracted NH4+ from existing NH4Cl and NH4NO3 in the aerosol aqueous phase; then

Cl- and NO3- were released simultaneously into the gas phase. Moreover, the concentration of the

ALWC increased linearly with a slope of 1.67, which was similar to the variation of SO42- in the aerosol

aqueous phase. Finally, after controlling TCa2+, the IAM and aerosol acidity were higher than that in

base case, revealing that the appropriate presence of TCa2+ in the atmosphere could facilitate mitigation

of particle pollution.
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Fig. 3-3 Concentration variations of related species in the gas phase and the aerosol phase in seven sensitive tests
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3.3.4.4 The characteristics of ALWC

During the gas-particle conversion processes of seven sensitive tests (Fig. 3-3), the ALWC was

basically the most sensitive aerosol component. To further investigate the comprehensive influence of

related species on the variation of the ALWC, multiple regression analysis (MRA) was performed by

SPSS with a forward method (Tan et al., 2016; Wang et al., 2019; Zhang et al., 2021b). Considering

significance levels (t-value and p-value) and the variance inflation factor (VIF) of each species in the

gas and aerosol phases, only six species were the driving factors of the ALWC, as shown in Table 3-3.

The relationship between the concentration variations of the ALWC and the driving factors could be

described as follows:

[ALWC] = 0.01+1.68[NO3-]+5.23[Cl-]+1.83[SO42-]+2.81[HSO4-]+0.34[HNO3]+0.57[NH3] (R 2= 0.99, P < 0.05). (3-1)

where [x] represents the concentration decreasing amount (μg·m-3) of each species simulated by the

ISORROPIA II model. This equation revealed that the variation of Cl- with a coefficient value of 5.23

(p < 0.05) made the largest contribution to the concentration variations of the ALWC in seven sensitive

tests. Meng et al. (2021) and Wen et al. (2021) showed that the ALWC was influenced by secondary

aerosols, which agreed with our results, while few studies have investigated the influence of Cl-. In this

study, the high coefficient of Cl- (5.23) proved the key role of sea salts on the concentration variation of

the ALWC. Our actual field observations were also consistent with and strongly support the simulation

results. Specifically, based on the relationship between the relative humidity and the ALWC in the

actual atmospheric conditions (Fig. 3-1(a)), the data points can be divided into five groups according to

the concentration level of TNaCl (Fig. 3-1(b)). The concentration of the ALWC associated with the

lower concentration of sea salts was much smaller than that associated with higher one at any RH,

further proving the significant influence of sea salts on the concentration of the ALWC of inorganic

aerosols.
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Table 3-3 Multiple regression results

Model 1 Unstandardized Coefficients Standardized Coefficients
t-value p-value VIF

Response variable Independent factors β Std. Error Beta

ALWC

Constant 0.01 0.01 - 0.79 0.43

NO3- 1.68 0.05 0.91 32.02 0.00 4.00

Cl- 5.23 0.11 0.87 45.95 0.00 1.80

SO42- 1.83 0.06 0.66 31.86 0.00 2.16

HSO4- 2.81 0.10 0.57 27.64 0.00 2.15

HNO3 0.34 0.05 0.17 6.55 0.00 3.48

NH3 0.57 0.10 0.12 5.62 0.00 2.33

3.4 Conclusions

In the suburbs of Kitakyushu, Japan, the IAM was about 32.7 μg·m-3, with the aerosol pH of 3.3. To

find an effective method of mitigating particle pollution, seven sensitive tests were performed using the

ISORROPIA II model, in which the seven control species—TNaCl, TNH4+, TSO42-, TNO3-, TMg2+,

TK+, and TCa2+—were taken into account. From the perspective of air quality, limiting the

concentration of TSO42- (CRR < 35%) or TNH4+ (CRR > 35%) was the most effective and realistic

method, in which the IAM changed nonlinearly, with the fitting equations of ya = -5.11x - 13.82x2 +

9.21x3 and ya = -12.89x + 10.47x2, respectively (ya and x presents IAM variation [μg·m-3] and CRR/100

[dimensionless]). For other sensitive tests, IAM responded linearly, and slopes after reducing TNaCl,

TNO3-, TMg2+, TK+, and TCa2+ were -13.55, -6.74, -1.78, -0.41, and 1.08, respectively (0% ≤ CRR ≤

100%, with the exception of 100% in TNaCl). The ALWC, being the most sensitive aerosol component,

was statistically and strongly related to the variations of NO3-, Cl-, SO42-, HSO4-, HNO3, and NH3 (P <

0.05), with coefficients of 1.68, 5.23, 1.83, 2.81, 0.34, and 0.57, respectively. The highest coefficient

(5.23) was found for Cl-, revealing that sea salts significantly influenced particle responses. In addition,

from the perspective of human health, the reduction of TSO42- concentration was the optimal measure;
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the DIA mass concentration and aerosol pH followed the fitting equations of yb = -5.55x + 1.76x2 and yc

= 0.97x + 0.54x2, respectively (yb, yc, and x presents the DIA mass concentration variation [μg·m-3],

inorganic aerosol pH variation [dimensionless], and CRR/100 [dimensionless]). Overall, our

methodology in using ISORROPIA II is useful for understanding and evaluating the characteristics of

aerosol components and the inner response for the reduction of components, conclusively providing

basic and effective ideas for mitigating particle pollution.
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Chapter 4: Risk assessment and management of PM2.5-bound heavy metals

4.1 Introduction

Over the past few decades, atmospheric particle pollution has become one of the most serious

environmental problems on a global scale (Onishi et al., 2012; Molepo et al., 2019; Eck et al., 2020;

Kasimov et al., 2020; Zhang et al., 2020). How dangerous an atmospheric particle is for the

environment and living organisms largely depends on its size distribution and inner chemical

components (Behrooz et al., 2021). As compared with coarse-mode particles, fine-mode particles (PM2.5)

are characterized by higher surface/mass ratio; thus, their ability to adsorb harmful substances is

relatively strong, which can cause greater risk for the ecological system (Li et al., 2019; Tsai et al., 2020;

Xie et al., 2020). PM2.5 mainly includes organic matter, secondary inorganic ions, element carbon,

heavy metals, and liquid water (Kasimov et al., 2020; Fan et al., 2021), among which heavy metals have

induced great interest due to their high toxicity, persistence, biological accumulation, and complicated

sources (Ali et al., 2019; Duan et al., 2020; Moryani et al., 2020; Tsai et al., 2020). Many toxicological

experiments have confirmed that excessive exposure to PM2.5-bound heavy metals could threaten

human health, causing respiratory irritation and inflammation, lung disease, cardiovascular disease,

heart disease, and even cancer (Roy et al., 2019; Tsai et al., 2020; Xie et al., 2020; Xu et al., 2020). The

main pathways of exposure to PM2.5-bound heavy metals are oral ingestion, inhalation, and dermal

contact (Hu et al., 2012; Jiang et al., 2018; Liu and Ren, 2019; Xu et al., 2020). At present, the risk

assessment of heavy metals is focused mainly on cities and regions with severe particle pollution and

large quantities of industrial emissions, especially in China (Hu et al., 2012; Jiang et al., 2018; Wang et

al., 2018b; Cui et al., 2019; Li et al., 2019; Duan et al., 2020; Hao et al., 2020; Xie et al., 2020). By

comparison, the concentration level of PM2.5 in Japan was relatively low (Khan et al., 2010; Inomata et

al., 2016; Phung et al., 2020; Ikemori et al., 2021), and domestic research has given priority to the
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physical/chemical characteristics, spatiotemporal variation, and source apportionment of particle-bound

heavy metals, rather than risk assessment (Wang et al., 2005; Wang et al., 2006; Moreno et al., 2012;

Hidemori et al., 2014; Nakatsubo et al., 2020; Suzuki et al., 2021). However, a low concentration of

PM2.5 does not signify a lower health risk (Chen et al., 2021); hence, it is necessary and important to

renew the analysis about the potential ecological risk and human health risk of PM2.5-bound heavy

metals in Japan.

Kitakyushu City is a well-known urbanized and industrial area in Japan with about one million

inhabitants; the atmospheric particles in this area could be double influenced by local emissions from

the Kyushu area of Japan and trans-boundary transport from the Asian continent (Zhang et al., 2021).

Hence, heavy metals loaded in atmospheric particles have complex sources (crustal dust, vehicle

exhaust, ship emissions, coal combustion, industrial production and mining, municipal waste

incineration, construction activities, etc. (Kaneyasu et al., 2014; Wen et al., 2018; Duan et al., 2020;

Tsai et al., 2020; Zhi et al., 2021)), and their risk levels are worthy of in-depth investigation. In this

study, PM2.5 samples were collected in the coastal urban area of Kitakyushu City from May 2013 to

February 2019, with the main objectives as follows: (1) to investigate the specific concentration levels

and inner relationship of 29 heavy metals; (2) to evaluate the integrated environmental risk around the

sampling site; (3) to assess the non-carcinogenic and carcinogenic risk posed to adults and children via

oral ingestion, inhalation, and dermal contact; and (4) to identify the high-risk metal sources and their

potential pollution source regions. Our comprehensive study about PM2.5-bound heavy metals could

provide scientific reference for the formulation of targeted risk-mitigation and pollution-control

strategies to improve the ambient air quality of the urban area of Kitakyushu, Japan.



71

4.2 Materials and Methods

4.2.1 Sampling

The PM2.5 sampling campaign was carried out at Kitakyushu’s monitoring station (33.89° N, 130.85° E),

as shown in Fig. 4-1. This sampling site is located in the coastal urban area of Kitakyushu City, which is

(1) one of the largest industrial cities in Japan, (2) an important transport hub between Kyushu and

Honshu, and (3) on the western edge of Japan, being located on the forefront of transboundary

transportation from the Asian landmass (Zhang et al., 2021). The whole sampling period lasted six years

(from May 2013 to February 2019), during which time particle samplings were conducted for two

weeks in each season using a low-volume air sampler (Model LV-250R, Sibata Scientific

Technology Ltd., Japan) with a flow rate of 16.7 L·min-1. The duration of collection for each particle

sample was about 23 h (starting at 11:00 a.m. (Japan Standard Time) and ending at 10:00 a.m. the next

day); hence, a total of 336 samples were collected.

Fig. 4-1 Location of sampling site
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4.2.2 Chemical analysis

After sampling, each polytetrafluoroethylene (PTFE) filter was put in plastic case and kept in Lamizip

(AL-9, Seisannipponsha, Ltd., Fukuoka, Japan). These samples were then stored in the freezer at a

temperature of -30 °C. During pretreatment processes, each loaded filter was cut off and put into a

Teflon vessel, and 5 mL of HNO3, 2 mL of HF, and 1 mL of H2O2 were added; subsequently, the

collected PM2.5 was digested by means of a microwave digestion system (MARS 5Plus, CEM Japan

K.K., Tokyo, Japan). After cooling, these solutions were diluted to 5 mL with 5% HNO3 for use in the

following chemical analysis. In this study, 29 heavy metals (Na, Fe, Zn, Al, Ca, K, Ti, Ni, Cu, Cr, Pb,

Mn, Ba, Mo, Sb, W, Co, V, Sc, Se, As, Rb, Ce, Ta, Hf, La, Cs, Sm, and Th) were measured by

inductively coupled plasma mass spectrometry (Agilent 7800 ICP-MS, Agilent Technologies, Santa

Clara, CA, USA), with corresponding detection limits of 11.0, 11.0, 7.5, 7.1, 7.0, 4.1, 4.0, 2.3, 0.6, 0.6,

0.4, 0.4, 0.2, 0.1, 0.1, 0.1, 0.04, 0.03, 0.02, 0.01, 0.01, 0.01, 0.01, 0.01, 0.01, 0.01, 0.004, 0.003, 0.003

ng·m-3, respectively, and the recoveries of these metals were all within the target range (85%-115%). In

addition, the mass concentrations of PM2.5 during the corresponding period were determined by PM2.5

monitor (PM-712, Kimoto Electric Co., Ltd., Osaka, Japan). The methods for sampling and analyzing

PM2.5 and heavy metals, as well as the quality assurance (QA) and quality control (QC) measures, were

in accordance with the PM2.5 component measurement manual established by the Ministry of the

Environment of Japan (2019).

4.2.3 Statistical analysis and model calculation

4.2.3.1 Pearson’s correlation analysis and hierarchical cluster analysis

Pearson’s correlation analysis was performed by using IBM SPSS Statistics 20.0. The correlation

coefficient in this study showed the strength of the linear relationship between two heavy metals in

PM2.5. Then, hierarchical cluster analysis (HCA) was run using Ward as the cluster method and the
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Pearson’s correlation coefficient (r) as the distance type (Pietrogrande et al., 2018; Govender and

Sivakumar, 2020). Heavy metals with relatively high correlations were classified as one category;

subsequently, two categories with the highest similarity were merged into a new category. Finally, the

results were shown in a dendrogram, where the shorter the distance between the branches, the more

significant the association (Zhong et al., 2016; Zhang et al., 2021).

4.2.3.2 Enrichment factor and geo-accumulation index

To assess the contamination level of each heavy metal in PM2.5 and identify whether it was mainly from

a natural or anthropogenic source, the enrichment factors (EF) and geo-accumulation index (Igeo) were

calculated and are expressed as follows:
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where i
sampleC and i

crustC stand for the concentration of the ith metal in PM2.5 and the earth crust,

respectively; ref
sampleC and ref

crustC represent the reference concentration in PM2.5 and the earth crust,

respectively. In this study, Ti was selected as the reference element (Zhang et al., 2019) (Fig. S4), and

the specific concentration values of 29 heavy metals in the earth crust were obtained from Lide (2008).

4.2.3.3 Ecological risk index

The high enrichment of heavy metals in the environment not only breaks the balance of natural

ecosystems but also has toxic effects on microorganisms, plants, animals, and humans (Wang et al.,

2018a; Chen et al., 2020). The ecological risk index (RI) has been used extensively to evaluate the

degree of particle-bound heavy metal pollution (Bai et al., 2019; Alves et al., 2020; Zhi et al., 2021).

This parameter considers the specific concentrations of heavy metals and their toxicity responses and is

expressed as follows:
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where i
rE is the potential ecological risk coefficient of the ith metal, and i

rT is the ith metal’s toxic

response factor, which was related to its release capability and the relative abundance in different media

(igneous rock, soil, fresh water, terrestrial plant, terrestrial animal, etc.) (Liu et al., 2018; Wang et al.,

2018a; Chen et al., 2020; Liu et al., 2021). The detailed information about i
rT for the anthropogenic

metals identified in this study can be seen in Table S2. According to previous research, if RI<150, there

is low ecological risk around the sampling site; 150≤RI<300, 300≤ RI<600, and RI≥600 indicate

moderate ecological risk, considerable ecological risk, and very high ecological risk, respectively. For

individual metals, the potential ecological risk can be divided into five levels based on their i
rE values,

namely, low risk ( i
rE <40), moderate risk (40≤ i

rE <80), considerable risk (80≤ i
rE <160), high risk

(160≤ i
rE <320), and extremely high risk ( i

rE ≥320) (Li et al., 2018; Zhi et al., 2021).

4.2.3.4 Health risk assessment

Residents living in Kitakyushu, Japan are potential receptors of heavy metals in PM2.5. Due to the

difference on their behaviors and respiratory systems, we divided the subjects into two groups: children

(0-15 years) and adults (Hu et al., 2012; Behrooz et al., 2021). The chemical daily intake through oral

ingestion (CDIing, mg·(kg·day)-1), exposure concentration through inhalation (ECinh, μg·m-3), and dermal

absorption dose through dermal contact (DADder, mg·(kg·day)-1) were calculated as follows:
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where C95% means the reasonable maximum exposure (95% upper confidence limit) in the urban area of

Kitakyushu, Japan. In Eq. (4-8), Xln and SlnX are the arithmetic mean and standard deviation of the

log-transformed concentration data, respectively; n is the number of samples; and H0.95 values depend

on SlnX, n, and the chosen confidence level (0.05), which could be obtained from Gilbert (1987). The

description and specific values of other parameters in Eqs. (4-5~4-7) are shown in Table S3. The

corresponding hazard quotient (HQ) and carcinogenic risk (CR) of toxic metals through the three

pathways were further evaluated based on Eqs. (9–14).
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where RfDo, RfCi, GIABS, SFo, and IUR are the oral reference doses (mg·(kg·day)-1), inhalation

reference concentration (mg·m-3), gastrointestinal absorption factor, oral slope factor ((mg·(kg·day)-1)-1),

and inhalation unit risk ((μg·m-3)-1), respectively (Table S2). A hazard index (HI), i.e., the sum of the

HQ, is used to assess the non-carcinogenic risks (chronic effects). When both HQs≤1.0 and HI≤1.0,

there is no significant risk of chronic effects. Conversely, HQ>1 or HI>1 indicates that there is a chance

that chronic effects will occur. The CR value reveals the probability that an individual will develop any

type of cancer from a lifetime of exposure to carcinogenic metals, which can be categorized as very low

(CR≤10-6), low (10-6≤CR<10-4), moderate (10-4≤CR<10-3), high (10-3≤CR<10-1), and very high

(CR≥10-1) (Hu et al., 2012; Roy et al., 2019; Behrooz et al., 2021).

4.2.3.5 Concentration-weighted trajectory analysis (CWT)

TrajStat software was used to generate air mass trajectory in this study, with the arriving height, start

hour, and backward time setting as 1500 m, 14:00 (UTC), and 72 h, respectively. Hence, 336 backward

trajectories were obtained. Then we added the daily concentration data of high-risk metals to the

corresponding trajectories. Finally, the CWT value of each grid was calculated, and the areas with high
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CWT values could be explained as potential pollution source regions. More detailed information was

shown in our previous research (Zhang et al., 2021).

4.3 Results and discussion

4.3.1 Characteristics of heavy metals

During the whole sampling period, PM2.5 mass concentration in the urban area of Kitakyushu, Japan,

ranged from 6.3 μg·m-3 to 57.5 μg·m-3, with a median value of 21.3 μg·m-3. About 76% of the daily

PM2.5 concentration exceeded the annual National Ambient Air Quality Standards of the United State

Environmental Protection Agency (15 µg·m-3), while 94% in respect of the air quality guidelines of the

World Health Organization (10 µg·m-3). The sum concentration of 29 heavy metals identified in this

study was about 628.4 ng·m-3, accounting for 3% of PM2.5. Compared with the typical cities of China

(Table S4), the mass concentration of PM2.5 in this sampling site was obviously low, however, the

proportion of loaded heavy metals still showed medium level. To be specific, Na, Fe, K, Al, Ca, Zn, and

Pb showed relatively high loading concentrations in PM2.5, with median values of 144.9, 140.0, 101.1,

41.5, 30.7, 29.5, and 10.5 ng·m-3, respectively, and their sum concentration could occupy approximately

91% of the total concentration of heavy metals (Table S5). In comparison, Mn, V, Ti, Cu, Ni, Cr, Ba,

Mo, As, and Se exhibited medium loading levels, and their concentrations were 8.3, 5.7, 4.4, 3.6, 3.3,

3.0, 2.1, 1.5, 1.4, and 1.0 ng·m-3, respectively. With the exception of the metals mentioned above, other

metals had extremely low contributions (only accounting for 0.4% of the total concentration of heavy

metals), and the concentration levels ranked in the deceasing order of

Sb>Rb>W>La>Co>Ce>Cs>Hf>Sc>Th>Ta>Sm.

To better understand the relationship among 29 heavy metals and further identify their sources, the

HCA, enrichment factor, and geo-accumulation index were combined. From Fig. 4-2, it can be seen that

the first cluster (C1) included Al, Th, Ce, Sm, and Ca, among which there were strong correlations, with
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the r values larger than 0.59. Of these five metals, only Al and Ca had high loading levels in PM2.5, and

their concentrations in spring (132.6 ng·m-3 and 77.3 ng·m-3) were obviously higher than those in the

other three seasons. Moreover, the EF values of Al and Ca were 0.6 and 1.0, and their Igeo values were

-5.2 and -4.5, respectively (Fig. 4-3). Zhang et al. (2021) has confirmed that dust was one of the

important pollution sources for atmospheric particles in Kitakyushu, Japan, and the air masses in spring

carried the highest concentrations of dust from the Asian landmass to the sampling site. In our study, the

Al and Ca, as the typical crustal elements (Hu et al., 2014; Zhang et al., 2018; Gaonkar et al., 2019),

also had the highest concentrations in spring, which revealed that the source of heavy metals in the first

cluster was crustal dust from the Asian landmass. The second cluster (C2) consisted of Fe, Mn, Zn, K,

Pb, As, Se, Rb, and Cs. Of these nine heavy metals, Zn, Pb, As, Se, and Cs were important

anthropogenic metals, with corresponding EF values of 509.8, 818.5, 788.0, 23339.2, and 28.6; and

Igeo values of 4.5, 5.2, 5.3, 10.1, and 0.5; respectively. Zn and Pb were derived from traffic sources (Lin

et al., 2015; Han and Lu, 2017; Shi and Lu, 2018); moreover, these two heavy metals had high

correlations with As (0.58 and 0.60, respectively), Se (0.58 and 0.69, respectively), and Cs (0.38 and

0.60, respectively) in this study, therefore revealing that vehicle exhaust was the main source of the

anthropogenic metals in C2. In addition, the other four metals (Fe, Mn, K, and Rb) were identified as

natural metals, which had EF values lower than 10 and Igeo values lower than 0. The source of Fe was

generally considered to be industrial emissions in Kitakyushu, Japan, because the Nippon Steel

Corporation, one of the largest steel company, was located near our sampling site (Fig. 4-1). In contrast,

our results likely suggest Fe came from a natural source (road dust), taking the previous studies (Yang et

al., 2016; Juda-Rezler et al., 2020) into account. However, as Ti was selected as the reference element in

this study and further both Fe and Ti are the indicator for road dust and steel industry, the discrimination

and correct determination for industrial emission from steel company had some difficulty; therefore, the
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possibility on the influence from industrial emission (steel company) also still remains. The third cluster

(C3) was composed of six natural metals (Na, Ba, Ti, Ta, La, and Co) and seven anthropogenic metals

(Cu, V, Sb, Ni, Cr, Mo, and W). Of the natural metals in C3, Na had the highest concentration, which

was about 21.8 times higher than the sum of concentrations of the other five metals. Taking the

geographic location of our sampling site into consideration, the Na observed in this study was mainly

from sea salts and was carried by the air mass from the Sea of Japan or the Pacific Ocean. Among

anthropogenic metals in C3, V is a key marker for heavy fuel oil (HFO) combustion, and the V/Ni ratio

herein was approximately 2.9, which is consistent with that for typical shipping emissions (Hadley,

2017; Tsai et al., 2020). Zhang et al. (2021) also observed the influence of ship emissions in Kitakyushu,

Japan, which can also support our consideration that ship emissions played an important role for seven

(Cu, V, Sb, Ni, Cr, Mo, and W) metals. The last cluster (C4) only consisted of Hf and Sc; these two

metals basically had extremely low concentration levels during the whole sampling period, with a

median value of 0.01 ng·m-3, but simultaneously reached the highest concentrations (10.0 ng·m-3 and

2.5 ng·m-3, respectively) on November 1, 2017. This demonstrated that the influence of this source was

very low and not stable, having great uncertainty; hence we excluded this source in this study.
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Fig. 4-2 Pearson’s correlation matrix coupled with hierarchical clustering results for 29 heavy metals in PM2.5.

(a) (b)

Fig. 4-3 Enrichment factors (a) and Geo-accumulation indexes (b) of 29 heavy metals in PM2.5.

4.3.2 Risk assessment

4.3.2.1 Environmental risk

As compared with emissions from natural sources, those from anthropogenic sources must be

significantly controlled as much as possible. The comprehensive evaluation of the risk levels of
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anthropogenic metals can provide information for risk management around the sampling site that is

more valuable than that for metals from natural sources. In this study, Se, Mo, Pb, As, Zn, W, Sb, Cu, V,

Cr, Ni, and Cs were identified as anthropogenic metals that had EF values larger than 10 and Igeo

values larger than 0 (Fig. 4-3); thus, the following analysis regarding environmental risk assessment

mainly focused on these 12 metals.

From Fig. 4-4, it can be clearly seen that Mo, Se, and As were the top risk contributors, with median

i
rE values of 1079.5, 992.2, and 364.4, respectively. Correspondingly, the statistical percentage of each

risk level for all samples further showed that Mo, Se, and As, respectively, had extremely high risk with

83%, 98%, and 59% probability; high risk with 8%, 1%, and 31% probability; considerable risk with

5%, 1%, and 8% probability; and moderate risk with 2%, 0%, and 1% probability. In addition, Pb

showed high risk ( i
rE : 177.7), and Sb showed considerable risk ( i

rE : 105.9) for the environment at the

sampling site. To be specific, the proportions of the samples with extremely high risk, high risk,

considerable risk, and moderate risk were 14%, 40%, 25%, and 10% for Pb; and 14%, 11%, 43%, and

23% for Sb, respectively. Meanwhile, the environmental risks caused by Zn, Cu, Ni, V, and Cr were

slight, and their contributions could be neglected, with corresponding i
rE values of 20.1, 13.1, 9.6, 4.5,

and 3.2, respectively, which were all obviously lower than 40. Overall, the comprehensive ecological

risk index for 12 anthropogenic metals, i.e., the sum of each i
rE , was far greater than 600, revealing that

there was severe metal pollution and very high ecological risk in the urban area of Kitakyushu, Japan,

which merits serious attention, especially for Mo, Se, As, Pb, and Sb.
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Fig. 4-4 Median i
rE values of anthropogenic metals in PM2.5 and statistical percentage of each risk level for 336 samples.

4.3.2.2 Human health risk

The harm of heavy metals to humans is an important part of the total environmental risk, which has

attracted public attention in recent years (Guo et al., 2010; Jiang et al., 2018; Hu et al., 2012; Liu and

Ren, 2019; Chen et al, 2020; Xu et al., 2020). The human health risk through different exposure

pathways in the urban area of Kitakyushu, Japan, is worth in-depth investigation. Table 4-1 further

shows the health risks caused by these 12 anthropogenic metals in PM2.5. For adults, the contributions of

the studied metals decreased in the following order: As>Pb>Sb>V>Ni>Mo>Cr(VI)>W>Se>Zn>Cu>Cs,

and the total HI value of 1.0 for these 12 metals revealed that the integrated effects of multi-metal

exposure in the urban area of Kitakyushu, Japan, might not result in severe non-carcinogenic risk. HIIng,

HIInh, and HIDer were 0.7, 0.2, and 0.2, respectively, indicating that oral ingestion was the primary

exposure pathway, followed by dermal contact and inhalation. This phenomenon was related to the

differences of heavy metal accumulation amounts in human body through three exposure pathways and
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the sensitivities of heavy metals for their target organs (Tchounwou et al., 2012; Sah et al., 2019); our

result is consistent with previous research (Fang et al., 2013; MohseniBandpi et al., 2018; Wang et al.,

2018b; Zhang et al., 2019). In addition, among these 12 heavy metals, Cr(VI), As, Pb, and Ni were the

carcinogens (IARC, 2016; Megido et al., 2017), and their CR values were 3.6×10-5, 3.5×10-5, 2.4×10-6,

and 2.8×10-7, respectively. The most important exposure pathway for Cr(VI) and Ni was inhalation,

while that for As and Pb was oral ingestion. In total, the integrated carcinogenic risk for adults (7.3×10-5)

was also within the acceptable/tolerable limits (Hu et al., 2012; Xu et al., 2020), and CRIng, CRInh, and

CRDer accounted for 53%, 26%, and 21%, respectively.

As compared with adults, the particle exposure to children is relatively high because of their playing

activities, hand to mouth habit and licking objects which may be contaminated (Ali et al., 2017). Mostly

children are more susceptible to adsorption of heavy metal from the digestion system, and the

hemoglobin sensitivity to heavy metals are much higher than those of adults due to children's body at

early ages and lower body weight (Sah et al., 2019). Hence, children living in the urban area of

Kitakyushu, Japan, faced significantly higher health risks than adults. To be specific, the total HI for

children (7.8) was obviously higher than the safe level, and the HQing had the highest proportion (78%),

which was similar to the result (79%) of Fan et al. (2021) in Beijing, China. The high non-carcinogenic

risk in this study was mainly caused by As, Pb, and Sb, with corresponding HI values of 2.0, 1.9, and

1.9, respectively. Moreover, for these three heavy metals, the HQ values through different exposure

pathways had the same trends—oral ingestion>dermal contact>inhalation—and the proportion of

non-carcinogenic risk posed by oral ingestion could reach 84% (ranging from 78% to 89%); hence,

countermeasures for reducing the particle exposure risk caused by oral ingestion are most effective for

the children around our study area (the specific suggestions are shown in section 4.3.4). For children’s

carcinogenic risk, the total CR value for multi-metal exposure was 1.2×10-4, which was obviously lower
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than that in typical cities of China (Table S6). However, the risk level in this study was still above the

safe level (1.0×10-4), revealing a moderate carcinogenic risk for children living in the urban area of

Kitakyushu, Japan. Among four carcinogens, the contribution of As to the total CR for children was

highest (7.6×10-5, 63%), and those of CRIng, CRInh, and CRDer were 92%, 0.5%, and 8%, respectively. In

addition, the contribution of Cr(VI) was also relatively high (4.0×10-5, 33%), and dermal contact was

the most important exposure pathway for Cr(VI), accounting for 47%, followed by oral ingestion (42%)

and inhalation (11%). In contrast, the contributions of Pb and Ni were relatively low and could be

neglected (4.9×10-6 and 6.9×10-8, only occupying 4% and 0.1%, respectively).
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Table 4-1 Health risks for adults and children due to the exposure of anthropogenic metals (Bold: Value above the safe level).

Resident Metal
Non-Carcinogenic risk Carcinogenic risk

CDI EC DAD HQing HQinh HQder HI CDI EC DAD CRing CRinh CRder CR

Adults Se 4.0×10-5 6.7×10-4 1.6×10-6 0.0 0.0 0.0 0.0 1.4×10-5 2.3×10-4 5.4×10-7

Mo 1.8×10-4 2.6×10-3 7.0×10-6 0.0 0.0 0.0 0.0 6.0×10-5 8.8×10-4 2.4×10-6

Pb 5.7×10-4 9.8×10-3 2.3×10-4 0.2 0.0 0.1 0.2 1.9×10-4 3.4×10-3 7.8×10-5 1.7×10-6 4.0×10-8 6.6×10-7 2.4×10-6

As 5.8×10-5 9.5×10-4 6.9×10-6 0.2 0.1 0.0 0.3 2.0×10-5 3.3×10-4 2.4×10-6 3.0×10-5 1.4×10-6 3.6×10-6 3.5×10-5

Zn 1.5×10-3 2.3×10-2 5.9×10-5 0.0 0.0 0.0 0.0 5.1×10-4 8.0×10-3 2.0×10-5

W 1.7×10-5 2.6×10-4 6.6×10-7 0.0 0.0 0.0 5.7×10-6 8.8×10-5 2.3×10-7

Sb 6.7×10-5 1.1×10-3 2.7×10-6 0.2 0.0 0.0 0.2 2.3×10-5 3.8×10-4 9.2×10-7

Cu 1.8×10-4 2.7×10-3 7.1×10-6 0.0 0.0 0.0 0.0 6.1×10-5 9.3×10-4 2.4×10-6

V 2.6×10-4 4.1×10-3 1.0×10-5 0.0 0.0 0.1 0.1 8.9×10-5 1.4×10-3 3.6×10-6

Cr(VI) 4.2×10-5 6.0×10-4 1.7×10-6 0.0 0.0 0.0 0.0 1.4×10-5 2.1×10-4 5.7×10-7 7.2×10-6 1.7×10-5 1.1×10-5 3.6×10-5

Ni 2.3×10-4 3.1×10-3 9.1×10-6 0.0 0.0 0.0 0.1 7.8×10-5 1.1×10-3 3.1×10-6 2.8×10-7 2.8×10-7

Cs 3.7×10-6 6.3×10-5 1.5×10-7 1.3×10-6 2.2×10-5 5.1×10-8

SUM 3.1×10-3 4.9×10-2 3.3×10-4 0.7 0.2 0.2 1.0 1.1×10-3 1.7×10-2 1.1×10-4 3.9×10-5 1.9×10-5 1.6×10-5 7.3×10-5

Children

Se 3.7×10-4 6.7×10-4 1.0×10-5 0.1 0.0 0.0 0.1 3.2×10-5 5.8×10-5 8.9×10-7

Mo 1.6×10-3 2.6×10-3 4.6×10-5 0.3 0.0 0.0 0.3 1.4×10-4 2.2×10-4 3.9×10-6

Pb 5.3×10-3 9.8×10-3 1.5×10-3 1.5 0.0 0.4 1.9 4.5×10-4 8.4×10-4 1.3×10-4 3.9×10-6 1.0×10-8 1.1×10-6 4.9×10-6

As 5.4×10-4 9.5×10-4 4.5×10-5 1.8 0.1 0.2 2.0 4.6×10-5 8.2×10-5 3.9×10-6 6.9×10-5 3.5×10-7 5.8×10-6 7.6×10-5

Zn 1.4×10-2 2.3×10-2 3.9×10-4 0.0 0.0 0.0 0.0 1.2×10-3 2.0×10-3 3.3×10-5

W 1.5×10-4 2.6×10-4 4.3×10-6 0.2 0.0 0.2 1.3×10-5 2.2×10-5 3.7×10-7

Sb 6.3×10-4 1.1×10-3 1.8×10-5 1.6 0.0 0.3 1.9 5.4×10-5 9.4×10-5 1.5×10-6

Cu 1.7×10-3 2.7×10-3 4.6×10-5 0.0 0.0 0.0 0.0 1.4×10-4 2.3×10-4 4.0×10-6

V 2.4×10-3 4.1×10-3 6.8×10-5 0.4 0.0 0.4 0.8 2.1×10-4 3.5×10-4 5.8×10-6

Cr(VI) 3.9×10-4 6.0×10-4 1.1×10-5 0.1 0.0 0.2 0.3 3.3×10-5 5.2×10-5 9.4×10-7 1.7×10-5 4.4×10-6 1.9×10-5 4.0×10-5

Ni 2.1×10-3 3.1×10-3 5.9×10-5 0.1 0.0 0.1 0.2 1.8×10-4 2.7×10-4 5.1×10-6 6.9×10-8 6.9×10-8

Cs 3.5×10-5 6.3×10-5 9.8×10-7 3.0×10-6 5.4×10-6 8.4×10-8

SUM 2.9×10-2 4.9×10-2 2.2×10-3 6.2 0.2 1.5 7.8 2.5×10-3 4.2×10-3 1.9×10-4 9.0×10-5 4.8×10-6 2.6×10-5 1.2×10-4

84
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4.3.3 Potential pollution source regions of high-risk metals

Based on the risk-assessment results, it can be clearly seen that exposure to PM2.5 in the urban area of

Kitakyushu, Japan, could exert significant influences on the ecological environment and children’s

health, and the high-risk metals loaded in PM2.5 included Mo, Se, As, Pb, Sb, and Cr. CWT analysis was

used to further identify the pollution source regions of these important metals. To be specific, heavy

fuel oil was commonly composed of Mo, Sb, and Cr (Corbin et al., 2018; Sugiyama et al., 2020; Suzuki

et al., 2021); some shipping routes in the Pacific Ocean or the Sea of Japan were identified as the

potential pollution regions of these three high-risk metals (Fig. 4-5), revealing the significant influence

of ship emissions around the sampling site. This was consistent with our HCA results (Mo, Sb, and Cr

were in the same cluster with V and Ni). During the whole sampling period, the loading concentrations

of Mo, Sb, and Cr in PM2.5 varied obviously, ranging from 0.01 ng·m-3 to 67.8 ng·m-3, 0.1 ng·m-3 to

132.4 ng·m-3, and 0.3 ng·m-3 to 112.5 ng·m-3, respectively (Fig. S5). Extremely high concentration

events for these three heavy metals could be observed when the air masses originated from shipping

routes on the sea.

In comparison, three other metals (Se, As, and Pb) had different pollution source regions, which were

mainly distributed northwest of the sampling site, especially Shandong Province, Hebei Province, and

Shanxi Province, China. These regions are characterized by rapid economic development, high

population density, and heavy traffic. Moreover, to meet increased traffic demand, the number of urban

roads and motor vehicles are increasing obviously, and many previous studies showed that the influence

of traffic emissions on particle pollution has become increasingly significant in China (Song et al., 2019;

Wang et al., 2019). Hence, the transboundary transport from the Asian landmass was the important

origin of these three metals, and more strict control of traffic emissions in these identified pollution
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regions in China will be helpful for reducing the risk level of particle exposure around our sampling

site.

Fig. 4-5 CWT analysis of high risk metals in the urban area of Kitakyushu, Japan, and the trajectories of extremely high

concentration (top three) events for Mo, Sb and Cr.

4.3.4 Risk management

According to the identified priority control regions and heavy metals, several pertinent countermeasures

and suggestions for risk management in the urban area of Kitakyushu, Japan, are put forward as
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follows:

(1) Strengthen source control. Focus should be first on ship emissions, as the local source. Two practical

approaches are suggested to mitigate the risk caused by ship emissions: using clean fuels, such as

methanol and liquefied natural gas (Lee et al., 2020; Zhu et al., 2020), and installing scrubbers to collect

primary particles emitted by the combustion of heavy fuel oil. Presently, the control of ship emissions in

the waters near our sampling site mainly concentrates on sulfur emissions. The International Maritime

Organization (IMO)’s regulation limiting ship fuel’s sulfur content to 0.5% became effective on January

1, 2020 (Solakivi et al., 2019). Although this control policy is not aimed at heavy metal pollution, the

countermeasures that could be adopted by ship operators are similar, such as installing a cleaning

system in a ship and switching to lower sulfur fuel oil or a clean energy source (Zhou and Yuen, 2021).

Therefore, the risk of heavy metals loaded in ship-emitted particles may also be reduced under the

IMO’s sulfur regulation, which is worth in-depth investigation in the future. Second, for traffic

emissions, internationally collaborative efforts are essential. It is recommended to encourage the

consumers in China to buy and use vehicles with clean energy by increasing relevant preferential

policies. In addition, it is of great importance to encourage more people to use clean automobiles by

improving their quality, convenience, and appearance.

(2) Raise public protection awareness. It is necessary to reinforce education about the environmental

risks and self-environmental exposure protection. The relevant department should establish or perfect a

real-time health risk information-sharing system based on integrated geographic modeling and

visualization. The public can utilize this system to plan activities, such as reducing physical exertion

outdoors near pollution sources, wearing masks in appropriate circumstances, and using air cleaners

fitted with high-efficiency filters to reduce particle exposure in the indoor environment during high-risk
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days. In addition, for families with children, parents should pay more attention to the condition of the

living environment, especially places children could contact easily, such as the surfaces of floors, tables,

toys, etc. On the other hand, it is necessary and important to cultivate good health habits in children,

such as reminders not to eat or drink things that are exposed to the air for a long time; to store

unfinished food in fresh-keeping bags; and to avoid touching the face, mouth, eyes, or nose before

washing hands. Moreover, hand washing needs to be done in the proper way, namely, carefully wash all

skin surfaces of the hands and fingers for at least 20 seconds by using hand sanitizer. If hand washing is

not immediately possible in some situations, we can use disinfectant wipes on our hands.

4.4 Conclusions

The sampling campaign of PM2.5 was carried out in Kitakyushu City on the western edge of Japan from

2013 to 2019, and 29 heavy metals loaded in PM2.5 were measured in this study. During the whole

sampling period, the PM2.5 mass concentration ranged from 6.3 μg·m-3 to 57.5 μg·m-3, with a median

value of 21.3 μg·m-3, and the sum concentration of heavy metals only accounted for 3%. According to

the enrichment factor (EF) and geo-accumulation index (Igeo) analysis, it can be known that Se, Mo, Pb,

As, Zn, W, Sb, Cu, V, Cr, Ni, and Cs were mainly from anthropogenic sources, which had EF values

larger than 10 and Igeo values larger than 0. The comprehensive ecological risk index for these 12

anthropogenic metals was far greater than 600. This large index showed severe metal pollution and very

high ecological risk in the urban area of Kitakyushu, Japan, which should be paid great attention. The

human health assessment result further revealed that children living at the sampling site faced severe

non-carcinogenic risk (HI=7.8) and moderate carcinogenic risk (CR=1.2×10-4), and oral ingestion was

basically the most important exposure pathway, followed by dermal contact and inhalation. The priority

control metals included Mo, Se, As, Pb, Sb, and Cr; moreover, the concentration-weighted trajectory
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analysis (CWT) indicated that Mo, Sb, and Cr were from ship emissions because some shipping routes

around the Kyushu area were identified as their potential pollution source regions, while Se, As, and Pb

were carried by the air masses from the Asian landmass. Overall, although the PM2.5 concentration in

the urban area of Kitakyushu, Japan was not high, the heavy metal risk cannot be overlooked; it is

necessary to strengthen the source control of high-risk metals and raise public protection awareness.
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Chapter 5: Summary and future prospect

5.1 Summary

The long-term monitoring of atmospheric particles (total particles and PM2.5) was conducted in

Kitakyushu, Japan. We investigated particle characteristics from sources, secondary formation,

reduction mechanism, and risk assessment. The major conclusions are summarized as follows:

• The main sources of total particles in Kitakyushu, Japan included industrial combustion plus ship

emissions, secondary sulfates, secondary nitrates plus biomass burning, marine aerosols, and dust,

accounting for 26 %, 23 %, 22 %, 19 %, and 10 %, respectively.

• The high concentration of total particles was mainly caused by local emissions around the Kyushu

area and long-range transport from the Asian landmass. The transboundary transport of air pollutants

significantly influenced the particle characteristics, especially during spring.

• The secondary formation process of total particles is significantly influenced by Ox, NO2, NH3,

HNO3, HCl, T, and RH. In addition, ALWC acted as an efficient medium of secondary formation,

comprising 59 % of the total particle mass concentration.

• Of the seven sensitive tests, the largest decreasing amounts of the IAM were basically achieved by

reducing TNaCl, followed by SIA components, TMg2+, TK+, and TCa2+; however, inorganic aerosol pH

increased only after controlling TSO42- and TNO3-.

• The ALWC made the greatest contribution to the variations of the IAM for five control species

(TNaCl, TNH4+, TNO3-, TMg2+, and TCa2+) except two (TSO42- and TK+) among seven species, and the

ALWC in inorganic aerosols was significantly restrained by sea salts.

• The process of converting nitrate and ammonium from the gas phase to the aerosol phase could be

enhanced effectively under extremely low concentration level of marine aerosols in the atmosphere.
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• The appropriate presence of TCa2+ in the atmosphere could facilitate the mitigation of particle

pollution related to the transfer process of SO42- between the aerosol solid phase and the aerosol

aqueous phase.

• The PM2.5 mass concentration was about 21.3 μg·m-3 at the sampling site; the heavy metals loaded

in it only accounted for 3%. Among 29 metals, Na, Fe, K, Al, Ca, Zn, and Pb were present in high

concentrations (>10 ng·m-3), and Mn, V, Ti, Cu, Ni, Cr, Ba, Mo, As, and Se were present in medium

concentrations (>1 ng·m-3).

• For the environment, Mo, Se, and As were extremely high risk with median i
rE values of 1079.5,

992.2, and 364.4, respectively, moreover, Pb showed high risk (177.7), and Sb showed considerable risk

(105.9). These five metals caused severe ecological risk around the sampling site, which should be the

focus of great attention.

• For human beings, As, Pb, and Sb showed severe non-carcinogenic risks for children, with HI

values of 2.0, 1.9, and 1.9, respectively. In addition, exposure to As and Cr(VI) could cause slight

carcinogenic risk for children, with CR values of 7.6×10-5 and 4.0×10-5, respectively.

• Reducing the PM2.5 exposure risk by oral ingestion is the most effective strategy for children around

our study area, followed by reducing the risks of dermal contact and inhalation. Parents should pay

more attention to the condition of their living environment and cultivate good health habits in their

children.

• As priority control metals, Se, As, and Pb originated from traffic emissions through transboundary

transport, while Mo, Sb, and Cr were from local sources, namely ship emissions in the Pacific

Ocean/Sea of Japan.

In this research, we comprehensively investigated and studied the characteristics of atmospheric
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aerosols in Kitakyushu City from emission sources to risk level of receptor site, clarified the

contribution of each apportionment on aerosol pollution, and validated its chemical mechanism from the

viewpoint of thermodynamics. Our outcomes including risk assessment on aerosol pollution could

totally provide useful/fruitful/optical/basic scientific reference/information/knowledge to formulate

countermeasures for air pollution issue on aerosol.

5.2 Future Prospect

A low particle concentration does not signify low risk for the environment and human health, and the

pollution of PM2.5-bound heavy metals in Kitakyushu, Japan, should not be neglected, especially for

metals from traffic and ship emissions. Regarding traffic emissions from transboundary transport, the

Chinese government’s Three-year Action Plan to Win the Battle for a Blue-Sky (from 2018) emphasized

special action regarding PM2.5 pollution control in 2 + 26 Cities, in which traffic has been one important

control source for the mitigation of PM2.5 pollution in recent years. As for ship emissions, stricter

limitations on ship fuel oil by the IMO have been executed in waters near the sampling site since

January 1, 2020. Thus, these high-risk sources will be controlled, and the heavy metal risk in the urban

area of Kitakyushu, Japan, may be significantly reduced. In future work, we can analyze the annual

variations of traffic-emitted and ship-emitted metals and the reduction of PM2.5 exposure risk at the

sampling site after obtaining data from recent years (May, 2019 to the present). In addition, combining

the data of multiple monitoring stations, we can further investigate the spatiotemporal distribution of

PM2.5-bound heavy metals in Japan and identify control cities of primary and secondary priorities and,

correspondingly, prioritize controlling heavy metals based on risk levels of different regions, which can

help in making cost-effective risk management policies under limited national/local budgets.

The other research direction is about organic aerosols. In the present study, we only focused on the
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water-soluble ions and heavy metals in atmospheric aerosols. However, the organic components also

make a high contribution for the particle mass concentration, and their formation process are more

complex. The organic components of atmospheric aerosols mainly include n-alkanes, branched alkanes,

n-alkanoic acids, n-alkanals, aromatic polycarboxylic acids, polycyclic aromatic hydrocarbons (PAHs),

heterocyclic aromatic hydrocarbons, dicarboxylic acids, ketones, etc. PAHs make a relatively low

contribution for organic aerosols, but a majority of PAHs have carcinogenic, teratogenic, and mutagenic

effects., playing an important destructive role in heritable, immune or pulmonary toxicity (The detail

information is shown in Table S7). Hence, the concentration levels, pollution sources, secondary

formation processes, and human health risks of organic aerosols (PAHs for particular) are worth

in-depth investigation.
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Supplementary data

Table S1 The ion amount in 1kg seawater.

Ions Na+ K+ Mg2+ Ca2+ Sr2+ Cl- Br- SO42- HCO3- BO33-

g 10.56 0.38 1.27 0.4 0.013 18.98 0.065 2.65 0.14 0.026

mmol 455 9.2 52.5 10.2 0.15 535.1 0.81 27.6 2.35 0.44

Table S2 The values of Tr, RfDo, RfCi, GIABS, SFo, and IUR for the anthropogenic metals.

Parameter Se Mo Pb As Zn W Sb Cu V
Cr or
Cr(VI)

Ni Cs

Tr 1 18 5 10 1 - 13 5 2 2 5 -

RfDo 5.00×10-3 5.00×10-3 3.50×10-3 3.00×10-4 3.00×10-1 8.00×10-4 4.00×10-4 4.00×10-2 7.00×10-3 3.00×10-3 2.00×10-2 -

RfCi 2.00×10-2 4.00×10-4 3.52×10-3 1.50×10-5 3.01×10-1 - 3.00×10-4 4.02×10-2 1.00×10-4 1.00×10-4 9.00×10-5 -

GIABS 1 1 1 1 1 1 0.15 1 0.026 0.025 0.04 -

SFo - - 0.0085 1.5 - - - - - 0.5 - -

IUR - - 0.000012 0.0043 - - - - - 0.084 0.00026 -

Note: For health risk, the Cr(VI) concentration was calculated as one seventh of the total Cr (Behrooz et al., 2021).

Table S3 Input parameters and abbreviations for cancer and non-cancer exposure assessment.

Parameter Notation Unit
Value

Children Adults

Ingestion rate IngR mg·day-1 200 100

Exposure frequency EF days·year-1 180 180

Exposure duration ED year 6 24

Unit conversion factor CF kg·mg-1 1.0×10-6 1.0×10-6

Body weight BW kg 15 70

Averaging lifetime AT days
ED × 365 (for non-carcinogens) ED × 365 (for non-carcinogens)

70 × 365 (for carcinogens) 70 × 365 (for carcinogens)

Exposure time ET h·day-1 24 24

Average lifetime ATn hours
ED × 365 × 24 (non-carcinogens) ED × 365 × 24 (non-carcinogens)

70 × 365 × 24 (carcinogens) 70 × 365 × 24 (carcinogens)

Skin surface area SA cm2 2800 5700

Skin adherence factor AF mg·cm-2 0.2 0.07

Dermal absorption factor ABS - 0.03 (As), 0.1 (Pb), 0.001 (Cd), 0.01 (other metals)
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Table S4 Comparison of concentration of PM2.5 and total heavy metals (THM) between Kitakyushu and other regions

City Sampling period
PM2.5

(μg·m-3)
THM
(ng·m-3)

THM/PM2.5 Reference

Kitakyushu, Japan May, 2013-February, 2019 21.3 628.4 3% This study

Xiamen, China April, 2017-January, 2019 44.9 320.0 1% (Wang et al., 2021)

Baoding, China Oct, 2016-Auggust, 2017 132 789.7 1% (Xie et al., 2019)

Guangzhou, China March, 2016-February, 2017 55.0 702.5 1% (Xie et al., 2020a)

Nanjing, China March, 2016-February, 2017 61.1 816.3 1% (Xie et al., 2020a)

Taiyuan, China April-December, 2016 180 1142 1% (Liu et al., 2019)

Tangshan, China October, 2017-October, 2018 89.7 2670 3% (Fang et al., 2021)

Changsha, China March-April, 2013 100 3211 3% (Zhai et al., 2014)

Chengdu, China October 2014-July, 2015 67.7 2100 3% (Wang et al., 2018a)

Chongqing, China October 2014-July, 2015 70.0 2800 4% (Wang et al., 2018a)

Hangzhou, China December, 2014-December, 2015 80.0 3100 4% (Xu et al., 2021)

Qingdao, China January-February, 2015 72.2 3630 5% (Gao et al., 2017)

Beijing, China November-December, 2018 69.3 3482 5% (Fan et al., 2021)

Ningbo, China December, 2014-December, 2015 54.3 2920 5% (Xu et al., 2021)

Zhengzhou, China October, 2014-July, 2015 118 6926 6% (Jiang et al., 2018)
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Table S5 Statistical evaluation (min., max. and each percentile) of PM2.5 (μg·m-3) and 29 heavy metal concentrations (ng·m-3)

during whole sampling period.

Item Min. 25th 50th 75th Max.

PM2.5 6.3 15.8 21.3 29.4 57.5

Na 1.7 95.7 144.9 210.0 770.0

Fe 2.3 78.9 140.0 240.5 1745.7

K 1.1 62.1 101.1 166.0 640.0

Al 2.4 20.0 41.5 85.8 1600.0

Ca 2.0 15.0 30.7 65.4 660.0

Zn 1.5 12.3 29.5 51.8 319.3

Pb 0.1 5.1 10.5 17.6 57.6

Mn 0.2 4.2 8.3 13.2 56.1

V 0.0 3.3 5.7 9.8 38.8

Ti 0.7 2.0 4.4 11.5 123.0

Cu 0.2 2.0 3.6 5.8 33.3

Ni 0.3 1.4 3.3 6.2 123.5

Cr 0.3 1.9 3.0 9.4 112.5

Ba 0.0 1.3 2.1 3.1 34.3

Mo 0.0 0.7 1.5 4.0 67.8

As 0.0 0.7 1.4 2.2 6.1

Se 0.1 0.6 1.0 1.7 5.5

Sb 0.1 0.4 0.8 1.4 132.4

Rb 0.0 0.2 0.4 0.7 3.0

W 0.0 0.2 0.3 0.6 5.1

La 0.0 0.1 0.2 0.3 8.1

Co 0.0 0.1 0.1 0.2 6.8

Ce 0.0 0.0 0.1 0.2 1.5

Cs 0.0 0.0 0.1 0.1 1.2

Hf 0.0 0.0 0.0 0.0 10.0

Sc 0.0 0.0 0.0 0.0 2.5

Th 0.0 0.0 0.0 0.0 0.2

Ta 0.0 0.0 0.0 0.0 0.2

Sm 0.0 0.0 0.0 0.0 0.1
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Table S6 Carcinogenic risk for children living in Kitakyushu and other regions

City Sampling period Pb As Cr(VI) Ni Total CR Reference

Kitakyushu, Japan May, 2013-February, 2019 3.9×10-6 7.6×10-5 4.0×10-5 6.9×10-8 1.2×10-4 This study

Xiamen, China April, 2017-January, 2019 - - 1.2×10-4 4.8×10-8 1.2×10-4 (Wang et al., 2021)

Baoding, China December, 2017 1.5×10-5 - 1.1×10-4 - 1.3×10-4 (Xie et al., 2020b)

Guangzhou, China January, 2013-February, 2019 - 4.6×10-5 9.3×10-5 1.4×10-6 1.4×10-4 (Li et al., 2021)

Chongqing, China October 2014-July, 2015 - 2.5×10-5 1.2×10-4 1.5×10-6 1.5×10-4 (Li et al., 2021)

Chengdu, China October 2014-July, 2015 - 1.0×10-4 6.2×10-5 1.7×10-6 1.7×10-4 (Li et al., 2021)

Zhengzhou, China October, 2014-July, 2015 - 2.2×10-4 - - 2.2×10-4 (Jiang et al., 2018)

Beijing, China November-December, 2018 4.8×10-6 7.2×10-5 2.1×10-5 1.6×10-4 2.6×10-4 (Fan et al., 2021)

Nanjing, China April-September, 2010 2.1×10-4 6.5×10-5 1.1×10-4 1.8×10-7 3.9×10-4 (Hu et al., 2012)

Zhejiang, China January-December, 2015 3.0×10-4 1.5×10-4 1.9×10-5 - 4.7×10-4 (Wang et al., 2018b)

Taiyuan, China April-December, 2016 2.0×10-4 2.0×10-5 3.0×10-4 1.5×10-5 5.4×10-4 (Liu et al., 2019)

Hangzhou, China December, 2014-December, 2015 3.8×10-6 5.6×10-4 1.6×10-4 4.3×10-6 7.3×10-4 (Xu et al., 2021)

Qingdao, China March, 2006-February, 2007 2.0×10-3 7.2×10-5 9.8×10-6 4.1×10-8 2.1×10-3 (Zhang et al., 2018)

Jinan, China March, 2006-February, 2007 2.8×10-3 1.2×10-4 1.5×10-5 5.9×10-8 2.9×10-3 (Zhang et al., 2018)

Zaozhuang, China March, 2006-February, 2007 3.2×10-3 9.3×10-5 1.2×10-5 6.5×10-8 3.3×10-3 (Zhang et al., 2018)

Zibo, China March, 2006-February, 2007 3.2×10-3 1.4×10-4 1.3×10-5 6.9×10-8 3.4×10-3 (Zhang et al., 2018)
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Table S7 The information about PAHs.

Species Abbreviation Chemical formula (Benzene rings) TEF MEF RfD

Naphthalene Nap C10H8 (2) 0.001 0.02

Acenaphthylene Acy
C12H8 (3)

0.001

Acenaphthene Ace
C12H10 (3)

0.001 0.06

Fluorene Flu C13H10 (3) 0.001 0.04

Phenanthrene Phe
C14H10 (3)

0.001 0.015

Anthracene Ant C14H10 (3) 0.01 0.3

Fluoranthene Fla
C16H10 (4)

0.001 0.04

Pyrene Pyr
C16H10 (4)

0.001 0.015

Benzo(a)anthracene BaA
C18H12 (4)

0.1 0.082

Chrysene Chr
C18H12 (4)

0.01 0.017

Benzo(b)Fluoranthene BbF
C20H12 (5)

0.1 0.25

Benzo(k)Fluoranthene BkF
C20H12 (5)

0.1 0.11

Benzo(a)Pyrene BaP
C20H12 (5)

1 1 0.0003

Dibenzo(a, h)anthracene DBA
C22H14 (5)

1 0.29

Indeno(123-c, d)Pyrene IDP
C22H12 (6)

0.1 0.31

Benzo(g, h, i)perylene BghiP
C22H12 (6)

0.01 0.19 0.015

Note: TEF: Toxic equivalent factor; MEF: Mutagenic potency factor.
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Fig. S1 Ion balance and conductivity balance of original data.

Fig. S2 Time variations of SO2, HNO3, HCl, and NH3 measured by four-stage filter pack and five-stage filter pack
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Fig. S3 The transport pathways of the daily air masses during the sampling period with the trajectory start hour of 03:00 (a),

09:00 (b), 15:00 (c), 21:00 (d), respectively (Note: Even each trajectory start hour was different, the transport pathways of

daily air masses were very similar, moreover, the sampling intermediate time in this study was 15:00 (UTC); hence, we

finally choose this group of 365 trajectories.)
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Fig. S4 The calculated enrichment factors of 29 heavy metals by choosing different reference metal (Ti, Fe, and Al).

Fig. S5 Concentration variations of high risk metals during the whole sampling period and the extremely high

concentration (top three) events for Mo, Sb and Cr.
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