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Abstract This study investigated the effects of transboundary transport and local 

meteorological conditions on air quality in Kitakyushu, the northern part of Kyushu, Japan. The 

presence and sources of anthropogenic/non-sea-salt inorganic chloride (nss-Cl) in ambient air 

were studied at the survey site, a suburb of Kitakyushu. By applying the four-stage filter pack 

system, samples (both particulate matter and gaseous species) were collected daily (24-hour 

sampling) over one year (December 2016 to November 2017). Anthropogenic/nss-Cl 

concentrations were generally low and were detectable for only 263 days (approximately 72% 

over one year). Anthropogenic/nss-Cl concentrations above 20 nmol∙m-3 were observed over 

50 days, and the 72-h backward trajectory results suggest a strong correlation with 

transboundary transport in the west/northwest rather than with domestic/local emissions from 

waste incineration, coal combustion, and volcanic eruptions. The PSCF and CWT results 

indicate that northeastern and southern China, Mongolia, Russia, and the Sea of Japan were 

important potential source areas for anthropogenic nss-Cl at the survey site.  

On the other hand, the atmosphere's stability is an essential parameter in controlling air 

pollution. This study monitored local air pollution problems by measuring atmospheric methane 

concentrations. Methane concentrations around urban and suburban areas were also 

investigated based on (1) CH4 fluxes/emissions, (2) vertical profiles of air temperature, and (3) 

land use. Methane fluxes/emissions from automobiles were not ignored in the heart of 

industrialized cities, although it was not a significant contributor globally; in addition, the 

contribution of landfills related to wind direction. In contrast, CH4 fluxes/emissions were a 

mixture of CH4 from automobiles and rice paddies in suburban areas. The atmosphere in the 

urban center area was stable at ca. 200 m, during daytime and even in the summer; this elevated 
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temperature inversion layer prevented air pollutants and the air itself from vertical 

mixing/diffusion/transportation; meanwhile, the atmosphere in the suburbs formed the 

grounded temperature inversion layer at night in the summer. Interestingly, it was not formed 

in winter all day, likely because of the strong wind velocity due to the monsoon. Land use also 

influenced the CH4 concentrations; especially in suburban areas, where rice fields remained 

undeveloped. The CH4 concentrations increased significantly from midnight to early morning 

in summer, while the atmosphere was stable. 
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Chapter 1 Introduction  

1.1 Air quality and air pollution 

Air is the gas that surrounds the earth and maintains the survival of humans and living things. 

The troposphere, or air layer within 12 kilometers of the ground, is critical to the existence of 

people and other living things. It comprises 78.1 % nitrogen, 21% oxygen, 0.9 % argon, and 

the remaining contaminants. A clean atmosphere is one of the necessary conditions for human 

survival. In five weeks without food or five days without water, a person can still maintain life. 

However, it takes only a few minutes without breathing air to die. According to the American 

Lung Association (ALA), adults consume 2,000 gallons (7,570 liters) of air per day (ALA, 

2017). The atmosphere has a specific self-purification ability due to natural processes and other 

pollutants in the atmosphere by the atmospheric self-purification process from the atmosphere 

to remove to maintain a clean atmosphere.  

Air quality reflects air pollution, which is judged based on the concentration of pollutants in 

the air. Air pollution is a complex phenomenon, and many factors influence the concentration 

of air pollutants at a given time and place. The magnitude of anthropogenic pollutant emissions 

from stationary and mobile sources is one of the most critical factors affecting air quality, 

including exhaust from vehicles, ships, aircraft, industrial pollution, residential living and 

heating, waste incineration, etc. Previous studies have proven that the world faces many 

environmental problems today, such as the greenhouse effect, the ozone hole, forest degradation, 

the spread of acid rain, land desertification, water pollution, and the reduction of biodiversity 

and genetic diversity (Cameron et al., 2013; Zscheischler et al., 2014; Zhang et al., 2018; 
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Grennfelt et al., 2020; Zhang et al., 2020).  

With rapid socio-economic growth and industrialization, human-caused air pollution has 

become increasingly severe, especially in cities with high concentrations of factories, 

automobiles, and people. Air pollution threatens human's daily life, endangers human health, 

inconveniences people's work, and affects or endangers the survival of various organisms and 

damages equipment, buildings, etc. directly or indirectly. 

Air pollution has become one of the most severe environmental health threats worldwide. Seven 

million deaths in 2012 (1/8 of all global deaths) were associated with exposure to air pollution 

(WHO, 2016). Approximately 7 billion people (92% of the global population) live in areas that 

exceed the World Health Organization's (WHO, 2012; 2021) annual air quality guidelines for 

PM2.5, and 3.6 billion people (47% of the global population) are exposed to household air 

pollution due to the use of solid fuels for cooking (Jerrett et al., 2009). Recent studies have also 

shown that even low levels of air pollution, below current WHO guidelines and most national 

standards, can affect cardiovascular health (Strak et al., 2017; Pappin et.al., 2019). In addition, 

climate change is leading to an increase in the frequency and severity of wildfires, which is 

leading to large-scale smoke episodes and associated health effects affecting major 

metropolitan areas (Conover, 2001; Reid et.al., 2016). 

On the other hand, Asia is a relatively underdeveloped region in the world, with a large 

population and slow development. In order to accelerate economic development, each country 

has exploited nature in a big way, and the use of resources is relatively large, but at the same 

time, the effective utilization of resources is not high, the treatment of energy waste is not 

appropriate and adequate, and the impact of environmental pollution on society and human 
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beings is not clear enough. As a result, we have not only lost a lot of energy, but also brought a 

lot of pollution to the environment, especially air pollution.  

When air quality is good, the air is clear and contains only small amounts of solid particles and 

chemical pollutants. Poor air quality, which contains high pollutants, is often hazy and 

dangerous to health and the environment. Air quality is described according to the Air Quality 

Index (AQI), which is based on the concentration of pollutants present in the air at a particular 

location. In Japan, after 1955, the city of Yokkaichi was covered with sulfuric acid fog, and in 

1964, the citizens of the city suffered from asthma attacks and some died from asthma. With 

the joint efforts of the Japanese government and people, the air quality is now getting better. 

The AQI for the whole country is between 0 and 50, with an average of around 30. The AQI 

was introduced as a summary index by the United States Environmental Protection Agency 

(USEPA) in 1998, and the construction of the AQI provides a means to distinguish between 

“good” and “unhealthy” air quality (Kowalska et al., 2009; Perlmutt and Cromar, 2019). This 

means that the air can be breathed without any risk to health. However, there are some places 

where pollution levels are higher than usual, such as Tokyo or Osaka. Kyushu has a number of 

industrial plants that produce pollutants such as sulfur dioxide, nitrogen oxide, carbon 

monoxide, and particulate matter. These pollutants have been found in many parts of Japan 

including Tokyo, Kyoto, Osaka, and Nagoya. In addition to these major sources, there are also 

smaller factories producing lead compounds which can cause health problems if inhaled over 

long periods of time. There are also a number of coal-fired power stations located around 

Kyushu that release large amounts of dust into the atmosphere causing haze during summer 

months when they operate at full capacity. Japanese government has implemented the Air 
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Pollution Control Law in 1968 (Ministry of the Environment, 2010) to control the national 

environmental quality. Other comprehensive policy approaches combined with energy-related 

topics were launched later to mitigate environmental pollution while maintaining the national 

economic growth. Four issues, water, air, soil and noise, are the most significant factors in the 

Japanese environmental quality standards, and the air quality standards for the aim target 

pollutant, air pollution, are given in Table 1. The air environment in Japan is very different from 

that of western countries. It has a lot of natural disasters, such as earthquakes and typhoons. 

The temperature changes are also big, because of their location between the ocean and 

mountains. The climate is mild, with a mean temperature of 9.9°C (49.6°F) and an annual 

average relative humidity of about 55%. About 60% to 70% of the rainfall occurs between June 

and September, while snowfall is rare except in Hokkaido. Average daily maximum 

temperatures range from 22.7°C (73°F) in July to 6.5°C (43°F) in January. In general, Japan 

has four seasons: spring (March, April, and May), summer (June, July, and August), autumn 

(September, October, and November), and winter (December, January, and February). 
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Table 1. Environmental quality standards of atmosphere in Japan 

Substance Environmental conditions 

SO2 

The daily average for hourly values shall not exceed 0.04 ppm, and hourly values should not 

exceed 0.1 ppm. 

CO 

The daily average for hourly values shall not exceed 10 ppm, and average of hourly values 

for any consecutive eight hour period should not exceed 20 ppm. 

SPM 

The daily average for hourly values shall not exceed 0.10 mg/m3, and hourly values should 

not exceed 0.20 mg/m3. 

NO2 

The daily average for hourly values should be within the 0.04–0.06 ppm zone or below that 

zone. 

OX Hourly values should not exceed 0.06 ppm. 

Benzene Annual average should not exceed 0.003 mg/m3. 

Trichloroethylene Annual average should not exceed 0.13 mg/m3. 

Tetrachloroethylene Annual average should not exceed 0.2 mg/m3. 

Dichloromethane Annual average should not exceed 0.15 mg/m3. 

Dioxins (PCDDs, P 

CDFs and coplanar 

PCBs) 

Annual average should not exceed 0.6 pg-TEQ/m3. 

Fine particulate 

matter (PM 2.5) 

The annual standard for PM 2.5 is less than or equal to 15.0 μg/m3. The 24-h standard, which 

means the annual 98th percentile values at designated monitoring sites in an area, is less 

than or equal to 35 μg/m3*. 

*: Source from the website, Environmental Quality Standards in Japan - Air Quality 
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1.2 The main factors affecting air quality 

Air pollution is a growing problem worldwide and is problematic because it varies from place 

to place, influenced by meteorological, topography, pollutant emissions, transboundary 

transportation, atmospheric reactions, and deposition. Air pollution exists globally, affects the 

lives and health of 90% of the global population, and exhibits different seasonal and diurnal 

variations across geographic regions (WHO, 2018). Local emissions of pollutants and 

transboundary transport of pollutants, such as exhaust from cars and ships, industrial pollution, 

and waste incineration, are among the most important variables affecting air quality. The 

density of urban development, topography and meteorology are also important factors affecting 

air quality.  

Air pollution has a significant effect on places near its source, but because it can travel so far 

in the atmosphere, air pollution generated in one place can also affect places far away. For 

example, Smith et al. (2015) estimated that marine vessels are responsible for approximately 

13% of global anthropogenic sulfur dioxide (SO2) emissions, while Zhang et al. (2017) 

estimated that about 12% of total premature deaths from fine particulate matter (PM2.5) are 

caused by transboundary air pollutants. Yin et al. (2021) research show that transboundary 

transport of air pollution from South and Southeast Asia was associated with the high 

concentrations of most air pollutants observed in Southwest China. Similarly, Chuang et al. 

(2020) determined that average air pollution levels are influenced by PM2.5 transported by 

seasonal winds from neighboring regions. The transboundary transport of air pollutants in the 

East Asian region has become a serious concern in recent years. Air pollutants emitted from 

urban and industrial areas in China, Korea, and Japan travel long distances and pass to 



11 
 

negatively impact plants and humans in downstream regions  (Lee et al., 2008; Wang et al., 

2013). Regional aerosol size distributions are influenced directly by primary particles 

transported over long distances, such as yellow sand and black carbon (Kulmala et al., 2004; 

Weber et al., 2003).  

Although the long-range transport of air pollutants can lead to air pollution in a region, the 

sources of pollution near a region remain a significant determinant of local air quality. 

Pollutants such as nitrogen dioxide (NO2) and sulfur dioxide (SO2) are most concentrated near 

their sources (transportation, energy production, and industry), and this occurs mainly in urban 

and industrial areas (Yang et al., 2018; Zhou et al., 2021). Previous studies suggest that this is 

due to urban areas' significant and sustained development, affecting local air quality (Cheng et 

al., 2017; Li et al., 2019; Udemba et al., 2020). From 2016 to 2017, traffic emissions accounted 

for a considerable percentage of fine particles (PM2.5) in Beijing, accounting for 5–12 percent 

of primary PM2.5 (Srivastava et al., 2021; Xu et al., 2021). Secondary particles are also produced 

by road traffic as a result of gas-to-particle transition (Pant and Harrison, 2013; Harrison et al., 

2021b). Anthropogenic emission sources such as motor vehicles, road dust, and cooking odors 

significantly increase PM2.5 and gas precursors in metropolitan areas (Huang et al., 2014; 

Pandey et al., 2014). Furthermore, the density of structures in urban locations can change the 

surface albedo, resulting in a higher heat island effect than in suburban settings (George et al., 

2007; Sailor and Fan, 2002).  

Atmospheric conditions (e.g., wind ) can affect the dispersion of pollutants and are highly 

variable. Strong winds make long-distance transport possible, while windless environments can 

cause pollutants to accumulate. Large cities in subtropical and tropical regions can experience 
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severe pollution events due to very little wind and many hours of sunlight. Temperature can 

also affect air quality. In urban areas, air quality is often worse in the winter months. When the 

air temperature is more relaxed, exhaust pollutants can be trapped close to the surface beneath 

a layer of dense, cold air. In the summer months, heated air rises and disperses pollutants from 

the Earth’s surface through the upper troposphere, and increased sunlight results in more 

harmful ground-level ozone. Local meteorological factors, such as land and sea breezes near 

mountains and towns, also influence pollution dispersion and secondary pollutant generation. 

For example, local climatic conditions tend to intensify or abate their impacts depending on 

locations and seasonal factors (Goyal et al., 2021). Meteorological extremes, such as severe 

storms and gales, and near-surface events such as dust storms, also have substantial impacts on 

air quality (Ashrafi et al., 2017; Tian et al., 2021). Moreover, many areas are periodically 

subjected to complex atmospheric conditions, including temperature inversion layers and 

thermal updrafts that can restrict or accelerate the dissipation of pollutants (Murthy et al., 2020).  

1.3 Location of Kitakyushu City 

Kitakyushu is a government-designated city in the northern section of Japan's Fukuoka 

Prefecture. It is located at the northernmost point of Kyushu Island, across the Kanmon strait 

from Honshu, being located on the forefront of transboundary transportation from the Asian 

landmass. Kitakyushu city, with a population of 940,978/492 km2 (Kitakyushu City, 2019), is 

one of the famous industrial cities in Japan. Kitakyushu City is bordered by the Sea of Japan to 

the north and the East China Sea to the west. The central part of Kitakyushu City is mostly hilly, 

including the Hiraodai (lit. Flat Tail Plateau) karst plateau, Mount Adachi and Mount Sarakura. 
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Moreover, Mt. Sarakura is famous as one of Japan's new top three night scenes. Furthermore, 

Sarakura is close to Kitakyushu University Hibikino campus, ca. 8 km. The University of 

Kitakyushu Hibikno campus is in Wakamatsu-Ku (located in the suburbs of Kitakyushu City). 

The university is comprised of two campuses, Kitagata and Hibikino. The Hibikino campus and 

several other scientific institutes are located in the Kitakyushu Science and Research Park.  

The coastal areas of Kanmon Strait and Hibiki Nada in Kitakyushu City have a Pacific climate. 

In winter, Kitakyushu is cloudy due to the influence of convective clouds in the Sea of Japan, 

but the precipitation is much less than the coastal areas of the Sea of Japan. Spring is the time 

of the year when the temperature in Kitakyushu varies greatly. Daylight hours gradually become 

longer in the late spring. Although summer in Kitakyushu is hot, the average temperature is 

slightly lower than inland cities due to Kitakyushu's northern location and being close to the 

coast. In addition, the weather in the summer is quite consistent. Precipitation throughout the 

year is also concentrated in summer. Kitakyushu is susceptible to typhoons in September, which 

is also a period of heavy rainfall. After entering October, with the strengthening of high pressure 

forces, Kitakyushu enters autumn, and the weather is mostly sunny. In terms of marine 

meteorology, Hibiki Beach is part of the Sea of Japan, and the wind speeds and waves are larger 

in winter.  

Located at the intersection of Honshu and Kyushu, Kitakyushu City is also a transportation hub, 

extending in all directions by land, sea and air. There are many cars in Kitakyushu City, but 

public transportation such as JR, Monorail and Nishitetsu Bus is well developed. According to 

the Kitakyushu Municipal Transportation Bureau, the primary transportation for Kitakyushu 

citizens to work or school is mainly their vehicles, accounting for 50% of the total. In 
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comparison, buses and railroads account for 14% and 12%, respectively (Ministry of Land, 

Infrastructure, Transport and Tourism, 2016). Kitakyushu has been one of the most important 

industrial cities and port cities in Japan. Kitakyushu Industrial Area and Kitakyushu 

Metropolitan Area are two significant economic zones in the Kyushu region of Japan. 

Kitakyushu has established shipping relations with more than 80 countries around the world. 

Industries are well developed, mainly in steel and chemicals. 

The ambient air was sampled on the roof of Kitakyushu University's Hibino Campus (33.89°N, 

130.71°E) in Kitakyushu City (Fig. 1-1), located in Kitakyushu City. Kitakyushu City, located 

at the eastern edge of East Asia, with a population density of more than 940,978 people/492 

km2, is one of the most urbanized cities in Japan. Its northern shore is located in the Tsushima 

Strait, which connects the East China Sea with the Sea of Japan. The Hibikino campus is located 

in a suburban area with few large stationary emission sources within ca. 4.5 km radius. A highly 

industrialized urban area is located ca. 15 km east of the survey site. The residential area 

surrounding the survey site is still being developed. There is a road (prefectural road No.11; 

16,700 vehicles/day) in the vicinity (within about 800 m) of the site (Ministry of Land, 

Infrastructure, Transport and Tourism, 2017). The survey site is located in the Kyushu region 

of Japan, where there are a number of active volcanoes (Fig. 1-1). Here, it is noteworthy that 

all volcanoes are located in the southern area of the survey site; the Kitakyushu City government 

has been measuring the concentration of nitrogen oxides (NOx)—the sum of NO and NO2 

concentrations—and wind speed at the monitoring station located ca. 3 km northwest of our 

survey site.  
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Fig.1-1. Location of survey sites and active volcanoes in Kyushu region.  

Methane concentrations measured at three sites within Kitakyushu City (Egawa, Kitakyushu, 

and Mihagino) were statistically analyzed. The locations of the three sites are shown in Fig. 1-

1. The Kitakyushu site and the Mihagino site are located in the central and downtown area of 

the city, having already been developed; in contrast, the Egawa site is in the suburbs of the city 

and is still being developed as new residential area. The city of Kitakyushu continues to 

measure temperature by installing a ventilated thermometer at Mt. Sarakura (summit: 622 m 

above sea level). Mt. Sakura is located near the central part of Kitakyushu City (Fig. 1-1). In 

addition, as shown in Fig. 1-1, the landfill site is located in the northwest direction of the 

Kitakyushu and Mihagino sites. 

1.4 Research Objectives of the Present Study 

Controlling the air quality is quite important to prevent health hazards/damage. There are four 

main components that affect air quality are emissions, transport, reactions, and deposition; and 
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meteorology is also one of the most important factor to control the air quality. The target area 

in this study forms one economic zone but complexly includes a bay as well as a mountain. 

This paper uses the source and dynamic behavior of HCl(g) and the measurement of 

atmospheric methane concentrations to understand the effects of source emissions, 

transboundary transport and local meteorological conditions on air quality.   

This study has two specific research objectives: 1) HCl(g) is a hazardous chemical species in 

ambient air, so it is significant and requisite to understand and control the sources of inorganic 

chloride. Many previous studies on transboundary pollution have focused on non-sea salt (nss)-

sulfuric (nss-SO4
2-) and PM2.5, but few studies have been done on non-sea salt chloride (nss-

Cl); and presence of nss-Cl in the survey site was collected by the four-stage filter-pack method; 

the chapter 2, we will analyze the impact of transport on nss-Cl; 2) as we know, methane (CH4) 

is chemically inert and exists in the atmosphere for a very long time (lifetime in the atmosphere 

exceeds 10 years). Therefore, CH4 does not easily change its chemical form and can be used as 

an indicator for meteorological evaluation; we tried to evaluate the similarity/difference in the 

relation between the diurnal variation of the methane concentration and atmospheric conditions 

in an urban area different from those studied previously. The areas in the former studies were 

flat without large hills/mountains. In contrast, the target area in this study forms one economic 

zone but complexly includes a bay and a mountain. In this study, we could find the unique 

diurnal variation in the methane concentration and comprehensively elucidate the kinetic 

behavior of methane in the urban atmosphere in the central part of a big city and its suburbs. 
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Chapter 2 Presence and source attribution of airborne anthropogenic/non-sea-salt 

inorganic chloride determined by filter-pack method at eastern edge in East Asia 

2.1 Introduction 

Inorganic chloride in ambient air is one of the most interesting factors when considering air 

quality. Inorganic chloride exists in ambient air as gaseous components, typically such as 

hydrogen chloride (HCl(g)) as well as particulate matter such as ammonium chloride (NH4Cl(p)) 

and calcium chloride (CaCl2(p)) (e.g., Eldering et al., 1991; Matsumoto and Tanaka, 1996; Yao 

et al., 2003). These inorganic species play significant roles from the viewpoint of the 

acidification/nitrification of rainfall, and the load of material to our ecosystem.  In East Asia, 

acid deposition is one of the serious environmental problems (Larssen et al., 2006; Vogt et al., 

2007). 

There are some potential natural and anthropogenic emission sources of inorganic chloride in 

ambient air and rainwater. Park et al. (2015) showed that the inorganic chloride sources in South 

Korea were seawater and coal burning. Davy et al. (2011) indicated that Mongolia's main 

sources of inorganic chloride were soil, road dust, and coal combustion. Yang et al. (2018) 

researched that coal combustion, residential biomass burning, and open biomass burning were 

the main sources of inorganic chloride in China. In comparison, Japan is geographically 

surrounded by oceans, which could mean that sea salt from sea water is potentially a 

predominant source (Aikawa et al., 2004; 2007; 2016). The inorganic chloride derived from sea 

water is primarily supplied as sea salt such as sodium chloride (NaCl(p)) and magnesium 

chloride (MgCl2(p)) (Wright et al., 1988; Pakkanen et al., 2001). Aikawa et al. (2001) actually 
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indicated that the precipitation and cloud water collected in the western part of Japan had a 

similar Cl-/Na+ ratio to that of sea water. The chloride supplied by sea water can be categorized 

as a natural source. Volcanic eruption is also a potential natural emission source; in particular, 

Japan has some active volcanoes, making it possible that they are a dominant emission source 

of inorganic chloride. In contrast, inorganic chloride emissions also could be anthropogenic. 

One potential anthropogenic emission source would be waste incineration (Kaneyasu et al., 

1999; Wey et al., 2008). In Japan, until the late 1990s, waste incinerators could potentially be a 

dominant source of inorganic chloride in ambient air as the chemical form of HCl(g) (Uchida 

et al., 1983; 1988). After the late of 1990s, thanks to countermeasures against dioxin emission, 

HCl(g) emissions from waste incinerators were also suppressed (Olson et al., 2000; Minoura et 

al., 2006); however, they still potentially emit inorganic chloride to ambient air at a certain level. 

however, they still potentially emit inorganic chloride to ambient air at a certain level. Coal 

burning is another potential anthropogenic emission source (McCulloch et al., 1999; Yao et al., 

2002; Xiu et al., 2004; Liu et al., 2017).  

From the viewpoint of chemical form of inorganic chloride, both gaseous and particulate forms 

of inorganic chloride are possible, and HCl(g) and NH4Cl(p)/NaCl(p)/MgCl2(p)/CaCl2(p) etc. 

are dominant chemical species (Eldering et al., 1991; Matsumoto and Tanaka, 1996; Yao et al., 

2003). HCl(g) would mainly result from waste incineration, coal burning, and volcanic eruption 

(Uchida et al., 1983; 1988; Johnson and Parnell, 1986; Mori and Notsu, 1997; McCulloch et 

al., 1999); in contrast, NaCl(p)/MgCl2(p)/CaCl2(p) of particulate species would be 

predominantly supplied as sea salt, and NH4Cl(p) would come from burning coal (Pakkanen et 

al., 2001; Xiu et al., 2004). On the other hand, not only HCl(g) but also NH4Cl(p) could be 
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produced by the chemical reactions in ambient air. As for HCl(g), the chemical reaction of 

NaCl(p) + HNO3(g) → HCl(g) + NaNO3(p) can produce HCl(g); as for NH4Cl(p), the reaction 

of HCl(g) + NH3(g) ⇌ NH4Cl(p) can produce NH4Cl(p). Neither of these are the primary 

source of emissions but secondary means of production. Taking into account these chemical 

reactions in ambient air, it is impossible for us to distinguish inorganic chloride derived from 

sea salt from that originating from sources other than sea salt based on the chemical form. 

Controlling the air quality is quite important to prevent health hazards/damage. HCl(g) is a 

hazardous chemical species in ambient air, so it is significant and requisite to understand and 

control the sources of inorganic chloride. In contrast, as shown above, it is difficult to track the 

sources of inorganic chloride. In this study, we tried to make the tracking on the airborne 

inorganic chloride clear by applying the methodology of four-stage filter-pack observation. 

2.2 Experimental 

2.2.1 Survey site and location 

Sampling of the ambient air was carried out on the roof of a building, Hibikino Campus of The 

University of Kitakyushu (33.89°N, 130.71°E) (Fig. 2-1), located in Kitakyushu City. 

Kitakyushu City, located at the eastern edge of East Asia, with a population density of more 

than 961,000 people/492 km2, is one of the most urbanized cities in Japan. Its northern 

shorelines are on the Tsushima Straits between the East China Sea and the Sea of Japan. The 

Hibikino Campus is located in the suburbs, where there are few large stationary emission 

sources within a 4.5 km radius. A highly industrialized downtown area is located ca. 15 km east 

of the survey site. The residential area surrounding the survey site is still being developed. 



26 
 

There is a road (prefectural road No.11; 16,700 vehicles/day) in the vicinity (within about 800 

m) of the site (Ministry of Land, Infrastructure, Transport and Tourism, 2017).  

 

Fig.2-1 Location of survey site and active volcanoes in Kyushu region. 

2.2.2 Sample collection and analysis 

2.2.2.1 Method and period 

Samples of the ambient air were collected year-round from December, 2016, to November, 

2017, on a daily basis from 12:00 pm to 12:00 pm Japan Standard Time (JST) (24-hour 

sampling). 

The ambient air was collected by the four-stage filter-pack method with a flow rate of 9–10 

L/min; the details of the method are described in previous manuscripts (e.g., Sickles et al., 1999; 

Aikawa et al., 2005; Aikawa and Hiraki, 2008; 2010; Zhang et al., 2021). The employed method 

can simultaneously determine the concentrations of particulate matter (SO4
2−, NO3

−, Cl−, Na+, 

NH4
+, K+, Ca2+, and Mg2+) and gaseous species (SO2, HNO3, HCl, and NH3), although the error 
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due to chemical reactions on the filter, the so-called “artifact,” cannot be definitely avoided 

(e.g., Matsumoto and Okita, 1998). A method of handling the artifact is described below 

(section 2.2.2.3). 

2.2.2.2 Chemical analysis 

The ion chromatograph system (Thermo Scientific™ Dionex™ Integrion, Thermo Fisher 

Scientific Inc., Waltham, MA, USA) used in the chemical analysis consists of a pre-column 

(Thermo Scientific Dionex IonPac™ AG23), a separation column (Dionex IonPac AS23), and 

an auto-suppressor (Thermo Scientific Dionex AERS 500 Carbonate, 4 mm) for anion analysis 

and a pre-column (Dionex IonPac CG16-4 μm), a separation column (Dionex IonPac CS16-4 

μm), and an auto-suppressor (Thermo Scientific Dionex CERS 500, 4 mm) for cation analysis 

(Zhang et al., 2021). 

2.2.2.3 Handling of the artifact 

Cl- in both particulate matter (Cl-(p)) and HCl gas (HCl(g)) are susceptible to the artifact, 

indicating that it is difficult to determine the correct concentrations of Cl-(p) and HCl(g) in 

ambient air using the four-stage filter-pack method. On the other hand, the physical quantity of 

chloride should be conserved as total chloride, although the artifact cannot be definitely avoided. 

We studied the presence and a source attribution of non-sea-salt inorganic chloride in ambient 

air by using this conservative quantity in the following analysis. 
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2.2.3 Statistical analysis 

2.2.3.1 Backward trajectory analysis 

In order to reveal the transport channel of air masses to our survey site, the Hybrid Single-

Particle Lagrangian Integrated Trajectory (HYSPLIT) model was combined with the 

NCEP/GDAS meteorological data to calculate the backward trajectory, starting 15:00 UTC 

(0:00 JST), at heights of 1500 m above ground level at our survey site. The 72 h backward 

trajectory we adopted this time better reflects the characteristics of pollutant transport across 

regions (Wang et al., 2015). The HYSPLIT model is a professional model jointly developed by 

the National Oceanic and Atmospheric Center (NOAA) and the Australian Bureau of 

Meteorology for calculating air mass trajectories and simulating air mass dispersion and 

deposition (Stein et sl., 2015). The model can calculate backward air quality trajectories at 

different altitudes and times for a given meteorological data set (Wang et al., 2009). The 

categorization of wind directions in section 2.3.3.1 was carried out based on this backward 

trajectory. Further, a trajectory clustering method was employed to examine the pathway of air 

masses. In this article, all trajectory cluster analysis was based on TrajStat software, in which 

Ward’s minimum variance method was used as a systematic clustering method. This method is 

widely used in backward trajectory clustering analysis (Wang et al., 2009; Zhang et al., 2020). 

2.2.3.2 PSCF and CWT analyses 

In the calculation method based on the backward trajectory, the potential pollution source 

contribution function (PSCF) algorithm is frequently used to identify the pollution source area 

(Ashbaugh et al., 1985). Equation (1) can be used to calculate the PSCF at the (i,j) grid cell:  
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                            𝑃𝑆𝐶𝐹𝑖𝑗 =
𝑚𝑖𝑗

𝑛𝑖𝑗
                                 (1) 

Where nij is the total number of all trajectory endpoints passing through the (i, j) grid cell mij is 

the total number of trajectory endpoints in the same grid cell where the measured pollutant 

concentration exceeds the threshold value specified for that pollutant. 

Further, by assigning the value of the concentration to the corresponding trajectory, the 

concentration-weighted trajectory (CWT) method can identify the potential source and 

distinguish the source intensity (Gogoi et al., 2011). The CWT is calculated as shown in 

equation (2). 

                         𝐶𝑖𝑗 =
∑ 𝐶𝑙τ𝑖𝑗𝑙

𝑚

𝑙=1

𝛴𝑙=1
𝑚 τ𝑖𝑗𝑙

                                (2) 

Where Cij is the weighted average concentration of the (i,j)th grid cell, i is the index of the 

trajectory m is the total number of trajectories, Cl is the pollutant concentration corresponding 

to the trajectory l when it passes through the network cell (i,j), τijl is the residence time of the 

trajectory l in the grid cell (i,j). TrajStat software was employed for PSCF and CWT analyses 

(Wang et al., 2009). The specific flow chart and grid distribution are shown in Fig. 2-2. 
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Fig. 2-2 The flowchart of main research methods of HYSPLIT, PSCF and CWT models (Ma 

et al., 2021) and the gird cell distribution map, including trajectories (the red line was a 

polluted trajectory, blue line were trajectories concentration lower than the threshold value). 

2.2.4 Calculation of nss-chloride 

The concentrations of non-sea-salt (nss)-chloride (nss-Cl) were calculated based on the Na+ 

concentration, assuming that all Na+ is derived from sea salt. In this study, we mainly focus on 

the source of nss-Cl. For all particulate matter and gaseous species measured in the four-stage 

filter-pack method, we only used the concentration of Cl-(p), HCl(g), and Na+(p).  

2.2.5 Seasonal classification 

In statistical analyses, we adopted seasonal classifications—winter (December, January, 

February), spring (March, April, May), summer (June, July, August), and autumn (September, 

October, November). 
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2.2.6 Analyses of meteorological dependence 

The Kitakyushu City government has been measuring the concentration of nitrogen oxides 

(NOx)—the sum of NO and NO2 concentrations—and wind speed at the monitoring station 

located ca. 3 km northwest of our survey site. We obtained these data on NOx concentration 

and wind speed on the open website (National Institute for Environmental Studies, 2020) and 

used them to analyze the relationship with wind (section 2.3.3.3). 

2.3 Results and discussion 

2.3.1 Variations in concentrations of particles and gas 

2.3.1.1 Cl-(p) and HCl(g) 

Fig. 2-3(a) and (b) shows the temporal change of the Cl-(p) and HCl(g) concentrations, 

respectively, on a daily basis determined by the four-stage filter-pack method. A statistically 

significant (p<0.05) seasonal variation was observed in both Cl-(p) and HCl(g) concentrations; 

winter (72.4 nmol∙m-3) ≈ autumn (71.2) > spring (42.9) > summer (26.1) in Cl-(p) and spring 

(36.9) ≈ summer (36.7) > winter (27.1) > autumn (21.2) in HCl(g), as summarized in Table 1. 

Whereas the Cl-(p) and HCl(g) concentrations are affected reciprocally by the artifact, total 

chloride (T-Cl)—the sum of Cl-(p) and HCl(g) concentrations—is conserved (section 2.2.2.3). 

The T-Cl concentration showed seasonal variations similar to those of the Cl-(p) concentration; 

higher in winter and lower in summer (Table 2-1). Whereas the Cl-(p) and HCl(g) 

concentrations are affected reciprocally by the artifact, total chloride (T-Cl)—the sum of Cl-(p) 

and HCl(g) concentrations—is conserved (section 2.2.2.3). The T-Cl concentration showed 

seasonal variations similar to those of the Cl-(p) concentration; higher in winter and lower in 
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summer (Table 2-1). This is because the inorganic chloride in ambient air is mainly attributable 

to sea salt derived from sea water, as Aikawa et al. (2016) actually demonstrated that the 

ambient chloride was attributable to sea salt. This attribution will be analyzed and discussed in 

more detail in the next section. 

 

Fig. 2-3 Temporal variations of Cl-(p) (a) and HCl(g) concentrations (b). 

Table 2-1 Seasonal mean concentrations (nmol・m-3) and their statistical difference on chloride 

species.  

 

Cl-(p) 

statistical 

difference* 

HCl(g) 

statistical 

difference* 

T-Cl 

statistical 

difference* 

nss-Cl 

statistical 

difference* 
 

Spring 42.9 b 36.9 a 79.7 b 13.3 a 

Summer 26.1 c 36.7 a 62.8 c 9.4 b 

Autumn 71.2 a 21.2 c 92.3 ab 4.4 c 

Winter 72.4 a 27.1 b 99.5 a 9.1 b 

*Statistical difference is based on p<0.05 

2.3.1.2 Scatter plot of T-Cl to Na+(p) and nss-chloride 

Total chloride is conserved, even though both Cl-(p) and HCl(g) concentrations are affected 
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reciprocally by the artifact; therefore, we use T-Cl (= Cl-(p) + HCl(g)) here to consider the 

relationship between chloride species and sodium. Fig. 2-4 shows the scatter plot of T-Cl to 

Na+(p) by the unit of nmol∙m-3 for each season. The molar ratio of Cl- for Na+ in seawater is 

1.17 (Wilson, 1975). Although seasonal variation can be seen, the slopes in Fig. 2-4 were close 

to 1.17 in all seasons. Assuming that all sodium is derived only from seawater, inorganic 

chloride in the ambient air could also be involved in sea water.  

Meanwhile, interestingly, the approximate curve, except in autumn, had certain intercepts: 12.4 

nmol∙m-3 for winter, 21.5 for spring, 17.5 for summer, and -2.9 for autumn. As for autumn, the 

concentration was evenly distributed over a wide range, from the high to low concentrations. 

This mainly would be due to the typhoon events Japan experiences every year. As a 

consequence, both chloride and sodium concentrations were strongly influenced by seawater, 

presumably resulting in the large coefficient of determination (0.99), the slope (1.22) close to 

1.17, and the intercept (-2.9 nmol∙m-3) close to zero. In contrast, certain intercepts were 

observed in the other three seasons. These intercepts suggest that a certain chloride existed in 

the ambient air even though no sodium is supplied from seawater. We can regard this chloride 

given by the intercept as non-sea-salt chloride, as shown by the next equation. 

Non-sea-salt (nss) chloride (nss-Cl) = Total chloride (T-Cl) – Na+
(observed) × (Cl-/Na+)seawater, 

where Total chloride (T-Cl) = the sum of Cl-(p) and HCl(g) concentrations determined by the 

observation, Na+
(observed) = Na+ concentrations determined by observation, and (Cl-/Na+)seawater = 

1.17. 

Further, this nss-Cl can be considered to be released from anthropogenic emission sources 

and/or chloride released from natural emission sources, such as a volcanic eruption.  
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Fig. 2-4. Scatter plot of T-Cl concentration for Na+(p) concentration in each season. 

2.3.2 Variation in the concentration of nss-Cl and the definition of high nss-Cl 

concentrations  

2.3.2.1 Temporal and seasonal variation of nss-Cl concentrations 

Fig. 2-5(a) shows temporal variations of nss-Cl(raw) concentrations. In this nss-Cl(raw) 

concentration, negative values are plotted without changing. The calculated nss-Cl 

concentration based on the above equation has a negative value—certainly due to its inherently 
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low concentration, likely due to some assumptions in its calculation process, and slightly due 

to some errors in the observation and chemical analyses. However, these negative values have 

no physical/chemical meaning; therefore, it is appropriate to regard these negative values as 

zero. Fig. 2-5(b) shows the temporal variation of nss-Cl concentrations after replacing the 

negative values with zero. Temporal variations were observed in each season. 

 

Fig. 2-5. Temporal variations of nss-Cl(raw) (a) and nss-Cl concentrations (b). 

The seasonal mean of the nss-Cl concentration and its statistical differences are summarized in 

Table 2-1. The nss-Cl concentration was higher in spring and lower in autumn. This seasonal 

variation was similar to that of HCl(g), although the nss-Cl concentration in summer was 

relevant to that in the winter while the HCl(g) concentration in summer was relevant to that in 

spring. Cl-(p) and HCl(g) are reciprocally susceptible to the artifact (2.2.2.1 and 2.2.2.3). The 

dissociation of NH4Cl(p) is more sensitive to the change in ambient temperature than that of 

NH4NO3 (Kaneyasu et al., 1999); this is probably responsible for the relevant HCl(g) 

concentration in summer as compared to that in spring. 
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2.3.2.2 Frequency distribution of nss-Cl concentration 

Table 2-2 shows the frequency statistics of different concentrations of nss-Cl. The original 

negative concentration replaced by zero accounted for the largest frequency (ca. 28%), and the 

frequency monotonically decreased, combined with an increasing nss-Cl concentration. 

Kaneyasu et al. (1999) carried out the extensive field measurements and discussed the chemical 

form and sources of extremely high chloride in winter aerosol pollution near Metropolitan 

Tokyo. We also studied source attribution of the high concentrations of nss-Cl. For this purpose, 

we defined high concentration nss-Cl as being higher than 20 nmol∙m-3. This definition is based 

on the proportion of days whose concentration was higher than 20 nmol∙m-3, which was ca. 

14%—close to 90 percentile. As a consequence, 50 days were categorized as high nss-Cl–

concentration days. Source attributions were studied for these 50 days by means of statistical 

analyses and their correlation with the meteorological parameters.  

Table 2-2 Frequency statistics of different concentrations of nss-Cl. 

nss-Cl mean concentration /nmol∙m-3  Number of days Frequency / % 

 nss-Cl ≤0 102  27.9  

0 < nss-Cl ≤ 5.0 66  18.1  

5.0 < nss-Cl ≤ 10.0 55  15.1  

10.0 < nss-Cl ≤ 15.0 54  14.8  

15.0 < nss-Cl ≤ 20.0 38  10.4  

20.0 < nss-Cl ≤ 25.0 22  6.0  

25.0 < nss-Cl ≤ 30.0 12  3.3  

30.0 < nss-Cl ≤ 35.0 9  2.5  

      nss-Cl > 35.0 7  2.0  

2.3.3 Source attribution of high nss-Cl concentration 

2.3.3.1 Backward trajectory analysis 

The backward trajectories were calculated based on the methodology mentioned in 2.2.3.1. 

Sampling was carried out throughout one year, resulting in the calculation of 365 backward 
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trajectories. These 365 backward trajectories were categorized by the direction by which the 

wind arrived at the survey site: (1) north, (2) south, and (3) others. North, for instance, means 

that the wind arrived at the survey site without going to the southern areas before arriving at 

the survey site. Others means that the wind passed through both the northern and the southern 

areas before arriving at the survey site.  

 

Fig. 2-6. Backward trajectories categorized in three categories. 

Fig. 2-6 shows the backward trajectories categorized into the three categories for the total days 

of the survey. There were 176, 23, and 166 days, respectively, with north, south, and other winds, 
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corresponding to ca. 50, 5, and 45 percents, respectively. On the other hand, Fig. 2-7 shows the 

backward trajectories of the high nss-Cl–concentration days, together with the top five highest 

nss-Cl–concentration days. There were 29, 1, and 20 days, respectively, with north, south, and 

other winds, corresponding to ca. 58, 2, and 40 percents, respectively. Both the number and the 

rate of the days categorized as south in the high nss-Cl concentration were smaller than those 

of the year-round data. The survey site is located in the Kyushu region in Japan, where some 

active volcanoes are located (Fig. 2-1). Here, it is noteworthy that all volcanoes are located in 

the southern area of the survey site; therefore, if the influence from the volcano appears on the 

survey site, it is assumed that the southern wind would provide the higher nss-Cl concentration 

for the survey site. However, the actual observation data was opposite that expected, strongly 

suggesting that the volcano’s influence on the nss-Cl concentration at the survey site was not 

so severe. 

Furthermore, mean nss-Cl concentrations in each category year round were 9.9 nmol∙m-3 for 

north, 6.6 for south, and 8.5 for others, indicating that the northern wind apparently provides a 

higher nss-Cl concentration, even from the viewpoint of the year-round data.  

The upper right corner of Fig. 2-7 shows the backward trajectory for the top five highest nss-

Cl–concentration days—Oct. 22, Aug. 13, Aug. 27, May 31, and Mar. 31—and the 

corresponding nss-Cl concentrations were 61.7, 42.8, 40.3, 39.7, and 39.5 nmol∙m-3, 

respectively. Zhang et al. (2021) demonstrated that the air masses arriving at the survey site on 

May 31, Aug. 13, and Aug. 27 were strongly influenced by industrial combustion and ship 

emissions. The gaseous pollutants in the exhaust gas from marine vessels include HCl(g) 

(Bence et al., 2020), suggesting that high nss-Cl–concentration days were strongly influenced 
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by anthropogenic emissions from marine vessel. The backward trajectories on Oct. 22 and Mar. 

31 originated from the continent and arrived at the survey site after passing over the Sea of 

Japan. The air mass on Oct. 22 passed through Changchun on Oct. 19, and Changchun 

experienced a severe air pollution incident on that day; the air quality index (AQI) was 186 

(Ministry of Ecology and Environment of China, 2020). A similar situation was observed on 

Mar. 31; an air mass passed through Qiqihar on Mar. 29 and Changchun on Mar. 30; these cities 

experienced air pollution events on the corresponding days: the AQIs were 82 and 120, 

respectively. The air masses passing through these polluted cities presumably provided the 

extremely high anthropogenic nss-Cl concentration at our survey site.  

 

Fig. 2-7. Backward trajectories in the high nss-Cl concentration days together with the 

top five highest nss-Cl concentration days. 
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2.3.3.2 PSCF and CWT analyses 

The PSCF and CWT methods were used to discuss the potential sources and contributions of 

anthropogenic/nss-Cl at the survey site. The results are shown in Fig. 2-8. As shown in Fig. 2-

8(a), the large value areas of PSCF (PSCF value >0.7) were mainly concentrated in four parts. 

The first part was long-distance pollutants northwest of the survey site, mainly in Russia and 

Mongolia. In 2017, there were 9,537 forest fires in Russia (Podolskaia et al., 2020), in which a 

great quantity of biomass was burned; the combustion of biomass produces hydrogen chloride 

(Ren et al., 2017; Zhang et al., 2020), indicating that the nss-Cl anthropogenically generated 

would arrive at the survey site by the transported air masses. Mongolia has serious and frequent 

air pollution (Ganbat et al., 2020; Nirmalkar et al., 2020); in a report by Sophie (2019), most of 

the air pollution that occurred in Mongolia in 2017 was caused by the use of coal for heating. 

Under the influence of monsoons, a large amount of anthropogenic nss-Cl would be transported 

to the survey site. 

The second part was in the north of the survey site, consisting of two areas: (1) the long-distance 

potential source area, Russia; and (2) northeast China and the Sea of Japan. Finding the long-

distance potential source area in Russia might be beyond the limitations of the PSCF method. 

When air masses pass over distant grid cells, those grid cells sometimes include only a few 

trajectory points. In such a situation, those grid cells sometimes have extreme PSCF values with 

a high uncertainty (Dimitriou and Kassomenos, 2016). Many air masses originated in 

northeastern China and arrived at the survey site after passing over the Sea of Japan, and these 

air masses were similar to those on Oct. 22 and Mar. 31, as mentioned in 2.3.3.1 and Fig. 2-7. 

The average rate of occurrence frequency of air pollution events based on the AQI (PM2.5) for 
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Northeast China in 2017 was 16% (12%) (Fan et al., 2020), showing that northeastern China 

would be an important potential source area for anthropogenic nss-Cl. 

 

Fig. 2-8. Potential source contribution function for anthropogenic/nss-Cl (a) and 

concentration weighted trajectory for anthropogenic/nss-Cl (b) at survey site. 
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The third part was in the southwest, mainly in the south of China, including Jiangsu, Zhejiang, 

Fujian, and Jiangxi. All of these Chinese cities are industrial areas with large populations. 

Previous studies showed that these cities produced a large amount of anthropogenic nss-Cl 

through industrial production and coal burning (Liu et al., 2017; Yang et al., 2018). This 

anthropogenic nss-Cl would be also transported to the survey site through transboundary 

airflow. 

The fourth part is located in south of the survey site, mainly in the marine area. The potential 

source of nss-Cl in the marine area is close to Japan, and the source for the event on May 31 

was emissions from marine vessels (Zhang et al., 2021). On the other hand, we showed that 

there were few trajectories from the south (ca. 5%) (section 3.3.1), and these grid cells included 

only a few trajectory points, leading to extreme PSCF values in these specific cells. 

The results of the CWT plots (CWT > 20 nmol/m3) shown in Fig. 2-8(b) also showed that the 

main contribution areas of anthropogenic/nss-Cl to the survey sites were the same areas as 

shown by PSCF analysis. These results indicate that most areas contributing to the 

anthropogenic/nss-Cl concentrations at the survey site were in the northwest, north, and 

southwest. 

2.3.3.3 Relationship with wind speed 

Kaneyasu et al. (1999) discussed HCl(g) from waste incinerator as the precursor of Cl- in 

aerosols, and the emission from the incineration of domestic and industrial waste near 

Metropolitan Tokyo was estimated to be the source. Kitakyushu City is one of the most 

urbanized cities in Japan, and its population density is more than 961,000 people/492 km2; 
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therefore, the influence of domestic emission sources should be evaluated. In this study, we 

evaluated domestic influences based on the relationship of the concentration and the wind speed. 

 

Fig. 2-9. Relationship of the nss-Cl (a) and NOx (b) concentrations with daily mean 

wind speed. 

Fig. 2-9(a) and (b) shows, respectively, the relationship of the nss-Cl and NOx concentrations 

with the daily mean wind speed. The NOx concentration was used here as a representative 

parameter to present domestic/local emissions. No clear relationship between the nss-Cl 

concentration on the wind speed (the Pearson correlation coefficient: -0.09 (p>0.05)), i.e. no 

dependence of the nss-Cl concentration and the wind speed, was observed (Fig. 2-9(a)) while 

the dependence of the NOx concentration on the wind speed was shown (Fig 2-9(b)). In addition, 

0

10

20

30

40

50

60

70

0.0 1.0 2.0 3.0 4.0 5.0 6.0

n
ss

-C
l 

co
n

ce
n
tr

at
io

n
 /

 n
m

o
l・

m
-3

Daily mean wind speed / m・s-1

(a)

0

10

20

30

40

50

60

0.0 1.0 2.0 3.0 4.0 5.0 6.0

N
O

x
 c

o
n
ce

n
tr

at
io

n
 /

 p
p

b

Daily mean wind speed / m・s-1

(b)



44 
 

zero nss-Cl concentrations were frequently observed, even under weak wind speeds, most likely 

suggesting that domestic emissions were not the parameter controlling the nss-Cl concentration 

around the survey area in the present. 

2.4 Conclusions 

The anthropogenic/non-sea-salt (nss) inorganic chloride in ambient air was evaluated from the 

viewpoint of its presence and source attribution by applying the four-stage filter-pack method. 

Observations were carried out for one year by sampling (both particulate matter and gaseous 

species) on a daily (24-hour) basis. The anthropogenic/nss inorganic chloride was detected on 

263 days (ca. 72% of the days in one year), and concentrations higher than 20 nmol∙m-3 were 

observed on 50 days (ca. 14% of the total sampling days). The source attribution was discussed, 

taking into account possible sources of in-country volcanic eruption, municipal waste 

incineration, domestic coal burning, and transboundary transportation. Concentrations of 

inorganic chloride higher than 20 nmol∙m-3 were predominantly observed with a northern wind 

direction, while high concentrations were infrequent when there was a southern wind direction, 

strongly suggesting that the in-country volcanic eruption had little influence on the high 

concentration of nss-inorganic chloride. Wind speed had no relationship with concentrations 

higher than 20 nmol∙m-3, indicating that neither municipal waste incineration nor domestic coal 

burning had much impact on the high concentration. The statistical analyses of the backward 

trajectory indicated that the transboundary transportation from the area of the northeast and 

south of China, Mongolia, Russia, and the Sea of Japan contributed greatly to the high 

concentration of the anthropogenic/nss-inorganic chloride along the eastern edge in East Asia. 
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Chapter 3 Methane concentration downtown and in the suburbs of an 

urbanized city and controlling parameters to determine its horizontal 

distribution 

3.1 Introduction 

Methane (CH4) in the ambient air plays important roles from the viewpoint of climate 

change/global warming and also atmospheric chemistry. Methane is the second largest 

contributor to global warming, and its radiative forcing has been increasing (IPCC, 2007; 2013). 

In terms of atmospheric chemistry, CH4 is involved in the photochemical formation of ozone, 

as it has been a significant air pollutant in recent years and one of the most important greenhouse 

gases. On the other hand, the time methane remains in the atmosphere is ca. 12 years (IPCC, 

2007), meaning that methane has a moderate reactivity in the troposphere; therefore, it can be 

said to be a short-lived climatic pollutant (Ito et al., 2019). In contrast, when we look at methane 

from the standpoint of local air pollution, it is chemically stable/inactive in atmospheric 

chemistry, unlike photochemical oxidants and nitrogen oxides. Globally, methane has been 

emitted from both anthropogenic sources (56%) and natural sources (44%) (Saunois et al., 

2020), of which fossil fuel production and use and agriculture and waste are roughly categorized 

as anthropogenic, while wetlands and other natural emissions are categorized as natural, and 

biomass and biofuel burning is categorized as natural and anthropogenic. 

The methane concentration in the atmosphere is measured mainly for two purposes: (1) to 

evaluate climate change/global warming, and (2) to monitor local air pollution issues. As for 

the first purpose, methane is the second greatest contributor to global warming; thereby, not 
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only measuring but also evaluating the flux/budget is actively conducted, particularly in the 

region of Asia (e.g., Liu et al., 2007; Daelma et al., 2012; Dai et al., 2019; Crippa et al., 2020). 

Meanwhile, in terms of the second purpose, the primary target should be non-methane 

hydrocarbons (NMHCs), which are more actively involved in the production of air pollution 

due to their chemical activities, which are larger than those of methane. The methane 

concentration is determined as a separate byproduct. Literature that focuses on methane from 

the viewpoint of air pollution is quite rare. In particular, methane is seldom studied in urban 

areas from the standpoint of air pollution. The data on methane is, however, of value in 

atmospheric studies in urban areas, and methane can be an interesting indicator in atmospheric 

studies in urban area thanks to its relative inactivity in the field of atmospheric chemistry.  

The stability of the atmosphere is a significant parameter for controlling the degree of air 

pollution. The NOx (NO + NO2) and/or SPM (suspended particulate matter; 100% cut-off 

diameter is 10 mm) concentrations were severe during the winter season because of the complex 

effect of the primary emission, secondary production in the atmosphere, and the meteorological 

condition during the winter season (e.g., Cocks and Fletcher, 1989; Kimura and Aikawa, 1991; 

Kaneyasu et al., 1994, 2002; Yoshikado and Uosaki, 2000; Noble et al., 2003). In the studies 

vigorously investigated, the targets were focused on air pollutants such as nitrogen oxides, 

particulate matter, and photochemical oxidants. These target substances are generally and 

chemically unstable in the atmosphere. In contrast, Aikawa et al. (1996; 2006) studied the 

vertical atmospheric structure related to heat island intensity and atmospheric stability in urban 

areas by using the dataset of the methane concentration and air temperature. Due to relatively 

less chemical reactiveness, the conversion from methane to other chemical compounds can be 
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relatively neglected as compared with the air pollutants shown above. Aikawa et al. (1996) 

found the symbolic diurnal variation and its seasonality in the methane concentration and 

discussed the relation with vertical atmospheric stability in the central part of a megacity in 

Japan. Further, they deepened the study associated with heat island intensity (Aikawa et al., 

2006). 

We tried to evaluate the similarity/difference in the relation between the diurnal variation of the 

methane concentration and atmospheric conditions in an urban area different from those studied 

previously. The areas in the former studies were flat without large hills/mountains. In contrast, 

the target area in this study forms one economic zone but complexly includes a bay as well as 

a mountain. In this study, we could find the unique diurnal variation in the methane 

concentration and comprehensively elucidate the kinetic behavior of methane in the urban 

atmosphere in not only the central part of a big city but also its suburbs.   

3.2 Experimental 

3.2.1 Location and classification of sites 

Methane concentrations determined at three sites (Egawa, Kitakyushu, and Mihagino) in 

Kitakyushu City were statistically analyzed. The locations of the three sites are shown in Fig. 

3-1, and detailed information on the sites is summarized in Table 3-1. Kitakyushu City is one 

of the most industrialized cities in Japan, and its population density is more than 961,000 

people/492 km2. The Kitakyushu site and the Mihagino site are located in the central and 

downtown area of the city, having already been developed; in contrast, the Egawa site is in the 

suburbs of the city and is still being developed as new residential area.  
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Fig. 3-1. Location of survey area and sites. 

Table 3-1 Information of three sites. 

No. Name Latitude Longitude Feature of target air 

Use district of 

surroundings 

Attribution 

1 Egawa 33.893564°N 130.693230°E General ambient air Residential Suburban/Rural 

2 Kitakyushu 33.886413°N 130.850429°E General ambient air Residential Urban 

3 Mihagino 33.872644°N 130.880491°E Roadside air Commercial Urban 

 

3.2.2 Methane concentration 

The methane concentration statistically analyzed in the study was determined by the City of 

Kitakyushu and obtained through the web site of the Ministry of the Environment, Japan (MOE, 

2021). The non-methane hydrocarbon concentration simultaneously determined with the 

methane concentration was also used in the statistical analyses as a typical indicator of 
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automobile emissions. A one-year data set from March 1, 2018, to February 28, 2019, was used 

for the statistical analyses. In one year, the data for 25 days (April 21 to 23, November 29 and 

30, and February 9 to 28) were missing; taking into account the missing data on air temperature 

(section 3.2.3), a total of 313 days (spring: 87 days; summer: 70; autumn: 86; and winter: 70) 

were statistically analyzed for each site. Determining the data for analysis, only days missing 

information for less than 4 of 24 hours were used. 

3.2.3 Vertical air temperature 

The City of Kitakyushu is continuing to measure air temperature at six different heights (140, 

190, 265, 345, 445, and 545 m above sea level (a.s.l.)) by installing a ventilating type of 

thermometer at Mt. Sarakura (Summit: 622 m a.s.l.). Mt. Sarakura is located near the central 

part of Kitakyushu City (Fig. 3-1). Air temperature data were used to study the atmospheric 

stability from the viewpoint of the formation of the temperature inversion layer around the 

central part of Kitakyushu City. In a one-year data set corresponding to the methane 

concentration, the data for 27 days (March 5, 7, June 29, 30, July 1–20, and November 22–24) 

were missing, with the result that 339 days (spring: 90 days; summer: 70; autumn: 89; and 

winter: 90) were statistically analyzed for each height. 

The University of Kitakyushu is measuring air temperature at two heights (on the ground and 

on the rooftop of the school building; ca. 20 m above the ground). The thermometer was put in 

a wooden shelter without a ventilation system. The shelter at ground level was located on the 

northern side of the school building; therefore, the shelter was in shadows during the daytime. 

On the other hand, the shelter on the rooftop was in the sunshine during the daytime, indicating 
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that the two thermometers would show a difference in the observation results attributable to the 

discrimination of the shelter stand. 

3.2.4 Land use 

The land use around the site is an important parameter for determining and understanding the 

atmospheric conditions in terms of the methane concentration as well as the atmospheric 

stability. The land-use data prepared by the Ministry of Land, Infrastructure, Transport and 

Tourism, Japan (MLIT, 2021) was used in the analysis. 

3.2.5 Seasonal classification 

In the seasonal analyses, the seasons were defined as follows: spring—March, April, and May; 

summer—June, July, and August; autumn—September, October, and November; winter—

December, January, and February. 

3.3 Results and Discussion 

3.3.1 Diurnal variation 

Figure 3-2(a) shows the annual diurnal variation of the CH4 concentrations at the three sites; 

the CH4 concentrations were higher at night and lower during the day at all sites. The same 

diurnal variation was shown in the study by Aikawa et al. (1996), although both the time and 

the site were different from those of this study. Aikawa et al. (1996) demonstrated the monthly 

variation of the CH4 concentration in detail and its harmonized relationship with the formation 

of the elevated temperature inversion layer. 

A clear difference was observed among the three sites; whereas there existed little difference in 
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the diurnal variations at Kitakyushu and Mihagino, Egawa showed a clear difference from other 

two sites. A clear difference between Egawa and the other two sites (Kitakyushu and Mihagino) 

appeared during the daytime. The diurnal variation at Egawa showed a clear minimum at 16:00; 

in contrast, those at Kitakyushu and Mihagino did not, instead keeping a constant level from 

13:00 to 17:00. For this clear difference during the day between Egawa and Kitakyushu and 

Mihagino, the two dominant contributing factors mentioned below would be involved. 

 

Fig. 3-2. Annual diurnal variation of the CH4 (a) and non-methane hydrocarbons (NMHCs) 

(b) concentrations at three sites. 

 

(a) 

 

(b) 
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First, landfills were contributors to Kitakyushu and Mihagino but not to Egawa in daytime. Fig. 

3-3(a) and (b) show the wind rose during the day (12:00–17:00) and at night (0:00–5:00) in 

Kitakyushu City, respectively, as observed by the Japan Meteorological Agency. The wind 

direction during the day was distinguishably different from that at night, most certainly due to 

the land/sea breeze. Furthermore, as shown in Fig. 3-1, landfills are located on the windward 

side of the sites of Kitakyushu and Mihagino during the day. Landfill is an influential source of 

CH4 emissions (IPCC, 2007; 2013); thus, the advection from landfill to the two sites during the 

day would characteristically prevent the CH4 concentrations at Kitakyushu and Mihagino from 

decreasing during the day. 

Automobiles are a second dominant contributor. This will be discussed in the next section 

(section 3.3.2) in detail associated with the diurnal variation of the NMHC concentration.  

(a) 
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Fig. 3-3. Wind rose in daytime (12:00-17:00) (a) and nighttime (0:00-5:00) (b) in Kitakyushu 

City based on the data observed at Yahata by Japan Meteorological Agency. The number of 

axis is the number of hour. 

3.3.2 Variation at midnight and temperature inversion layer 

Figure 3-2 (b) shows the diurnal variation of the NMHC concentrations at the three sites. We 

should pay attention to the NMHC concentrations from midnight to early morning. The NMHC 

concentration was higher at Egawa than at Kitakyushu and Mihagino despite NMHCs being an 

indicator of automobile emissions and the fact that Egawa is a suburban site. This strongly 

indicates the stronger atmosphere stability at Egawa, i.e., the formation of a grounded 

temperature inversion layer. Aikawa et al. (1996; 2006) demonstrated the formation of the 

temperature inversion layer in the urban area; here, it should be carefully noted that the 

temperature inversion layer they demonstrated was elevated above the ground, not grounded. 

A temperature inversion layer is generally formed at the ground, but in the central area studied 

by Aikawa et al. (1996; 2006), it is frequently formed above the ground—a so-called elevated 

(b) 
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temperature inversion layer—due to anthropogenic heat emission producing a heat island effect. 

When we look at the NMHC concentration from midnight to early morning, taking the 

grounded temperature inversion layer formed at only suburban (Egawa) and the elevated 

temperature inversion layer in the central city areas (Kitakyushu and Mihagino) into account 

makes it possible to explain the higher NMHC concentration at Egawa than those at Kitakyushu 

and Mihagino due to effective condensation in spite of fewer emissions of NMHCs at Egawa. 

The formation and existence of the grounded and elevated temperature inversion layers will be 

shown and discussed in detail in section 3.3.5. 

The similar phenomenon could be applied to the CH4 concentration from midnight to early 

morning, i.e., the CH4 concentration at Egawa was higher than or equivalent to those at 

Mihagino and Kitakyushu, respectively. Methane is not a typical indicator of automobiles, and 

the flux/emission from automobiles is not a major contributor on a global scale; however, in 

urban areas, CH4 is not negligible, as has been shown in previous studies (Aikawa et al., 1996; 

2006). The importance of CH4 emissions appearing in two peaks will be shown in the next 

section (section 3.3.3). 

3.3.3 Two peaks in the early morning and evening 

3.3.3.1 Early morning peak  

Two peaks were observed in the early morning and evening in the diurnal variation of the CH4 

concentration (Fig. 3-2(a)).  

The time when the peak appeared in the early morning had a time gap of one hour among the 

three sites: 7:00 at Egawa, 8:00 at Kitakyushu, and 9:00 at Mihagino. Globally speaking, CH4 
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emissions from automobile are not of importance; however, it should not be neglected around 

urban areas because other sources of CH4 emissions, such as fuel production, agriculture, and 

waste, which are major contributors on a global scale, exist infrequently in urban areas (Aikawa 

et al., 1996). The one-hour gap in the peak time among the three sites is qualitatively consistent 

with the traffic stream from the suburbs to the central/downtown area of the city in the morning. 

The reason for the gap in the peak due to the traffic stream among the three sites is supported 

by the diurnal variation of the NMHC concentration (Fig. 3-2(b)), which is an indicator of 

automobile emissions. 

3.3.3.2 Evening peak  

A shoulder peak was observed at Mihagino in the evening; in contrast, little peak was observed 

at Kitakyushu, although they are both located in the central area. This is first due to the 

difference in the target air (Table 3-1); secondly, the evening rush hour is less deconcentrated 

as compared with that in the early morning. Actually, the peak of the NMHC concentration in 

the evening was broader than that in the early morning, even at Mihagino. The diurnal variation 

at Egawa was clearly different from those at Kitakyushu and Mihagino. The reasons for this 

difference only at Egawa have already been discussed in sections 3.3.1 and 3.3.2.  

3.3.4 Seasonal diurnal variations at each site 

Fig. 3-4(a)–(d) show the diurnal variations at the three sites in spring, summer, autumn, and 

winter, respectively. At all sites, the seasonal mean concentration was controlled on a global 

scale; it was lower in summer and higher in winter. In contrast, the difference among the three 

sites was first observed as the discrepancy between Egawa and Kitakyushu and Mihagino, 
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defined as the concentration gap between the maximum and minimum concentrations in the 

diurnal variation. The concentration gaps () are listed in Table3- 2. The values of  at Egawa 

in spring and summer were larger than or comparable to those in autumn and winter, whereas 

those at Kitakyushu and Mihagino in spring and summer were smaller than those in autumn 

and winter; in other words, little diurnal variation was observed at Kitakyushu and Mihagino 

in spring and summer (Figs. 3-4(a) and (b)). A smaller diurnal variation in a warmer season 

than in a colder season in this study accords with the results of other studies (Aikawa et al., 

1996; 2006), in which they referred to the relation of the diurnal variation to the vertical 

atmospheric stability, i.e., the existence of elevated temperature inversion layer. The second 

difference among the three sites appeared in the hours from midnight to sunrise during the 

summer; the CH4 concentration at Egawa was distinguishably higher than those at Kitakyushu 

and Mihagino. These points will be considered and discussed in detail later (sections 3.3.5 and 

3.3.6) in relation to the formation of temperature inversion layers and land use 

.  

(a) 
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Fig. 3-4. Diurnal variation of the CH4 concentration at three sites in spring (a), summer (b), 

autumn (c) and winter (d). 

 

 

 

 

 

 

(b) 

 

(c) 

 

(d) 
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Table 3-2 Concentration gap () between maximum and minimum in diurnal variation 

  / ppm 

 Spring Summer Autumn Winter 

Egawa 0.075 0.065 0.062 0.063 

Kitakyushu 0.017 0.021 0.046 0.042 

Mihagino 0.018 0.015 0.027 0.035 

3.3.5 Vertical profile of air temperature 

3.3.5.1 Central city 

Figures 3-5(a)–(c) show the differences in air temperature between 190 m and 140 m (190 

minus 140 m), 265 m and 190 m (265 minus 190 m), and 345 m and 265 m (345 minus 265 m), 

respectively, in August and January, in which the gray zone indicates that the atmosphere is 

stable when considering the adiabatic lapse rate (-1C/100 m). The atmosphere over the central 

city was thermally unstable under a height of 190 m, indicating that not only the air but also air 

pollutants are vertically mixed by convection. In contrast, the atmosphere over 190 m was stable. 

Furthermore, a temperature inversion layer was formed except for several hours in August, 

indicating that an elevated temperature inversion layer suppresses convection at a height of ca. 

200 m. It is noteworthy that the temperature inversion layer was formed even in August, i.e., 

the hottest month in Japan, and even during the day, except for several hours. Aikawa et al. 

(1996) showed the formation of a similar elevated temperature inversion layer in the central 

part of Nagoya City, whose population density is more than 2,300,000 people/326.5 km2; 

however, the elevated temperature inversion layer in August in Nagoya City demonstrated by 
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Aikawa et al. (1996) was quite limited only for the hour in the early morning. A vertical profile 

of air temperature over the central city strongly suggests that the elevated temperature inversion 

layer, which inhibits the diffusion/transportation of air pollutants, is likewise formed over other 

developed cities; however, its seasonality is different. The elevated temperature inversion layer 

in Kitakyushu City is more frequently and strongly formed and has a strong and deep influence 

on the diurnal variation of air pollutants in Kitakyushu City. 

(a) 

 

(b) 
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Fig. 3-5. Difference () of the air temperature between 190 m and 140 m (190 m minus 140 

m) (a), 265 m and 190 m (265 m minus 190 m) (b), and 345 m and 265 m (345 m minus 265 

m) (c) at Mt. Sarakura, and between rooftop (ca. 20 m above the ground) and ground in 

suburbs (d). Gray zone indicates that the atmosphere is stable in taking the adiabatic lapse rate 

(-1C / 100 m) into account. 

 

 

 

(c) 

 

(d) 
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3.3.5.2 Suburbs 

The vertical profile of air temperature in the suburbs, i.e., the University of Kitakyushu, is 

difficult to evaluate because the results at two heights are different due to the discrimination of 

the shelter stands. To elucidate the vertical profile of air temperature, we tried to correct the 

observation results on the rooftop during the day as follows, assuming that the air temperature 

recorded on the rooftop would be higher than that if the wooden shelter had been in shadows: 

(1) for 2 hours after sunrise and before sunset; corrected air temperature on the rooftop [C] = 

recorded air temperature [C]–0.5 [C]; 

(2) for the daytime hours except (1); corrected air temperature on the rooftop [C] = recorded 

air temperature [C]–1 [C]. 

This correction factor is determined based on the information reported by Imai et al. (2021). 

Figure 3-5(d) shows the difference in air temperature between the ground level and the height 

of 20 m above the ground in August and January at the University of Kitakyushu, in which the 

gray zone indicates that the atmosphere is stable, in the same manner as shown in Fig. 3-5(a)–

(c). The vertical profile of air temperature in the suburbs (Fig. 5(d)) indicated some features, as 

follows:  

(1) the atmosphere less than 20 m above the ground in the suburbs was unstable during the day 

in both summer and winter;  

(2) it was unstable even at night in the winter; in contrast, it was stable at night in summer. 

Those features strongly suggest that the grounded temperature inversion layer was formed at 

night in summer in the suburbs. That the atmosphere below 20 m above the ground was unstable 

all day during winter is quite interesting and is partially and likely due to the strong 
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northwestern wind; actually, the monthly mean wind velocity and the maximum daily mean 

wind velocity in August 2018, i.e., in summer, observed near the University of Kitakyushu were 

1.2 m/s and 2.7 m/s, respectively. In contrast, those in January 2019, i.e., in winter, were 1.8 

and 4.3, respectively (City of Kitakyushu, 2019).  

3.3.6 Relation to land use 

Figures 3-6(a) show the land use reflecting ca. the 3 km x ca. 3 km region around Egawa, 

Kitakyushu, and Mihagino, respectively. Clear differences were observed among the three sites. 

Whereas the land use around Kitakyushu and Mihagino was similar, Egawa showed a clear 

difference from other two sites, being the same as the grouping in the diurnal variation (section 

3.3.1). From the standpoint of CH4 emissions, the most significant difference appears in paddy 

fields; ca. 8% of the area around Egawa was occupied by paddy fields, but there was none 

around Kitakyushu and Mihagino. Methane is generated and released to the atmosphere from 

submerged paddy fields, corresponding to the summer season in Japan. 
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(a) 
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Fig. 3-6. Land use reflecting ca. 3 km x ca. 3 km region around three sites (a), and normarized 

diurnal variation of CH4 concentration in each season at three sites (b). Value in vertical axis 

shows the ratio of the CH4 concentration at each hour to seasonal mean. 

 

(b) 
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Figures 3-6(b) show the normalized diurnal variation of CH4 concentrations each season at 

Egawa, Kitakyushu, and Mihagino, respectively, where the CH4 concentration at each hour is 

divided by the seasonal mean to cancel the difference in the CH4 concentration due to not only 

the season but also the site and to make comparison easy. As shown in Fig. 3-2(a), the CH4 

concentration at Egawa varied more in a day than did those at Kitakyushu and Mihagino. In 

addition, some clear, pronounced, and interesting distinctions among the seasons were observed 

at Egawa during the hours from early evening to early morning. First, the hour when the CH4 

concentration was above the seasonal mean in the early evening had a clear order—winter was 

the earliest, followed by autumn, spring, and summer. Second, the CH4 concentration in the 

early morning (3:00–6:00) was the highest in summer, although the hour at which it started 

increasing was latest in the evening. These two would be closely related to CH4 flux/emission 

and the stability of the atmosphere around the site. Around the Egawa site, paddy fields 

occupied ca. 8% of the land; furthermore, the atmosphere around Egawa was stabilized at night 

during the summer (section 3.3.5.2). The compositive mechanism likely produced the 

discriminating diurnal variation at Egawa, unlike those at Kitakyushu and Mihagino. 

The CH4 concentrations at Kitakyushu and Mihagino at night were higher in colder seasons 

(autumn and winter) than in warmer seasons, whereas the opposite situation occurred at Egawa, 

as shown above. Furthermore, the CH4 concentration from midnight to early morning at Egawa 

in the winter was emphatically lower than those in the other three seasons, presumably 

providing information as to the emission sources of CH4 as follows: (1) there is a fixed quantity 

of flux/emissions in urban areas, and the contribution from automobiles could not be negligible; 

and (2) a seasonally specific flux/emission from paddy fields in summer dominantly contributes 
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if paddy fields remain in the suburbs. 

3.4 Conclusion 

The CH4 concentrations observed in an industrialized city, Kitakyushu City, in Japan were 

statistically analyzed to elucidate the contributing factors so as to control its diurnal variation 

and further its seasonality. In addition to the previous works, the differences between a suburbs 

and a downtown of one of the largest and industrialized cities in Japan were studied in detail. 

The CH4 concentrations showed the typical diurnal variation—lower during the day and higher 

at night. While the seasonal CH4 concentration was controlled on a global scale—lower in 

summer and higher in winter—the diurnal variation showed some seasonally distinguishing 

patterns: (1) the gap between the maximum and minimum concentrations in the diurnal 

variation was small in the central area and large in the suburbs; (2) two peaks attributable to 

automobiles were observed, especially in the central area, clearly and the time when the peak 

appeared showed a time gap of one hour among the three sites during morning rush hour; (3) 

the CH4 concentration in the suburbs in summer was higher than that in the central area, thanks 

to the complex influence of flux/emissions from paddy fields and the formation of a grounded 

temperature inversion layer. 
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Chapter 4 Conclusion and Future Prospect 

4.1 Conclusion 

This study investigated the effects of transboundary air pollution and meteorological factors on 

air quality in the northern Kyushu region of Japan. Temporal variations of anthropogenic/nss-

Cl and CH4 concentrations, transboundary air pollution and meteorological effects on air quality 

from 2016 to 2019 in northern Kyushu, Japan, i.e., Kitakyushu city area.  

a) The presence of anthropogenic/nss-Cl was observed on 263 of 365 days, consecutive 

sampling from December 2016 to November 2017 at the University of Kitakyushu. Among 

them, anthropogenic/nss-Cl concentrations were higher than 20 nmol∙m-3 on 50 days.  

b) High anthropogenic/nss-Cl concentrations were predominant in the north wind direction, 

while high concentrations were rare in the south wind direction. The active volcanoes in 

Japan are located south of the University, suggesting that domestic volcanoes have little 

effect on the concentration of anthropogenic/nss-Cl.  

c) The correlation between anthropogenic/nss-Cl concentrations and meteorological 

conditions (wind speed) was low (the Pearson correlation coefficient: -0.09 (p>0.05)), 

indicating that municipal waste incineration and domestic coal combustion contributed 

little to high concentrations of anthropogenic/nss-Cl.  

d) The 72-h backward trajectory results indicate that the study area is generally influenced 

by northwesterly and northerly winds, with transboundary transport from northeastern and 

southern regions of China, Mongolia, Russia, and the Sea of Japan contributing 

significantly to the high concentrations of anthropogenic/nss-Cl at the University. Thus, 
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air pollutants can arrive in northern Kyushu, Japan, through transboundary transport, 

affecting local air quality. 

e) In both the suburbs (Egawa) and the city center (Kitakyushu and Mihagino) of one of the 

largest industrialized cities in Japan, methane concentrations show typical diurnal variation, 

i.e., higher at night than during the day.  

f) The diurnal variation in the Egawa shows a clear minimum at 16:00; in contrast, 

Kitakyushu and Mihagino do not but remain at a constant level from 13:00 to 17:00. Based 

on the wind rose polar of Kitakyushu during the daytime (12:00-17:00) and nighttime 

(0:00-5:00), it was found that the landfill is located on the windward side of the Kitakyushu 

and Mihagino sites during the daytime. Therefore, advection from the landfill to these two 

sites during the daytime would prevent CH4 concentrations at Kitakyushu and Mihagino 

from decreasing during the day.  

g) All three sites showed peaks in the early morning, at 7:00 a.m. in Egawa, 8:00 a.m. in 

Kitakyushu, and 9:00 a.m. in Mihagino; the one-hour gap in peak time between the three 

sites was consistent with the qualitative traffic stream from the suburbs to the city 

center/downtown in the morning. Combined with the diurnal variation of NMHC 

concentrations as an indicator of automobile emissions, it supports that the traffic stream 

causes the peak methane concentration gap between the three sites. 

h) The CH4 concentration in the suburban area (Egawa) was higher than that in the central 

urban area (Kitakyushu and Mihagino) from midnight to early morning, mainly due to a 

grounded temperature inversion layer in the suburban area, where effective condensation 

is more pronounced.  
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i) Seasonal variations in CH4 concentrations at the three sites are controlled on a global scale, 

i.e., lower in summer and higher in winter. In contrast, the CH4 concentration gap values 

in spring and summer at Egawa were more significant than or comparable to those in fall 

and winter. In comparison, the CH4 concentration gap values in spring and summer at 

Kitakyushu and Mihagino were smaller than those in fall and winter.  

j) In the central urban area, the diurnal variation in the warm season in this study was smaller 

than that in the cold season, which is consistent with the results of other studies, mainly 

the relationship between daily variation and vertical atmospheric stability, i.e., the presence 

of a high-temperature inversion layer. 

k) CH4 concentrations in the suburbs in summer were higher than those in the central region 

because of the complex influence of fluxes/emissions from rice paddies and the formation 

of a grounded inversion layer. The atmosphere around Egawa was stable on summer nights, 

i.e., the formation of a grounded inversion layer; paddy fields around Egawa occupy ca. 

8% of the area, and the flooded paddy fields release CH4 into the atmosphere in summer. 

Therefore, the air quality in the study area was dominated by 1) transboundary pollution was 

one of the main pollution sources in the survey site, which affects the local air quality; 2) local 

meteorological conditions cause the formation of a temperature inversion layer in both urban 

and suburban areas, which inhibits the transport of local pollutants and affects the survey site’s 

air quality. 

4.2 Future Prospect 

Air pollution and climate change are inextricably connected and interact. Air pollutants include 

much more than greenhouse gases like carbon dioxide (CO2), methane, and nitrous oxide (N2O), 
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yet the two mainly overlap. Therefore, by reducing air pollution, we are protecting the climate. 

Studies such as that of Ding et al. (2009) have shown that climate change and air pollution share 

many common causes, i.e., both are primarily caused by emissions from fossil fuel combustion. 

For example, air pollutants from diesel engines travel around the globe as suspended particles, 

eventually reaching incredibly remote places, including polar regions. When pollutants cling to 

snow and ice, the color of the snow and ice darkens slightly, causing less sunlight to be reflected 

into space, thus contributing to the Earth's greenhouse effect. Slightly warmer temperatures also 

allow plants in sub-Arctic regions to grow slightly thicker, and the area of shadow they cast in 

the snow expands. If millions of small plants followed this growth pattern, the overall effect 

would double, and the entire surface would become darker, leading to a further increase in 

global warming. Also, reducing emissions of some high-impact, short-lived climate pollutants 

- such as methane, tropospheric ozone, HFCs, and black carbon - can significantly reduce the 

chances of triggering dangerous climate tipping points, such as the melting of Arctic permafrost, 

which releases carbon dioxide and methane irreversibly. 

According to the Air Quality and Climate Bulletin published by WMO (World Meteorological 

Organization) in 2021, there is evidence of a strong relationship between air quality and climate 

change. Anthropogenic air pollutant emissions declined in 2020, but air quality is affected by 

dust storms and wildfires due to climate change (WMO, 2021). Climate change can affect the 

proportion, propagation, dispersion, and interactions among air pollutants. Regional climate 

changes, caused by climate directly and/or locally driven factors such as urbanization, can 

directly affect air quality. For example, regional climate change can reduce surface wind, 

directly leading to the aggregation of air pollutants and deterioration of air quality in the region.  
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Future research is planned to 1) focus on the impact of transboundary air pollution and 

urbanization on regional air quality under climate change, using the Japanese port city of 

Kitakyushu as an example of how the nature of its air quality affected will change under the 

impact of transboundary air pollution and urbanization; and 2) what kind of climate change will 

result if the government implements stricter policy control of air pollutants in the region. 
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