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Abstract 

 

Ulsan is one of the largest industrial cities of South Korea and has several main industrial areas, 

including petrochemical, non-ferrous, shipbuilding, and automobile complexes. These 

industrial activities contribute to the need for monitoring of pollutants, especially the polycyclic 

aromatic hydrocarbons (PAHs), in Ulsan since the petrochemical and non-ferrous industrial 

activities are believed to be one of the important emission sources of PAHs. This dissertation 

aims to investigate PAHs (i.e., concentrations, profiles, phase distribution, and exchange) in 

the multimedia environment of Ulsan, including the air, soils, overland runoff, and surface 

water. Moreover, types (e.g., coal combustion and biomass burning) and areas (i.e., local and 

regional areas) of the PAH emission sources were also identified.   

The diagnostic ratios, principal component analysis (PCA), and positive matrix factorization 

(PMF) were used to identify the emission source types. The emission source areas of PAHs 

were identified using hybrid receptor models and conditional bivariate probability function. 

Moreover, the fugacity approach and Whitman’s two-film model were applied to investigate 

the multimedia exchange of PAHs between the air-water and air-soil. Regarding the 

atmospheric PAHs, winter and spring had the highest and lowest PAH concentrations, 

respectively. Fractions of the gaseous or 3- and 4-ring PAHs were high in summer, and those 

of the particulate or 5- and 6-ring PAHs increased in winter. For the seasonal emission sources 

of PAHs, pyrogenic (e.g., coal combustion) source was dominant in winter. Other types of the 

pyrogenic (e.g., industrial fuel combustion) and petrogenic sources were the main PAH sources 

in summer and fall. In spring, two types of the pyrogenic sources, diesel and coal combustion, 

were identified as the main PAH sources in this season.  

Regarding the areas of emission sources, the particulate PAHs in Ulsan could be more affected 

by distant sources in the spring and winter, such as long-range transport from northeastern 

China (e.g., Beijing, Tianjin, and Hebei), northern China (e.g., Jilin and Liaoning), and North 

Korea. In contrast, the gaseous PAHs were affected by local emissions (i.e., industrial and 

vehicle emissions) mostly throughout the year. Particularly, in summer and fall, the local 

emission sources could more affect the gaseous and particulate PAHs compared to the outside 

sources (i.e., trans-boundary transport from China). However, the opposite trend was observed 

in spring and winter, that is, PAHs originated from northeastern China, northern China, and 
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North Korea could contribute to those in Ulsan. 

The PAHs in other environmental media (i.e., overland runoff, surface water, and soils) of 

Ulsan were also studied to understand the interaction of PAHs in the air to those in the other 

media. For PAHs in the runoff and surface water, the runoff PAHs reached their highest 

concentrations in April (middle spring), which could be strongly affected by meteorological 

conditions before the sampling events (i.e., the long dry period and the lower rainfall amount). 

Moreover, the contributions of the dissolved PAHs were mostly higher than those of particulate 

ones, especially in July (summer) when the higher water temperature could lead to the 

desorption of PAHs from the particulate to the dissolved phase. Regarding the source 

identification, PAHs in the runoff and surface water could share similar emission sources, 

which were mixed sources from both petrogenic and pyrolysis sources. Additionally, the PAHs 

in the runoff of July could be also originated from coal/coke/heavy oil combustion as a result 

of industrial emissions and local advection.  

Regarding the multimedia exchange, the surface water could be a source for most of the 

atmospheric PAHs in Ulsan. However, the contribution of the water to the atmospheric PAHs 

(i.e., volatilization from the water to the air) could be not important. The soil could be a source 

or a sink of the atmospheric PAHs, mostly depending on the molecular weights of the 

compounds (i.e., a source for 3-ring PAHs and a sink for 4-ring species). Additionally, the PAHs 

in Ulsan mostly distributed in the soil, followed by the air, and the surface water. The highest 

distributions of PAHs in the soil could be because of their strong affinity to the soil organic 

matter, leading to their accumulation in the soil. The PAHs secondly distributed in the air, 

however, the atmospheric PAHs in Ulsan should be concerned due to the effect of trans-

boundary transport and local advection from the industrial complexes.  

Overall, this dissertation can contribute to the understanding of PAHs in the multimedia 

environment, including the air, overland runoff, surface water, and soils, and can support the 

decision-making related to the environmental issues in Ulsan. Based on this dissertation, 

further studies should more focus on other PAH compounds, such as oxygenated and 

halogenated PAHs, in the air and soil of Ulsan. Moreover, trans-boundary transport of PAHs 

and other organic compounds should be further studied to more understand the effect of long-

range transport on air pollution in Ulsan.  
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Chapter 1: Introduction 
 

1.1. Overview of the polycyclic aromatic hydrocarbons 

Polycyclic aromatic hydrocarbons (PAHs) are compounds having at least two aromatic rings 

in their chemical structures. The PAHs can be classified into two main sub-groups, namely low-

molecular-weight (LMW) and high-molecular-weight (HMW) PAHs. The LMW PAHs consist 

of two or three aromatic rings, whereas the HMW PAHs contain five or six rings. Moreover, 

the 4-ring PAHs tend to be regarded as medium-molecular-weight (MMW) species. The 

number of 16 specific PAH species was selected as priority PAHs by the United States 

Environmental Protection Agency (US-EPA) based on their representative harmful effects, 

available information, and higher levels compared to other PAHs (Ravindra et al., 2008). The 

names and chemical structures of the priority PAHs are shown in Figure 1-1. 

 

Figure 1-1. Chemical structures of the priority US EPA PAHs. Their abbreviation names are 

shown in the parentheses. 

 

Naphthalene (Nap) Acenaphthylene (Acy) Acenaphthene (Ace) Fluorene (Flu) 

Phenanthrene (Phe) Anthracene (Ant) Fluoranthene (Flt) Pyrene (Pyr)

Benz(a)anthracene (BaA) Chrysene (Chr) Benzo(b)fluoranthene (BbF) Benzo(k)fluoranthene (BkF)

Benzo(a)pyrene 

(BaP)

Indeno(1,2,3-cd)pyrene 

(Ind)

Dibenzo(a,h)anthracene 

(DahA)

Benzo(ghi)perylene

(BghiP)
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The PAHs are emitted from natural sources such as forest fires and volcanic eruptions 

(Ravindra et al., 2008). However, the most noticeable sources are related to human activities, 

such as combustion processes and petroleum spillage or leakage (Choi et al., 2012b). Some 

PAHs, especially the HMW species, negatively affect human health and are probably or 

possibly carcinogenic to humans. Several initial studies on PAHs provided some evidence that 

PAHs could cause lung cancer for workers in coal carbonization and gasification processes 

(Zedeck, 1980). For years, the effect of PAHs on human health has been continuously reported 

in many studies. For instance, lung cancer incidence correlated with the working time of 

workers in a coke oven plant (Moolgavkar et al., 1998). In addition, exposure to anthracene 

and benzo(a)pyrene is believed to induce skin irritation and inflammation (Unwin et al., 2006), 

bladder, and lung cancers (IARC, 2014). Therefore, it is essential to study and monitoring PAHs 

in the environment. The physiochemical properties of the priority PAHs, including molecular 

weight, water solubility, vapor pressure, octanol/water partition coefficient (KOW), and 

octanol/carbon partition coefficient (KOC), are shown in Table 1-1. 

Table 1-1. Physiochemical properties of the target PAHs at 25 ºC (Mackay et al., 2006a). 

PAHs Formula 
Molecular 

weight 

Water  

solubility 

Vapor 

pressure 

Log 

KOW 

Log 

KOC 

Nap C10H8 128.17 31.5 7.1×10-2 3.37 3.11 

Acy C12H8 152.19 3.93 6.7×10-3 4.07 3.75 

Ace C12H10 154.20 3.59 2.2×10-3 3.92 3.79 

Flu C13H10 166.21 1.90 6.0×10-4 4.18 3.95 

Phe C14H10 178.22 1.65 1.2×10-4 4.46 4.36 

Ant C14H10 178.22 0.075 6.0×10-6 4.63 4.42 

Flt C16H10 202.25 0.240 9.2×10-6 4.85 4.81 

Pyr C16H10 202.25 0.165 4.5×10-6 4.90 4.92 

BaA C18H12 228.28 0.011 2.1×10-7 5.61 5.62 

Chr C18H12 228.28 0.0015 6.4×10-9 5.73 5.74 

BbF C20H12 252.30 0.0015 5.0×10-7 5.78 5.91 

BkF C20H12 252.30 0.0008 9.6×10-11 5.94 5.99 

BaP C20H12 252.30 0.004 5.6×10-9 6.31 6.04 

DahA C22H14 278.34 0.00056 9.6×10-10 6.88 6.76 

Ind C22H12 276.33 0.00019 5.4×10-10 6.72 6.80 

BghiP C22H12 276.33 0.00026 1.0×10-10 7.04 6.93 

Molecular weight: g/mol, water solubility: mg/L, vapor pressure: mmHg  

 

The different physicochemical properties of the PAH species result in their different behaviors 
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in the environment. For instance, in the atmosphere, the LMW PAHs (e.g., Nap, Acy, Ace, Flu, 

and Phe) having higher vapor pressure tend to distribute in the gaseous phase. On the other 

hand, the HMW PAHs (e.g., BbF, BkF, BaP, Ind, and BghiP) tend to bind to atmospheric 

particles to form the particulate phase. Moreover, in the water, the LMW PAHs mostly 

distribute in dissolved phase since they have high water solubility, whereas the HMW PAHs 

prefer to bind to suspended solids and deposit onto bottom sediments of water bodies. In the 

soils, the HMW PAHs can be more dominant due to their stronger affinity to sorb to organic 

matter of the soils.  

 

1.2. Study area 

The study area of this dissertation is Ulsan, one of the largest industrial cities locating at the 

southeast of South Korea. The predominant industrial activities in Ulsan include petrochemical, 

chemical, non-ferrous, automobile, and shipbuilding production (Figure 1-2). Among them, the 

petrochemical and non-ferrous industrial activities, are believed to be the noticeable sources of 

PAHs because of the operational combustion processes used in their production (Kwon and 

Choi, 2014a). Previous studies reported that oil, diesel, and gasoline combustion (Kwon and 

Choi, 2014a; Van-Tuan et al., 2010), coal/biomass burning, and coke ovens (Kwon and Choi, 

2014a) were the main sources of PAHs into the atmosphere of Ulsan. Moreover, it is known 

that prevailing seasonal winds play an important role in the contamination characteristics of 

PAHs in Ulsan (Choi et al., 2012b; Lee and Lee, 2004). Particularly, in summer and fall, winds 

blow from the East Sea to the inner city and pass through the industrial areas (Clarke et al., 

2014), causing the urban and residential areas to become receptors for PAHs originated from 

the industrial activities. In reverse, in winter and spring, winds blow toward the East Sea and 

therefore can bring PAHs emitted in the city to the sea. Moreover, the monsoon system in winter 

and spring can also cause Ulsan to become downwind of other areas, such as western areas of 

South Korea and other regions in Northeast Asia (i.e., China and North Korea) (Inomata et al., 

2017). As the PAHs can be detected in several environmental media, including the atmosphere, 

soils, and surface water, a study on PAHs in the multimedia environment of Ulsan is essential.  
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Figure 1-2. Industrial areas in Ulsan, South Korea. The arrows illustrate the prevailing wind 

direction in summer and winter.  

 

For Ulsan, PAHs in the atmosphere, soils, sediments, and water were investigated (Choi et al., 

2012b; Khim et al., 2001a; Kwon and Choi, 2014a). However, seasonal variations, regarding 

concentrations, profiles, and emission sources of PAHs in several environmental media (i.e., 

atmosphere, runoff, soils, and water) of Ulsan have not been studied yet. Moreover, as 

mentioned previously the downwind location of Ulsan, especially in winter and spring, induce 

an essential to identify areas and contributions of regional and local emission sources to PAHs 

in this city. Nevertheless, to the best of my knowledge, this issue has not been dealt with depth.  

 

1.3. Literature review on PAHs in Ulsan 

Previous studies on PAHs in Ulsan mostly focused on the atmosphere, followed by the soil and 

water. According to the searching results obtained from the Scopus and the Korean Research 

Information Searching Service (https://www.scopus.com/search and http://www.riss.kr/search, 

respectively), studies on PAHs in the air, soil, and water of Ulsan accounted for 40%, 35%, and 

25%, respectively. 

Regarding the atmosphere, the concentrations and profiles of PAHs bound to total suspended 

particles (Choi et al., 2013; Nguyen et al., 2018), PM10 (Van-Tuan et al., 2010),  PM2.5, and 

PM1 (Lee et al., 2018) were investigated at the semi-rural, residential, urban, and industrial 

Ulsan

Ship building 

& Heavy industry

Automobile industry

Petrochemical 

industry

Non-ferrous 

industry

East Sea

0                  2 km

Ship building 

& Heavy industry

Industrial areas
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areas of Ulsan. In addition, passive air sampling coupled with polyurethane (PUF-PAS) was 

also applied to simultaneously monitor the PAHs at several sites in semi-rural, urban, and 

industrial areas of Ulsan (Choi et al., 2012b; Nguyen et al., 2020; Vuong et al., 2020). In short, 

the PAH concentrations tended to be highest in the industrial, followed by the urban/residential, 

and semi-rural areas due to local advection.  Additionally, results from human health risks of 

total (gas and particle) PAHs (Nguyen et al., 2020), PM10 -bound PAHs (Vu et al., 2011), and 

PM2.5-bound PAHs (Lee et al., 2018) pointed out a safe level (< 10-6) for residents in Ulsan 

regarding inhalation intake and dermal absorption of PAHs. The dry and wet deposition of 

atmospheric PAHs were also investigated (Lee and Lee, 2004) and the results showed that the 

low and intermedia PAHs (2- to 4-ring PAHs) were mostly dominant.  

For the water, PAH concentrations in the Taehwa river and Ulsan bay had a tendency to be 

higher in the downstream surrounded by several industrial complexes, such as shipbuilding, 

petrochemical, and automobile industrial areas (Hyeon-Seo et al., 2012; Khim et al., 2001a; 

Ligaray et al., 2016). Moreover, the 2- to 4-ring PAHs were more dominant in the dissolved 

and particulate phases (Hyeon-Seo et al., 2012; Khim et al., 2001a; Khim et al., 2001b; Park et 

al., 2012) because these species are more mobile and have higher water solubility (Mackay et 

al., 2006a). In addition, the dissolved phase tended to more contribute to the total (dissolved 

and particulate) phase, especially at upstream of the Taehwa river. The PAHs in surface water 

of Ulsan were also mentioned to be affected by nonpoint sources, such as overland runoff, and 

this effect could be more strong in the semi-rural area (Park et al., 2012). 

The PAH concentrations and profiles in road dust (Dong and Lee, 2009; Kim et al., 2019b; Lee 

and Dong, 2010) and soils (Jeon and Oh, 2019; Kim et al., 2019a; Kwon and Choi, 2014a) at 

several land-use types in Ulsan were also investigated. The results also revealed the 

concentration gradients from the industrial to the urban and semi-rural areas. The important 

emission sources of PAHs in Ulsan could be the industrial complexes (Kwon and Choi, 2014a; 

Nguyen et al., 2018) located at the southeast of the city, therefore, PAHs in several 

environmental media, including the air, water, and soil, in the industrial area have higher 

concentrations than those in the others. Additionally, the emission source types of PAHs in 

Ulsan were also identified using the diagnostic ratio, principal component analysis (PCA), and 

positive matrix factorization (PMF). The main emission sources of PAHs could be vehicle 

exhaust (i.e., gasoline and diesel emissions), coal/biomass burning, and coke oven (Choi et al., 

2012b; Kwon and Choi, 2014b). Additionally, the industrial complexes in Ulsan, especially the 
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petrochemical and non-ferrous industrial areas were believed to emit a large amount of PAHs 

(Kwon and Choi, 2014a; Vuong et al., 2020) due to the heavy oil/coke usage in their 

productions.   

 

1.4. Objectives 

In order to address limitations on the understanding of PAHs in Ulsan, this dissertation aims to 

investigate the concentrations, profiles, and phase distributions of PAHs in the multimedia 

environment (i.e., atmosphere, surface water, runoff, and soils) of Ulsan. Moreover, the types 

of PAH emission sources (i.e., petrogenic or pyrolysis) and areas of these sources were also 

identified. In addition, the magnitude and direction exchange of PAHs between the 

environmental media (i.e., air-soil and air-water) were also determined. This dissertation can 

help to improve the understanding of PAHs in the multimedia environment of Ulsan and can 

support the decision-making related to environmental issues in this city. 

 

1.5. Dissertation structure 

To achieve the objectives mentioned previously, this dissertation has several chapters. Chapter 

1 provides general information. Chapter 2 focuses on the investigation of seasonal variations 

and source identification of PAHs in the atmosphere of Ulsan. On the basis of chapter 2, chapter 

3 aims to identify areas of the PAH emission sources regarding local and regional scales.  

From chapter 4, PAHs in the other environmental media (e.g., surface water, runoff, and soil) 

of Ulsan are investigated to understand the interaction of PAHs in the multimedia environment. 

In particular, chapter 4 investigates the seasonal and temporal variations and identifies emission 

sources of PAHs in the overland runoff and surface water of Ulsan. Based on the results of the 

previous chapters, chapter 5 reveals the magnitude and direction exchange of PAHs between 

the air-soil and air-water systems. Finally, a summary and suggestions for further studies on 

PAHs in Ulsan are provided in the conclusion.
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Chapter 2: Seasonal variation, phase distribution, and source 

identification of atmospheric polycyclic aromatic hydrocarbons at 

a semi-rural site in Ulsan, South Korea 

 

Abstract 

Polycyclic aromatic hydrocarbons (PAHs) in gaseous and particulate phases (n = 188) were 

collected in Ulsan, South Korea, over a period of one year (June 2013‒May 2014) to understand 

the seasonal variation and phase distribution of PAHs as well as to identify the seasonal PAH 

emission sources. The target compounds were the 16 US-EPA priority PAHs, with the exception 

of naphthalene, acenaphthylene, and acenaphthene. Winter and spring had the highest and 

lowest PAH concentrations, respectively. The mean of the Σ13 PAHs in the gaseous phase (4.11 

ng/m3) was higher than that in the particulate phase (2.55 ng/m3). Fractions of the gaseous or 

3- and 4-ring PAHs (i.e., Flu, Phe, and Ant) were high in summer, and those of the particulate 

or 5- and 6-ring PAHs (i.e., BkF, BaP, Ind, DahA, and BghiP) increased in winter. Gas/particle 

partitioning models also demonstrated the increased contributions of the particulate PAHs in 

spring and winter. Source identification of PAHs was undertaken using diagnostic ratios, 

principal component analysis, and positive matrix factorization. The results indicated that 

pyrogenic sources (e.g., coal combustion) were dominant in winter. Other types of pyrogenic 

(e.g., industrial fuel combustion) and petrogenic sources were the main PAH sources in summer 

and autumn. The influence of both sources, especially in summer, might be due to seasonal 

winds transporting PAHs from the industrial areas. Two types of pyrogenic sources, diesel and 

coal combustion, were identified as the main PAH sources in spring. This study clearly 

demonstrates a source–receptor relation of PAHs at a semi-rural site in a heavily industrialized 

city. 
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2.1. Introduction 

In the atmosphere, the LMW PAHs (i.e., 2- and 3-ring PAHs) exists predominantly in the vapor 

phase, whereas the MMW and HMW PAHs (i.e., 4- to 6-ring PAHs) tend to bind to airborne 

particles (Baek et al., 1991b). Levels and the phase distribution of PAHs have been reported to 

differ seasonally (Albuquerque et al., 2016). In particular, winter tends to show the highest 

PAH concentration among the four seasons due to a decline in atmospheric vertical dispersion 

and an increase in domestic burning for heating. Fractions of the gaseous PAHs are higher in 

summer, while the particulate PAHs contribute more in winter since lower temperatures can 

generate condensation of PAHs on atmospheric suspended particles (Gustafson and Dickhut, 

1997). 

PAHs are emitted from natural sources such as forest fires and volcanic eruptions (Ravindra et 

al., 2008). However, the most noticeable sources are related to human activities such as 

combustion processes and vehicle exhaust (Choi et al., 2012b). The emission sources of PAHs 

can be identified through several methods, including diagnostic ratios (DRs), principal 

component analysis (PCA), chemical mass balance (CMB), and positive matrix factorization 

(PMF). The DR method determines the possible sources of PAHs by comparing the observed 

ratios to those from previous studies. This method assumes that the PAH isomers are regarded 

to have the same physicochemical properties and that they are transformed or decomposed at 

the same rate (Biache et al., 2014). Hence, it is inferred that DR values are preserved when 

PAHs are transported from emission sources to receptors. However, the fact is that isomeric 

PAHs have different chemical properties, leading to a change in the ratios when PAHs are 

transported in the atmosphere. As a result, the emission sources of PAHs can be misinterpreted, 

and the applicability of DRs should be considered carefully.  

Statistical tools such as PCA are also applied for PAH source identification. PCA converts a 

data set into a few important explanatory factors, or principal components (PCs), accounting 

for most of the variance and highlighting the most important information of the original data 

set. Emission sources of PAHs can, therefore, be interpreted based on the PC values. However, 

a drawback of PCA is that it might not entirely separate the emission sources (Cesari et al., 

2016; Jain et al., 2017). In other words, more than two emission sources might overlap in one 

PC, resulting in a deficiency of emission sources when interpreting the PCA results. Apart from 

PCA, PMF, a model developed by the US-EPA, can also be used to determine the PAH emission 

sources. In the PMF, the initial data sets are structured into two new data matrices or factors, 
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including factor contributions and factor profiles (US-EPA, 2014). The emission sources of 

PAHs can be determined by comparing PAH profiles from the PMF results with those from 

previous studies. The number of factors or sources can be set in the PMF, and the stability of a 

selected solution can be checked (Brown et al., 2015; US-EPA, 2014). Thus, an under- or 

overestimation of emission sources can be controlled. 

In this study, both gaseous and particulate PAHs were collected from a semi-rural site in Ulsan 

over four seasons (June 2013‒May 2014) to understand the seasonal variation and phase 

distribution of PAHs. In addition, the seasonal emission sources of PAHs were identified. Data 

on meteorological conditions and criteria air pollutants around the study area were also 

collected to examine their relations with atmospheric PAHs. This is the first study to observe 

the gas/particle partitioning of PAHs at a relatively high temporal resolution in Ulsan.  

 

2.2. Materials and methods 

2.2.1. High volume air sampling 

Air samples were collected at 5 m above the ground level at the Ulsan National Institute of 

Science and Technology (UNIST), Ulsan, South Korea. UNIST (35° 34N, 129° 11E; 47 m 

above sea level) is at a semi-rural area, located west side of the urban and industrial areas of 

Ulsan (Figure 2-1). Two high volume air samplers (Sibata HV-700F, Japan) were used to collect 

duplicate PAH samples in the gaseous and particulate phases (n = 188) over four seasons (June 

2013–May 2014). Samples from the November and December 2013 sampling efforts were lost 

[n = 16: 8 glass fiber filters (GFFs) and 8 polyurethane foam disks (PUFs)]. The air sampling 

was conducted once a week for 24 h (from 11:00 AM to 11:00 AM of the next day). The total 

air volume of each sample was 1,007.9 m3, and the operational flow was set at 700 L/min. 

Samples in the particulate and gaseous phases were collected using a GFF (20.3 cm × 25.4 cm, 

Advantec, Japan) and a PUF disk (4.5 cm radius × 5.0 cm height, Ziemer Chromatographie, 

Germany), respectively. 

Prior to sampling, the GFFs were pre-treated by baking at 400 °C for 4 h and the PUFs were 

cleaned by sonication respectively with acetone and n-hexane for 30 min. The GFFs and PUF 

disks were kept in aluminum foil and transported to the sampling site without exposure to 

ambient air. After sampling, they were put in aluminum foil and polyethylene double zippered 

bags and stored at −4 °C until analysis. 
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Figure 2-1. Sampling site location (UNIST). Industrial areas are shaded in red. Automatic 

weather stations and air pollution monitoring stations located near the sampling site are shaded 

in yellow and orange, respectively.  

 

2.2.2. Meteorological conditions and criteria air pollutant data 

Meteorological conditions are one of the most important factors governing the levels and 

behavior of atmospheric PAHs (Tham et al., 2008). Hence, meteorological data were collected 

from two of the Korean meteorological administration (http://kma.go.kr) automatic weather 

stations located near the sampling site, namely Sangbuk (35º 34N, 129º 05E) and Bukjung (35° 

33N, 129° 19E). In addition, the Hysplit model (http://ready.arl.noaa.gov/HYSPLIT_traj.php) 

was used to evaluate the possibility of long-range transport of PAHs to the sampling site. 

Criteria air pollutant data (SO2, CO, O3, NO2, and PM10), measured at air pollution monitoring 

stations in Ulsan, were also obtained via the website of the Ulsan Institute of Health and 

Environment (http://air.ulsan.go.kr). The Samnam (35º 29N, 129º 18E) and Mugeo (35° 33N, 

129° 15E) stations were selected for data collection because they are in the vicinity of the 

sampling site. 
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2.2.3. Chemical analysis and QA/QC 

PAHs were separately extracted from the GFFs and PUFs using Soxhlet extractors with 350 

mL of n-hexane/acetone (9:1) (Choi et al., 2012b). Prior to the extraction, the samples were 

spiked with surrogate standards (naphthalene-d8, acenaphthene-d10, phenanthrene-d10, 

chrysene-d12, and perylene-d12). The extracted samples were then concentrated to 10 mL using 

a Turbo Vap (Caliper, USA). Subsequently, 1 mL of the extract underwent silica gel cleanup 

on a column comprising 2 g of sodium sulfate, 5 g of silica gel (activated at 130 °C for 4 h), 

and 2 g of anhydrous sodium sulfate. An elution solvent composed of 70 mL of n-

hexane/dichloromethane (9:1) was used. The sample was then concentrated to 0.5 mL using a 

nitrogen evaporator (Eyela, Japan), transferred to gas chromatography (GC) vials, and finally 

spiked with an internal standard (p-terphenyl-d14). 

The final samples were analyzed using gas chromatography coupled to a mass spectrometer 

(GC-MS, 5975C, Agilent, USA). The analyte separation process was performed on a DB-5MS 

column (30 m × 0.25 mm × 0.25 μm). An amount of 1 μL of the final sample was injected into 

the GC at 300 °C under splitless mode. The initial temperature of the GC was 70 °C and was 

increased to 240 °C at 10 °C/min increments; finally, it was increased to a final temperature of 

300 °C at 5 °C/min increments. Helium was used as the carrier gas in the GC/MS and was set 

at a flow rate of 1 mL/min. 

Among the 16 US-EPA priority PAHs, naphthalene, acenaphthylene, and acenaphthene were 

not considered in this study due to their low recoveries, blank contamination, and potential 

sampling artifacts. Field blanks were also collected (n = 15). The pre-treatment and analytical 

methods used for the blanks were the same as those used for the real samples. The 

concentrations of PAHs in this study were field-blank corrected to eliminate errors stemming 

from contamination during the sampling events. Average recoveries of the GFF samples were 

54%, 78%, and 73% for phenanthrene-d10, chrysene-d12, and perylene-d12, respectively. 

Regarding the PUF samples, average recoveries were 68% for phenanthrene-d10, 84% for 

chrysene-d12, and 78% for perylene-d12. Method detection limits (MDL) of the gaseous and 

particulate PAHs were individually determined based on the following equation: 

MDL = SD × 3.14  (2-1) 

where SD denotes the standard deviation of 7 replicate spiked samples, and 3.14 is the Student’s 

t value for a 99% confidence interval. Method detection limit (MDL) values were 0.04–0.19 
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ng/m3 for the GFF samples and 0.04–0.25 ng/m3 for the PUF samples. Data below the MDLs 

were designated as non-detects (ND). For data sets with ND, mean values were estimated using 

the ProUCL 5.0 software (https://www.epa.gov/land-research/proucl-software). 

 

2.2.4. Gas/particle partitioning calculation 

The gas/particle partitioning of PAHs was investigated by fitting the original Junge-Pankow 

equation to the particulate fractions of the measured individual PAHs. This approach was 

reported to provide better results for PAHs than the log-linear regression using partition 

coefficients (Su et al., 2006). Equations for the gas/particle partitioning calculation are as 

follows:  

Fraction in the particulate phase: Φ =  
Cp

Cp  +  Cg
              (2-2) 

One-parameter model:  Φ  = 
A

A + PL  
             (2-3) 

Two-parameter model:  Φ  = 
1

1 + 10–m log (PL/Pa) –b'       (2-4) 

where Φ is the fraction in the particulate phase. Cp and Cg (ng/m3) are the concentrations in the 

particulate and gaseous phases, respectively. PL (Pa) is the sub-cooled liquid vapor pressure of 

PAHs. The PL values were adjusted corresponding to the sampling temperature by using the PL 

and enthalpies of vaporization (∆vapH) data at 25 °C from Lei et al. (2002). A, m, and b' are 

fitting parameters, determined by fitting values of Φ and temperature-adjusted PL into the non-

linear regressions. OriginPro 9.2 (OriginLab, USA) was used for parameter fitting. 

 

2.2.5. Methods for source identification 

Three methods (i.e., DRs, PCA, and PMF) were simultaneously used to elucidate potential 

sources of PAHs in the sampling area. The comparison of results from these methods enabled 

a more precise interpretation of the emission sources of PAHs.  

 

2.2.5.1. Diagnostic ratios (DRs) 

Two PAH ratios, Ind/(Ind + BghiP) and Flt/(Flt + Pyr), were applied in this study since they 

classified the samples into two clear sets and explained the data well. The DR method is 

straightforward; however, a change in DR values during the atmospheric transport of PAHs 

(Biache et al., 2014) can result in an ambiguous interpretation of PAH sources.  

https://www.epa.gov/land-research/proucl-software
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2.2.5.2. Principal component analysis (PCA) 

The total (gas + particle) concentrations of PAHs were used as input data for the PCA and were 

normalized by dividing them by the total concentration of each sample. To avoid detection limit 

issues (Meglen, 1992), only PAHs having high detected frequencies were chosen for the PCA. 

In this study, the PCA was conducted using SPSS 22.0 software (Spss Inc, USA). The rotation 

method was varimax, and eigenvalues higher than one were used for the PC extraction criterion. 

 

2.2.5.3. Positive matrix factorization (PMF) 

Total (gas + particle) concentrations of PAHs were used as input data for PMF. The input data 

for calculating uncertainty were based on the MDLs. Details on the calculation method for data 

uncertainty can be found elsewhere (US-EPA, 2014). For the PMF application, the accuracy of 

the results is affected by the identification of the number of factors or sources. In this study, a 

change in the Q value based on several solutions was noted to determine the number of factors. 

Specifically, a smaller variation in Qrobust/expected when moving from lower to higher factor 

numbers, suggests a potential overestimation of the factor numbers (Brown et al., 2015). 

Moreover, the effect of each species on the source results can be controlled in the PMF 

approach, based on a signal/noise value. For this study, four PAHs, including Flu, Phe, Flt, and 

Pyr, were set as strong species. Weak species comprised Ant, Chr, BaA, BbF, BkF, BaP, Ind, 

and BghiP. Only DahA was set as bad and excluded from the PMF (US-EPA, 2014). 

 

2.3. Results and discussion 

2.3.1. Concentrations of PAHs 

Table 2-1 shows the PAH concentrations observed over the sampling period. Mean 

concentrations of the Σ13 PAHs in the gaseous, particulate, and total phases were 4.11 ng/m3, 

2.55 ng/m3, and 6.67 ng/m3, respectively. The mean concentration of the gaseous phase was 

1.6 times higher than that of the particulate phase (Mann-Whitney rank-sum test, p < 0.01). 

This is consistent with results from previous studies (Jamhari et al., 2014; Tomaz et al., 2016; 

Wang et al., 2011b; Wei et al., 2015). The gaseous PAHs can be decomposed easier than the 

particulate ones because of their high mobility (Ravindra et al., 2008). Additionally, the PAHs 

in the gaseous phase tend to have lower levels at the receptors in case of long-range transport 

(Choi et al., 2012a) because they can undergo degradation during transportation from the 

emission sources to the receptors. Hence, higher fractions of the gaseous PAHs during all the 

sampling period might reflect stronger effects of local emission sources. Note that a mean G/P 
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partitioning ratio of Phe (17.8), a dominant compound among the target PAHs, is 10.4 and 1.7 

times higher than those at a background site in Jeju and an urban site in Seoul, Korea (Kim et 

al., 2012). This result suggests that a G/P partitioning ratio of total PAHs or individual PAHs 

can be used for an indicator of local pollution or long-range transport in Northeast Asia. 

 

Table 2-1. Range and mean of PAH concentrations (ng/m3) for the entire sampling period in 

Ulsan, South Korea. Mean values for each compound with non-detected values below 50% and 

values in the range of 50%‒80% were estimated using the Kaplan-Meier method and the 

regression on order statistics method, respectively. 

Compounds 

Gas Particle Total 

Range Mean  
ND 

(%) 
Range Mean  

ND 

(%) 
Range Mean  

ND 

(%) 

Fluorene (Flu) ND‒3.09 0.53  2 ND‒0.12 0.07  53 ND‒3.13 0.59  2 

Phenanthrene (Phe) 0.47‒5.96 2.14  0 ND‒0.44 0.12  23 0.53‒6.03 2.26  0 

Anthracene (Ant) ND‒0.52 0.11  28 ND‒0.10 0.08  53 ND‒0.59 0.18  28 

Fluoranthene (Flt) 0.11‒1.48 0.64  0 ND‒1.36 0.29  17 0.22‒2.41 0.94  0 

Pyrene (Pyr) 0.08‒1.48 0.50  0 ND‒0.91 0.24  32 0.18‒2.16 0.76  0 

Benzo(a)anthracene (BaA) ND‒0.13 0.05  55 ND‒0.77 0.14  30 ND‒0.84 0.20  30 

Chrysene (Chr) ND‒0.26 0.09  19 ND‒1.30 0.30  9 ND‒1.42 0.38  4 

Benzo(b)fluoranthene (BbF) ND‒0.13 0.02  83 0.10‒2.38 0.51  0 0.10‒2.47 0.57  0 

Benzo(k)fluoranthene (BkF) ND ND 100 ND‒0.74 0.22  4 ND‒0.88 0.29  4 

Benzo(a)pyrene (BaP) ND ND 100 ND‒0.83 0.16  15 ND‒0.91 0.19  15 

Indeno(123-cd)pyrene (Ind)  ND ND 100 ND‒1.13 0.23  2 ND‒1.38 0.32  4 

Dibenzo(ah)anthracene 

(DahA) 
ND ND 100 ND‒0.17 0.07  51 ND‒0.28 0.08  51 

Benzo(ghi)perylene (BghiP) ND‒0.07 0.01  91 0.05‒0.90 0.23  0 0.06‒0.97 0.27  0 

Σ13 PAHs 1.04‒10.9 4.11   0.84‒10.3 2.55   2.02‒21.3 6.67   

ND: Not detected 

PAH concentrations in the four sampling seasons are illustrated in Figure 2-2. The total 

concentration in winter (11.07 ng/m3) was approximately two times higher than those of the 

other seasons (Figure 2-2a) (summer: 5.12 ng/m3, autumn: 6.10 ng/m3, and spring: 5.01 ng/m3). 

A statistically significant difference between winter and the other seasons was found (Mann-

Whitney rank-sum test, p < 0.05). This result is in good agreement with those from previous 

studies (Baek et al., 1991b; Gustafson and Dickhut, 1997). The higher PAH concentrations in 

winter could be explained by an increase in condensation due to low temperatures, poor 

atmospheric dispersion, and elevated emissions from fossil fuel and wood burning for 

residential heating. 
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Figure 2-2. (a) Seasonal concentrations of the Σ13 PAHs and (b) monthly mean concentrations 

in the gaseous and particulate phases. The box plots denote the 25th and 75th percentiles and the 

total concentration. The solid dash is the median. The 90th and 10th percentiles are shown in the 

upper and lower whiskers, respectively. The outlying points denote the 5th and 95th percentiles. 

 

The concentration of the Σ13 PAHs reached the lowest value in spring (May 26th: 2.02 ng/m3) 

(Figure 2-2a). Generally, summer experiences the lowest PAH levels among the four seasons 

(Albuquerque et al., 2016; Lai et al., 2011) because the higher ambient temperatures and solar 

radiation are likely responsible for an increase in the decomposition reactions between PAHs 

and photochemical oxidants (i.e., OH radicals, O3, and NO3) (Baek et al., 1991a). Additionally, 

emission reduction (i.e., lack of coal combustion or biomass burning for warming) could be an 

explanation for the lower concentrations observed in summer. In Ulsan, the lowest Σ13 PAH 

concentration was found in spring. However, no significant difference was highlighted between 

the total concentration in the spring and those in summer or autumn (Mann-Whitney rank-sum 

test, p > 0.05). During the spring period, May showed the lowest and highest concentrations of 

PAHs and O3, respectively (Figure 2-2b and 2-3f). This high O3 level could activate more PAH 

degradation (Baek et al., 1991a) and result in the lower PAH concentrations observed in May. 

This interpretation is supported by a negative correlation between PAHs and O3 in spring (Table 

2-2). Moreover, May experienced the highest rainfall level over the sampling period (Figure 2-

4), which could lead to higher wet deposition and the removal of PAHs from the atmosphere 

through deposition on the surface environment. 
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Figure 2-3. Pollutant-rose diagrams of criteria air pollutants in the four sampling seasons: (a) 

SO2, (b) CO, (c) NO2, (d) PM10, (e) O3, and (f) O3 in spring. Concentration data were obtained 

from the air pollution monitoring stations located near the sampling site. Data on wind direction 

were gathered from automatic weather stations of the Korea Meteorological Administration, 

located near the selected air pollutant monitoring stations. The collected data have the same 

monitoring periods as the sampling events. 
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Table 2-2. Correlation of criteria air pollutants and PAHs in the gaseous, particulate, and total 

phases. 

Season Phase SO2 CO O3 NO2 PM10 Rainfall Temp. 
Wind  

speed 

Summer 

Gaseous 0.610* 0.292 0.395 0.686** 0.336 -0.367 -0.308 -0.662* 

Particulate 0.179 0.212 0.394 0.190 0.553* 0.409 -0.198 -0.500 

Total 0.669* 0.332 0.476 0.704** 0.460 -0.249 -0.374 -0.758** 

Autumn 

Gaseous 0.087 -0.362 -0.489 -0.254 0.140 -0.016 0.384 -0.174 

Particulate 0.130 0.240 0.105 0.288 0.374 0.455 -0.570 -0.311 

Total 0.234 -0.222 -0.411 0.119 0.056 0.216 0.076 -0.323 

Winter 

Gaseous 0.733* 0.509 -0.648* 0.567 0.364 -0.284 0.091 -0.464 

Particulate 0.696* 0.373 -0.697* 0.330 0.064 -0.541 -0.473 0.044 

Total 0.788** 0.480 -0.736** 0.485 0.264 -0.456 -0.200 -0.220 

Spring 

Gaseous -0.016 0.398 -0.563* 0.312 0.345 -0.197 -0.749** -0.484 

Particulate 0.329 0.147 -0.140 0.333 0.020 -0.200 -0.310 -0.189 

Total 0.357 0.465 -0.530 0.537* 0.085 -0.274 -0.670** -0.569* 

*   Correlation is significant at the 0.05 level. 

**  Correlation is significant at the 0.01 level. 

 

 

Figure 2-4. Average temperature and rainfall levels in each sampling month. Data were 

collected from automatic weather stations located near the sampling site (Sangbuk and 

Bukjung), operated by the Ulsan meteorological observatory. 

In Ulsan, the industrial complexes are located in the eastern and southeastern areas of the city, 

and the sampling site is located west side of the industrial complexes (Figure 2-1). Several 

previous studies revealed that seasonal prevailing winds had an effect on the dispersion of air 

pollutants emitted from the industrial complexes into other areas of the city (Choi et al., 2012b; 

Clarke et al., 2014). In particular, southeasterly winds in summer (Figure 2-5a) could transfer 

PAHs from the industrial complexes to the sampling site. On the contrary, in winter and spring, 

large amounts of PAHs can be transported to the East Sea by northwesterly winds (Figures 2-
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5c, d). Consequently, the influence of PAH emissions from industrial activities on the sampling 

site was expected to be higher and lower in summer and winter, respectively. 

 

Figure 2-5. Wind-rose maps of the four sampling seasons: (a) summer, (b) autumn, (c) winter, 

and (d) spring. The yellow circle represents the sampling site. The industrial areas are shaded 

in red. The wind-rose plot at the right-bottom side represents the average values of two 

automatic weather stations located near the sampling site. The red line of this plot is a resultant 

vector. Only data during the sampling events were selected for wind roses. Data for wind roses 

have the same monitoring periods as the sampling events. 

 

The gaseous, particulate, and total concentrations of the Σ13 PAHs in this study (gas: 4.11 ng/m3, 

particle: 2.55 ng/m3, total: 6.67 ng/m3) were compared with former data from Korea and other 

Asian countries (Table 2-3). As the sampling and meteorological conditions were different, this 

is an approximate comparison to evaluate the PAH levels in Ulsan. Generally, the 
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concentrations of gaseous and particulate PAHs from this study were lower than those found 

in other countries, such as a suburban site of Guangzhou in China (gas: 103 ng/m3, particle: 

17.3 ng/m3, total: 120 ng/m3) (Yang et al., 2010). However, the concentrations of PAHs of this 

study were higher (gas: 4.11 ng/m3, particle: 2.55 ng/m3) than those at rural sites of the 

Hengchun Peninsula in Taiwan (total: 0.42–2.79 ng/m3) (Cheng et al., 2016) or some 

background sites of Korea, such as Gosan (gas: 0.89 ng/m3, particle: 1.74 ng/m3) (Choi et al., 

2012a) and Taean (particle: 0.37 ng/m3) (Choi et al., 2013). Additionally, the level of particulate 

PAHs observed in this study (2.55 ng/m3) was comparable to those from a suburban site of 

Bangi in Malaysia (2.54 ng/m3) (Jamhari et al., 2014), which was reported to be affected by 

industrial activities, such as chemical and automobile production.  

 

Table 2-3. Comparison of the PAH concentrations (ng/m3) from selected Asian countries. 

Country Location Type Year Gas Particle Total Reference 

China Guangzhou a,* Suburban 2005‒

2006 

103 17.3 120  Yang et al. 

(2010) 

China Guangzhou a,* Urban 2005‒

2006 

110 19.5 130  Yang et al. 

(2010) 

Japan Yokohamad,* Suburban 1999‒

2005 

- 1.02 - Salam et al. 

(2011) 

Japan Yokohama d,* Urban 1999‒

2005 

- 2.07 - Salam et al. 

(2011) 

Malaysia Bangi a,* Suburban 2010‒

2011 

- 2.54 - Jamhari et al. 

(2014) 

Malaysia Kuala Lumpur a,* Urban 2010‒

2011 

- 2.03 - Jamhari et al. 

(2014) 

Malaysia Petaling Jaya a,* Industrial 2010‒

2011 

- 3.56 - Jamhari et al. 

(2014) 

Taiwan Hengchun 

peninsula a,* 

Rural 2010 0.39‒

2.31 

0.01‒

1.36 

0.42‒

2.79 

Cheng et al. 

(2016) 

Korea Gosan b,* Background 2002 0.89 1.74 2.63 Choi et al. 

(2012a) 

Korea Taean c,** Background 2006‒

2009 

- 0.37 - Choi et al. 

(2013) 

Korea Seoul c** Residential 2006‒

2009 

- 3.70 - Choi et al. 

(2013) 

Korea Gwangyang c,** Iron & metal 

industrial  

2006‒

2009 

- 1.05 - Choi et al. 

(2013) 

Korea Ulsan b,* Semi-rural 2013‒

2014 

4.11  2.55  6.67  This study 

- No data 
* High volume air sampler, ** Medium volume air sampler  
a 16 US-EPA PAHs 
b 16 US-EPA PAHs except for Nap, Acy, and Ace 
c 7 particulate PAHs (BaA, BaP, BbF, BkF, Chr, DahA, and Ind) 
d 10 particulate PAHs (Flt, Pyr, BaA, Chr, BbF, BkF, BeP, BaP, Ind, and BghiP) 

Nap: naphthalene, Acy: acenaphthylene, Ace: acenaphthene, BeP: benzo(e)pyrene 
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2.3.2. Phase distributions and profiles 

Figure 2-6 presents the monthly gas/particle phase distributions of the Σ13 PAHs and profiles 

of ring-number groups. The dominant phases of PAHs varied seasonally. The contributions of 

the particulate (Figure 2-6a) and 5- and 6-ring (Figure 2-6b) PAHs in winter were apparently 

greater than those observed in the other seasons. This observation can be explained by the 

changes in emission profiles (i.e., combustion elevation for residential heating) and 

meteorological conditions (i.e., lower ambient temperature and lower mixing layer) that 

increase the adsorption of PAHs on particles. Fractions of the gaseous and 3- and 4-ring PAHs 

during summer and autumn (June to October) were higher than those in the other seasons. A 

higher temperature in this period (Figure 2-4) could result in an aerodynamic dilution effect, 

enhancing the desorption of particulate PAHs to the gas phase (Baek et al., 1991a). In addition, 

an influence of PAHs released from secondary sources (i.e., surface soils and surface water) 

(Keyte et al., 2013a; Wang et al., 2011b) could also contribute to the greater fractions of the 

gaseous PAHs during the high-temperature seasons. 

 

Figure 2-6. Temporal variations of (a) gas/particle phase distributions of the Σ13 PAHs and (b) 

ring-number fractions of individual PAHs. 

 

Regarding the PAH species, 3- and 4-ring (i.e., Flu, Phe, and Flt) and 5- and 6-ring compounds 

(i.e., BkF, BaP, Ind, DahA, and BghiP) were dominant in the gaseous and particulate phases, 

respectively (Figure 2-7). This is because the vapor pressure of PAHs declines as the ring 
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numbers increase (Baek et al., 1991a), resulting in the LMW PAHs mainly existing in the 

gaseous phase, whereas most of the HMW PAHs occur in the particulate phase. These findings 

are in line with those from previous studies (Choi et al., 2012a; Yang et al., 2010). 

 

Figure 2-7. (a) Concentrations and (b) fractions of PAH species in the gaseous, particulate, and 

total phases during four sampling seasons. 

 

Noticeably, the proportions of the particulate and 5- and 6-ring PAHs were elevated in April 

and May (Figure 2-6). Previous studies reported that the particle-bound PAHs with longer half-

lives were more affected by long-range transport in South Korea (Choi et al., 2012a; Lee and 

Kim, 2007). According to air mass trajectories in these two months, the air masses that arrived 

at the sampling site were originated from the outside of South Korea, such as the Yellow Sea 

and northern regions of China (Figure 2-8). This might be attributed to the high fractions of the 

particulate PAHs in April and May.  
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Figure 2-8. Backward air trajectories with starting heights of 500 m and 1,500 m arriving at 

UNIST, Ulsan, South Korea. The trajectories, shown in three-day intervals, were calculated 

twice a day at 00 and 12 UTC (coordinated universal time) for the entire sampling period.  

 

2.3.3. Gas/particle partitioning of PAHs 

Figure 2-9 illustrates the fitting curves and gas/particle partitioning behavior of PAHs for all 

the sampling seasons. The seasonal fitting curves for the one- and two-parameter models 

showed fairly similar orders: summer, autumn, spring, and winter from the left to the right of 

the figures. These results indicate that summer and winter exhibited the lowest and highest 

contribution of the particulate PAHs, respectively. The profiles of PAHs over the sampling 

period (Figure 2-6) also support this observation. 
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Figure 2-9. Seasonal mean gas/particle partitioning of PAHs and nonlinear fitting curves for 

(a) the one-parameter model and (b) the two-parameter model. 

  

For the one-parameter model, A is relevant to the capacity of particles for PAHs (Su et al., 

2006). The greater A values in winter and spring (Table 2-4) (Mann-Whitney rank-sum test, p 

< 0.05) reflected higher contributions of the particulate PAHs in these two seasons. As 

discussed in Sections 2.3.1 and 2.3.2, the seasonal changes in profiles of PAHs and 

meteorological conditions (e.g., lower mixing height) could be an explanation for this 

gas/particle partitioning behavior. 

 

Table 2-4. Regression results of two different non-linear G/P partitioning models. 

Period 
One-parameter model Two-parameter model 

A 105 R2 m b' R2 

Summer 21.9 0.9996 -0.63 -2.19 0.9998 

Autumn 76.2 0.9991 -0.53 -1.57 0.9992 

Winter 3,510 0.9997 -1.02 -1.48 0.9997 

Spring 334 0.9997 -0.82 -2.04 0.9971 

June 29.9 0.9996 -0.67 -2.31 0.9684 

July 23.0 0.9995 -0.61 -2.11 0.9696 

August 17.1 0.9996 -0.61 -2.22 0.9719 

September 54.9 0.9995 -0.61 -1.92 0.9764 

October 64.0 0.9967 -0.37 -0.93 0.8331 

January 8,950 0.9999 -1.47 -1.53 0.9970 

February 1,420 0.9995 -1.06 -1.93 0.9723 

March 441 0.9907 -0.95 -2.21 0.5063 

April 384 0.9914 -0.64 -1.55 0.4898 

May 332 0.9958 -0.83 -2.88 0.7350 
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Regarding the two-parameter model, the mean values of m in summer, autumn, winter, and 

spring were -0.63, -0.53, -1.02, and -0.82, respectively. The values of m for winter and spring 

were statistically different from those of the other seasons (Mann-Whitney rank-sum test, p < 

0.05). This result also indicates that winter and spring exhibited the different behavior of the 

gas/particle partitioning, i.e., increased contributions of particulate PAHs. 

The slope m can be applied to interpret the contribution of particulate PAHs. In general, the 

lower m value implies a higher fraction of the particle-bound PAHs (Su et al., 2006). In this 

study, a smaller m value (mean: -0.83) in May compared to that in April (mean: -0.64) (Table 

2-4) indicates the relatively higher fractions of particulate PAHs. As discussed in Section 2.3.2, 

the elevated contribution of particulate PAHs in May might be due to long-range transport. The 

influence of springtime long-range transport on gas/particle partitioning of PAHs in South 

Korea was also demonstrated in previous studies (Choi et al., 2012a; Kim et al., 2012; Lee and 

Kim, 2007). 

 

2.3.4. Source identification 

2.3.4.1. Diagnostic ratios (DRs) 

Figure 2-10 illustrates a scatter plot of two selected DRs for samples from the four sampling 

seasons. These isomer ratios are considered as good PAH source markers because their 

photodegradation rates are comparable (Yunker et al., 2002). The total concentrations (gas + 

particle) of PAHs were used to avoid the effect of gas-particle partitioning (Tobiszewski and 

Namieśnik, 2012). The Ind/(Ind + BghiP) ratio was used to distinguish petroleum combustion 

from grass/wood/coal burning, and the Flt/(Flt + Pyr) ratio was used to discriminate between 

pyrogenic and petrogenic sources (Yunker et al., 2002). 
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Figure 2-10. Scatter plot of Ind/(Ind + BghiP) versus Flt/(Flt + Pyr). The thresholds of PAH 

sources are illustrated as horizontal and vertical lines. 

 

As shown in Figure 2-10, pyrogenic sources (i.e., grass/wood/coal combustion) were obviously 

dominant in winter and spring. Other pyrogenic sources (e.g., petroleum combustion) and 

petrogenic sources were identified in summer and autumn. The influence of pyrogenic and 

petrogenic sources, especially in summer, might stem from seasonal winds bringing PAHs from 

the petrochemical and the non-ferrous industrial complexes that use crude oil, coke, and coal 

(Kwon and Choi, 2014a). In particular, the predominant southeasterly winds in summer and 

autumn (Figure 2-5) could transport PAHs emitted from these areas toward the sampling site. 

The influence of the industrial activities on Ulsan’s inner areas during summer has been 

previously reported (Clarke et al., 2014). Moreover, higher levels of SO2, the main pollutant 

derived from fossil fuel burning, in summer and autumn (Figure 2-3) support the impact of 

industrial activities on the conditions observed at the sampling site.  

 

2.3.4.2. Principal component analysis (PCA) 

Figure 2-11 describes the PCA results for PAHs across the four sampling seasons. Three PCs 

having eigenvalues greater than one were extracted; overall, they span 83% of the total data 

variance (first PC: 35%, second PC: 24%, and third PC: 22%). The score and loading plots 

were used to elucidate relations between the samples and PAH species.  

Generally, the samples from summer and autumn overlapped each other (Figure 2-11), 

reflecting the same major emission sources during these seasons. Their positions were 

primarily to the left (Figure 2-11a,b) and bottom side (Figure 2-11c) of the score plots, 
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characterized by Phe, Flu, Pyr, and Flt. These PAHs were reported to be dominant in sources 

such as exhaust from highway tunnels (Khalili et al., 1995) or diesel and gasoline engines 

(Cheruiyot et al., 2015). Hence, exhaust from transportation activities could be an important 

source of PAHs in summer and autumn. In addition, the combustion of fuel oil (i.e., kerosene, 

bunker A, bunker B, and bunker C) releases higher fractions of Phe, Flt, Pyr, and Flu (US-EPA, 

1995). In 2014, bunker A (97 barrels) and a large amount of bunker C (1,566 barrels) in the 

industrial areas of Ulsan were used for energy production, especially the petrochemical 

industrial complex (KEEI, 2014). PAHs derived from these areas could be transported to the 

sampling site by the prevailing winds in summer and autumn (Figure 2-5). Therefore, fuel oil 

combustion could also be another important source of PAHs during the two seasons.  
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Figure 2-11. Score and loading plots of the total (gas + particle) PAHs corresponding to 

principal components (a) 1 and 2, (b) 1 and 3, and (c) 2 and 3.  

 

The winter samples were well separated from those of summer or autumn, as denoted by their 

locations at the bottom (Figure 2-11a), upper right (Figure 2-11b), and upper left (Figure 2-11c) 

side of the score plots. The winter samples showed relatively high fractions of heavy PAHs 

(i.e., Chr, BkF, BbF, Ind, and BghiP), with Chr, BkF, and BbF known as markers for coal 
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combustion (Ravindra et al., 2008; Zou et al., 2015) and coke ovens (Yang et al., 1998; Zou et 

al., 2015). Additionally, pyrogenic PAH patterns are characterized by the HMW PAHs 

(Stogiannidis and Laane, 2015), suggesting that pyrogenic sources (e.g., traffic emission, coal 

combustion, and biomass burning, etc.) were significant in winter. The spring samples were 

similar to those of summer, autumn (Figure 2-11b, c), and winter (Figure 2-11a), suggesting 

that this season could be influenced by mixed sources.  

 

2.3.4.3. Positive matrix factorization (PMF) 

The PMF was applied to provide more quantitative information on source apportionment and 

to compare with the results from PCA and DR. Figure 2-12 shows the results of PMF modeling. 

Three to five PMF factor numbers were tested based on previous studies investigating the PAH 

emission sources in Ulsan (Dong and Lee, 2009; Kwon and Choi, 2014a). After comparing the 

Qrobust/expected ratio while increasing factor numbers (Brown et al., 2015), a solution with four 

factors was selected. The uncertainty of each PMF solution was also checked to validate the 

number of factors chosen (US-EPA, 2014). The detailed results and discussion are shown in 

Table A1-1 and Text A1-1 in Appendix 1. 

The results demonstrated that factor 1 could represent gasoline and heavy oil combustion. This 

factor accounted for 18% of the total measured data and was dominated by Flt, Pyr, BbF, Chr, 

Ind, and BghiP (Figure 2-12a). Heavy oil combustion (Li et al., 1999) and gasoline emissions 

(Ravindra et al., 2008) are represented by Flt, Pyr, Flu, and Ind markers. With the exception of 

the higher value observed in January, most of the sampling months showed comparable 

contributions from factor 1. Cold condensation and low air dispersion in winter might result in 

greater contributions from factor 1 in winter. In addition, summer and autumn (June-October) 

showed higher levels of factor 1 than spring (March-May). This may reflect the contribution 

of heavy oil (i.e., bunker A and bunker C) combustion in the industrial complexes (KEEI, 2014) 

transported by the main seasonal wind.  

Factor 2 comprised 25% of the total measured data and denoted coal combustion and coke 

ovens, with Phe, Flu, BbF, Chr, Ind, and BghiP being the dominant species of this factor. The 

primary markers for coal combustion (Zou et al., 2015) and coke ovens (Yang et al., 1998) 

were recognized as Phe, Flu, Chr, and BbF. Winter (January and February) showed relatively 

high fractions of factor 2 (Figure 2-12a) because of an increase in fossil fuel burning for 

residential heating and also an enhanced long-range transport of PAHs from the outside of 
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South Korea (Figure 2-8) (Lee and Kim, 2007). Interestingly, the samples from June also have 

a great proportion of factor 2 (Figure 2-12a), probably due to the effect of southeasterly 

seasonal winds bringing PAHs emitted from industrial activities, such as non-ferrous 

production via coke oven operations (Kwon and Choi, 2014a). In fact, relatively high 

concentrations of SO2 were observed in June (Figure 2-3) and are thought to be mostly derived 

from fossil fuel burning (coal and heavy oil in Ulsan).  

Factor 3, accounting for 16% of the total measured PAHs, represents biomass burning sources. 

This factor showed high contributions of Phe, Ant, BaA, Chr, BbF, and BaP. Among them, BaA 

and BaP are typically released from biomass burning (Stogiannidis and Laane, 2015) and Phe 

and BaA are known as source markers for straw combustion (Lu et al., 2009). Results from 

summer (June-August) and autumn (September and October) showed higher contributions 

from factor 3 compared with the other seasons. As the sampling site is in a semi-rural area, 

open burning and post-harvest combustion might explain the greater contributions of biomass 

burning during summer and autumn, respectively. 
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Figure 2-12. PMF results: (a) PAH profiles of each factor/source, (b) source contributions for 

each sampling month, and (c) source contributions over the sampling period. 

 

Factor 4 explained 41% of the total PAHs and represented diesel combustion. Factor 4 was 

contributed by the highest fraction of Phe, followed by Flt, Pyr, Flu, and BbF (Figure 2-12a). 

Emissions from diesel combustion are reported to be enriched in Phe, Flt (Stogiannidis and 

Laane, 2015), and BbF (Ravindra et al., 2008). The spring season, especially April, exhibited 

higher levels of factor 4 than the other seasons (Figure 2-12b). In fact, concentrations of NO2 

were greater in spring than those in summer and autumn (Figure 2-3). This might suggest a 

stronger contribution of exhaust from transportation activities in spring, leading to the greater 

levels of factor 4. Moreover, the amount of PAHs released from heavy-diesel vehicles was 
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reported to be greater than that released from light-gasoline vehicles (Kwon and Choi, 2014a). 

This could potentially explain the higher contribution (41%) from diesel combustion over the 

sampling events (Figure 1-12c). 

 

2.4. Conclusion 

The results of this study demonstrate a seasonal variation in PAH concentrations and phase 

distributions. Winter and spring experienced the highest and lowest PAH concentrations, 

respectively. The concentrations of gaseous PAHs, which mostly depend on local emission 

sources, were greater than those of particulate ones. The heavy or 5- and 6-ring PAHs 

contributed to a greater proportion of PAHs in winter, whereas light or 3- and 4-ring PAHs were 

more prominent in summer and autumn. In addition, the highest and lowest fractions of 

particulate PAHs were observed in winter and summer, respectively. The gas/particle 

partitioning of PAHs in spring and winter exhibited different behavior, i.e., the higher 

contributions of the particulate PAHs.   

The emission sources of PAHs also varied seasonally. Pyrogenic related emissions (e.g., coal 

combustion) were proposed as the primary emission sources in winter. The DRs suggested 

other types of pyrogenic (e.g., petroleum combustion) and petrogenic sources for summer and 

autumn. Moreover, the results from PCA and PMF supported these findings and additionally 

revealed the contribution of traffic emission/diesel combustion and industrial fuel oil (i.e., 

bunker C) combustion. These sources seasonally impacted the samples measured at the 

sampling site as a result of the predominant wind patterns. Spring was characterized by mixed 

emission sources, including diesel and coal combustion or biomass burning.  

Ulsan has huge industrial complexes such as petrochemical and non-ferrous industries which 

are considered to be noticeable emission sources of PAHs. Therefore, long-term investigations 

on PAHs in multimedia environmental compartments of Ulsan are essential. This study 

contributes to the understanding of seasonal variation in atmospheric PAHs and provides 

comparable results across three source identification methods: DRs, PCA, and PMF. Thus, this 

approach can be used in future studies on the source–receptor relations of atmospheric PAHs 

.
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Chapter 3: Identification of source areas of polycyclic aromatic 

hydrocarbons in Ulsan, Korea using hybrid receptor models and 

conditional bivariate probability function 

 

Abstract 

In this study, source areas of atmospheric polycyclic aromatic hydrocarbons (PAHs), monitored 

in Ulsan, South Korea between June 2013 and May 2014, were identified using hybrid receptor 

models, including potential source contribution function (PSCF) and concentration weighted 

function (CWT), and the conditional bivariate probability function (CBPF). The PSCF and 

CWT were modified by adopting trajectory segments within the mixing layers. Especially, 

‘fraction-weighted trajectory’ (FWT), a combination of gas/particle partitioning of PAHs with 

the hybrid receptor model, is firstly introduced in this study to improve the source identification 

of organic compounds. The hybrid receptor models and CBPF suggested that the particulate 

PAHs in Ulsan could be more affected by distant emission sources in the spring and winter, 

such as long-range transport from northeastern China, northern China, and North Korea. In 

contrast, the gaseous PAHs were affected by local emissions mostly throughout the year. In 

addition, the FWT would discriminate the local and distant sources more effectively, especially 

in summer and fall when the local sources increased their contribution. Moreover, the source 

areas validated by the modified PSCF and CWT could be more suitable than those confirmed 

by the conventional ones, demonstrating that the transport altitude of the air parcels should be 

considered for the identification of source areas. 
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3.1. Introduction 

In the atmosphere, PAHs exist in gaseous or particulate phases depending on their molecular 

weights and meteorological conditions (e.g., ambient temperature and humidity). The 

physiochemical properties of the gaseous and particulate PAHs (e.g., mobility, half-life, and 

volatility) are relatively different. Therefore, the atmospheric transport of the gaseous and 

particulate PAHs can also differ from each other. In particular, the particulate PAHs tend to 

have longer atmospheric half-lives (Mackay et al., 2006b) and can be removed from the air 

during their transport through dry and wet deposition (Keyte et al., 2013b). The dry deposition 

settles down the particulate PAHs by gravity (Shiraiwa et al., 2017), therefore, it mainly affects 

coarse particle-bound PAHs. In addition, the wet deposition removes the gaseous PAHs and 

fine/ultrafine particle-bound PAHs when precipitation (i.e., rainfall or snowfall) occurs.  

The PAHs are originated from two main sources, including pyrogenic (i.e., combustion process) 

and petrogenic (e.g., heavy oil) sources. To identify emission sources of the atmospheric PAHs, 

hybrid receptor models, associating the backward air trajectory with PAH concentrations at the 

receptor site, can be used (Simmonds et al., 1997). Several techniques were developed based 

on this approach, e.g., residence time analysis (RTA) (Ashbaugh, 1983), potential source 

contribution function (PSCF), and concentration weighted function (CWT) (Fleming et al., 

2012). Because the air parcels can traverse several areas prior to arriving at the receptor site, 

these techniques have been adopted to investigate the transport of air pollutants over non-local 

scale (e.g., a trans-boundary transport of pollutants over thousands of kilometers) (Polissar et 

al., 2001). Apart from the hybrid receptor models, conditional probability function (CPF) can 

also be used to determine directions of emission sources by associating the pollutant 

concentrations with wind direction (Wimolwattanapun et al., 2011). It is, therefore, mostly 

applied for the determination of source areas at the local scale (Kim and Hopke, 2004). More 

recently, the CPF was upgraded into the conditional bivariate probability function (CBPF) by 

combining the CPF with wind speed at the receptor site. Thus, not only directions of emission 

sources but also source types (i.e., ground common, stack, and distant sources) can be deduced 

(Uria-Tellaetxe and Carslaw, 2014).  

South Korea locates in Northeast Asia, one of the most PAH-polluted areas over the world 

(Inomata et al., 2017). As locating downwind of the Asian monsoon system (Tamamura et al., 

2007), a contribution of upwind sources in China to air pollution in South Korea has been 

widely investigated. For instance, the PSCF and a multivariate receptor model were applied to 
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demonstrate that northeastern and eastern China (i.e., Beijing, Hebei, Tianjin, and Shanghai), 

and/or North Korea could contribute to an increase of particulate matters and particulate PAHs 

in the air of Seoul, South Korea, especially in winter (Jeong et al., 2011; Jeong et al., 2017; 

Kim et al., 2016a). Additionally, PSCF considering a vertical dispersion of air pollutants was 

introduced and also verified that biomass burning in northeastern China (i.e., Beijing, Tianjin, 

and Liaoning), northern China (i.e., Liaoning), and/or North Korea (i.e., Pyongyang) could 

contribute to the particulate PAHs in Seoul (Kim et al., 2016b). Most of the previous studies 

focused on the transport of particulate PAHs; however, the PAHs occur in both gaseous and 

particulate phases, and their phase distribution can differ seasonally depending on the 

meteorological conditions (i.e., ambient temperature and humidity). Therefore, a consideration 

of both gaseous and particulate PAHs for locating their emission sources is essential.  

The main purpose of this study is to identify emission source areas of PAHs in Ulsan, South 

Korea regarding the regional and local scale by using the PSCF, CWT, and CBPF analyses. 

Especially, unlike the conventional PSCF and CWT adopting the entire paths of air trajectories 

(Fleming et al., 2012), the PSCF and CWT used in this study were modified by considering the 

mixing layer along the trajectory routes to more reflect the realistic transport of air pollutants. 

A comparison between the conventional and modified PSCF and CWT is also provided to 

understand the influence of transport altitudes on the identification of source areas. Especially, 

a combination of PAH gas/particle partitioning and hybrid receptor model (i.e., CWT) is firstly 

introduced in this study to improve the application of such a model for identifying source areas 

of organic compounds. 

 

3.2. Materials and methods 

3.2.1. Receptor site and PAH data 

This study used monitoring data for gaseous and particulate PAHs measured in Ulsan, one of 

the largest industrial cities in the southeast of South Korea. The industrial areas of Ulsan, 

comprising of petrochemical, non-ferrous, shipbuilding, and auto-mobile complexes, locate in 

the east of the city and are shown in Figure 3-1. Under an influence of the Asian monsoon 

system, prevailing wind directions in Ulsan are the southeast and northwest for summer/fall 

and winter/spring, respectively. During the winter and spring, the northwesterly winds blow 

from several upwind areas (e.g., China, North Korea, and western areas of South Korea) to 

Ulsan, causing this city to become a receptor area. Hence, a trans-boundary transport of air 
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pollutants can occur in Ulsan especially in winter and spring. 

 

Figure 3-1. Location of the sampling site and industrial areas in Ulsan, South Korea. 

 

Data on the gaseous and particulate PAHs (16 US EPA priority PAHs, except for naphthalene, 

acenaphthene, and acenaphthylene) were obtained from Chapter 2. The PSCF, CWT, and 

CBPF of the Σ13 PAHs in the gaseous, particulate, and total (gas + particle) phases were 

calculated to identify source areas of each PAH phase. The atmospheric PAHs were sampled 

once a week using a high-volume air sampler (Sibata, HV-700F, Japan) from June 2013 to May 

2014, except for November and December 2013 because the samples were lost. The sampling 

campaign, therefore, covered 48 days and was separated into four seasons, including summer 

(June–August 2013), fall (September–October 2013), winter (January–February 2014), and 

spring (March–May 2014). The sampling site was at the Ulsan National Institute of Science 

and Technology (UNIST) in Ulsan, South Korea (35°34'18.32"N, 129°11'20.46"E). More 

details on the sampling can be found in Chapter 2.  

 

3.2.2. Backward air trajectory 

The backward air trajectories of 48 sampling days were obtained using the Hybrid Single-

Particle Lagrangian Integrated Trajectory Model (HYSPLIT 4) adopting the GDAS1 (Global 

Data Assimilation System) meteorological data. To evaluate the PAH transport from outside of 

South Korea to the receptor site in Ulsan, the total run time for the backward air masses was 

set as 120 hours (5 days). The trajectories were obtained hourly for 24 hours from 11:00 a.m. 
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local time for each sampling day. Data on the atmospheric mixing height and several 

meteorological conditions (i.e., rainfall level, air pressure, and solar radiation) at each trajectory 

segment were also obtained using the HYSPLIT 4 model and GDAS1 data. The starting height 

of trajectories was set at 10% to 90% of the atmospheric mixing height at the sampling site. A 

reason for this selection is to increase a resolution for the hybrid receptor model (Jeong et al., 

2011). In addition, after emitted the pollutants are well dispersed and mixed within the mixing 

layer, thus, the consideration of mixing height could more reflect a realistic transport of air 

pollutants (Stojić and Stanišić Stojić, 2017). A total of 10,368 backward trajectories (48 

sampling days × 9 starting heights × 24 hours/day) were used for one sampling year. 

Particularly, the number of trajectories regarding each sampling season was 3,456, 2,595, 2,376, 

and 1,944 for the spring, summer, fall, and winter, respectively.  

Recently, the hybrid receptor models considering the transport altitudes of air parcels (i.e., 

within the mixing layer or under a pre-defined height) were reported to improve the 

identification of source areas of air pollutants (Kim et al., 2016b; Stojić and Stanišić Stojić, 

2017). Following this approach, this study also considers the altitude of each trajectory segment 

to more reflect the realistic transport of the atmospheric PAHs. Moreover, the residual layer, 

which is the mixing layer of the previous day (Kolev et al., 2007), was also considered. The 

residual layer is at top of the mixing layer, especially during the night and low air-temperature 

days, and the height of the residual layer was assumed to be half of the mixing height (Kolev 

et al., 2007). In this study, only trajectory segments within the residual and mixing layers were 

used for further calculation. The endpoint selection was performed using SAS 9.4 software 

(SAS Institute Inc., USA). 

 

3.2.3. Hybrid receptor models and the vertical dispersion of air pollutants 

3.2.3.1. PSCF reflecting the vertical dispersion of air pollutants (PSCFm) 

In the conventional PSCF (PSCFc), the entire transport path of trajectory is used (Hopke et al., 

1993) for the identification of source areas. However, the modified PSCF in this study adopted 

the only trajectory within the residual and mixing layers. The modified PSCF (PSCFm) was 

calculated following the below equation: 

PSCFij
m = 

mij

nij

                (3-1) 

where PSCFij
m is the potential source contribution function reflecting the vertical transport of 
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air parcels. mij denotes the number of times the air parcels traversed cell (i,j) when the PAH 

concentrations were higher than the threshold value. Since there is no fixed threshold for the 

PAH concentration, three thresholds, including 50th, 75th, and 90th percentiles of the Ʃ13 PAH 

concentrations, were tested for the PSCFm, then the most appropriate threshold was chosen for 

further calculation. nij is the number of times the trajectories passed through the cell (i,j). As 

the low nij can lead to the high PSCFm, a weighting function was multiplied by the PSCFm to 

reduce this uncertainty. In this study, two weighting functions were checked to understand the 

influence of the function on the PSCFm results. The first function (W1) was referred from 

previous studies (Jeong et al., 2011; Kim et al., 2016a; Wang et al., 2016), and the second 

function (W2) was created by halving the previous value to get the following one. The more 

appropriate weighting function for the PAH dataset was then selected for further calculation. 

The weighting functions W1 and W2 are described below.          

W1 = {

1,   2s ≤ N

0.7,   s ≤ N <2s

0.42,  0.5s ≤ N < s

0.17,     N ≤ 0.5s

     W2 = {

1,   2s ≤ N

0.5,   s ≤ N <2s

0.25,  0.5s ≤ N < s

0.12,     N ≤ 0.5s

 (3-2) 

where s is the average number of trajectory endpoints per cell. The s values calculated for each 

sampling season are shown in Table A2-1 in Appendix 2. N represents the total number of 

trajectory endpoints in each grid cell.  

 

3.2.3.2. CWT reflecting the vertical dispersion of air pollutants (CWTm) 

The PSCF is a relatively straightforward approach for locating the source areas of air pollutants; 

however, it cannot clearly distinguish areas showing strong, moderate, and weak emission (Hsu 

et al., 2003b). In addition, the source areas associated with concentrations slightly lower than 

the threshold can be neglected in the PSCF. Therefore, the concentration-weighted trajectory 

reflecting the vertical transport of air parcels (CWTm) was also performed to confirm the source 

areas of PAHs. The modified CWT (CWTm) was estimated based on the below equation. 

CWTm
ij
= 

1

∑ τ
ijl

M

l=1

 × ∑ (Cj × τ
ijl
) M

l=1             (3-3) 

where M is the total number of backward trajectories. τ
ijl
 is the number of endpoints in the cell 

(i,j) for trajectory l, having its transport route within the mixing layer. Cj denotes the PAH 

concentrations at the sampling site. To prevent uncertainty stemmed from the low value of τ
ijl
, 
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the weighting functions were also applied for the CWTm as described in Section 3.2.2.1.   

Moreover, comparisons between the conventional and modified PSCF and CWT were also 

performed to evaluate the influence of vertical transport on the determination of source areas. 

The conventional and modified PSCF and CWT were calculated for the 0.5° × 0.5° grid cells 

over the domain of 110°–140°E and 25°–50°N (Figure 3-2).  

 

Figure 3-2. The geographical domain used in this study. The numbers denote several areas in 

China, including Heilongjiang (1), Jilin (2), Liaoning (3), Inner Mongolia (4), Hebei (5), 

Shandong (6), Jiangsu (7), Zhejiang (8), Anhui (9), and Henan (10). The red, green, and blue 

circles represent Beijing, Tianjin, and Shanghai, respectively. 

 

The threshold and weighting functions used for the conventional and modified PSCF and CWT 

were the same. Geographically, areas showing high PSCF or CWT values can be regarded as 

source areas (Fleming et al., 2012). In this study, TrajStat (Wang et al., 2009) was used to 

calculate the conventional and modified PSCF and CWT. ArcGIS 10.5 (ESRI, USA) was 

applied to plot the PSCF and CWT maps. 

 

3.2.4. Application of gas/particle partitioning for the identification of source areas 

The particulate PAHs can be more persistent than the gaseous ones because of their longer half-

lives and lower mobility (Mackay et al., 2006b). Therefore, the particulate PAHs are expected 

to more contribute to trans-boundary transport by near-surface winds in Northeastern Asia 

(Kim et al., 2016a; Tamamura et al., 2007; Wang et al., 2016; Zhang et al., 2017b). The 



38 

 

atmospheric PAHs occur in both gaseous and particulate phases, and these phases can transform 

into each other during their transport in the atmosphere. In particular, the gas-phase PAHs can 

undergo nucleation, condensation, and coagulation to form the particle-bound species (Zhang 

et al., 2015). Moreover, the PAHs bound to aerosols can also desorb to exist in the gaseous 

phase (Keyte et al., 2013b). Thus, a consideration of gas/particle partitioning of PAHs, instead 

of the concentrations, is expected to improve the identification of their source areas.  

In this study, fractions of the particulate PAHs, calculated as a ratio of the particulate to the 

total (gas + particle) concentrations, were used as input data for the hybrid receptor model (i.e., 

CWT) to identify source areas of the PAHs. The calculation procedure was the same as the 

CWTm and was named as a “fraction-weighted trajectory” (FWT). In general, areas with higher 

FWT values indicate their greater effect on the particulate PAHs at the receptor site.  

 

3.2.5. Trajectory cluster analysis 

Trajectories simulated from the HYSPLIT 4 were clustered into several groups based on their 

similar directions and lengths (Fleming et al., 2012) using the Trajstat software (Wang et al., 

2009). In general, the distance between two trajectories is calculated based on the Euclidean 

distance following equation 3-4. 

d12 = √∑ [X1(i) - X2(i)]2 + [Y1(i) - Y2(i)]2 n
i=1             (3-4) 

where d12 is the Euclidean distance between two backward trajectories. X1, X2 and Y1, Y2 are 

the latitudes and longitudes of these trajectories, respectively. The number of clusters was then 

identified using the eyeball method; the number of clusters would be selected based on a 

variation of the total spatial variance (TSV) computed among the trajectory endpoints. A 

dramatical change of the TSV suggests a suitable number of clusters (Wang et al., 2009). 

 

3.2.6. Regional transport contribution 

The study domain was divided into 8 sectors, 45 degrees each. The percentage of regional 

transport contributions in each sector was calculated as below (Wang et al., 2016). 

Tj (%) = (Cj − Cb) Cj × 100⁄             (3-5) 

where Tj is a contribution of regional transport. Cj is concentration-weighted trajectory in sector 

j. Cb is local background concentration, which is a sum of the lowest concentrations in each 
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sector  

 

3.2.7. Conditional bivariate probability function (CBPF) 

The hybrid receptor models, such as PSCF and CWT, mostly determine the source areas at a 

non-local scale (i.e., trans-boundary transport) (Polissar et al., 2001) because the air parcels 

considered for the calculation would pass several areas prior to arriving at the receptor site. 

Hence, to focus on the identification of source areas at a local scale, the conditional bivariate 

probability function (CBPF) was also performed in the current study.   

The CBPF provides information on source directions and source types based on wind 

dependency. For example, the great CBPF probability at low and high wind speed suggests 

common ground-level and stack sources, respectively (Uria-Tellaetxe and Carslaw, 2014). The 

low wind speed mainly distributes atmospheric pollutants in a small area (i.e., local scale), 

whereas the high wind speed increases the dispersion of pollutants and contributes to their 

transport to distant areas. Therefore, the low and high wind speed associated with the great 

CBPF probability can also be indicative of local and non-local emission sources, respectively 

(Perrone et al., 2018; Zhou et al., 2019). The CBPF was calculated based on the below equation.  

CBPF∆θ,∆u=
m∆θ,∆u|C ≥ x

n∆θ,∆u
             (3-6) 

where ∆θ and ∆u are the wind sector and wind speed, respectively. C is the concentration of 

Ʃ13 PAHs which is higher than the threshold x within the wind sector ∆θ and wind speed ∆u. 

m∆θ,∆u  is the number of samples in the wind sector ∆θ  and wind speed ∆u  having 

concentrations higher than the threshold x. n∆θ,∆u denotes the total number of samples in the 

corresponding wind sector and wind speed interval. The threshold x for the CBPF calculation 

was the same as that of the PSCFm described in Section 3.2.2.1. Data for the wind speed and 

wind direction in the study area were obtained from the Korean Meteorological Administration 

(https://web.kma.go.kr). The R program, freely downloaded from https://www.r-project.org, 

and the open-source tool Openair (Carslaw and Ropkins, 2012) were applied to calculate and 

plot the CBPF. 

 

3.3. Results and discussion 

The modified PSCFm and CWTm using two weighting functions (i.e., W1 and W2) and three 

https://web.kma.go.kr/
https://www.r-project.org/
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thresholds (i.e., 50th, 75th, and 90th percentiles of the Ʃ13 PAHs) were compared to select the 

optimal weighting function and concentration threshold for further calculation. As a result, the 

75th percentile of Σ13 PAHs and the weighting function W1 were chosen. More details on this 

comparison can be seen in Text A2-1 in Appendix 2. Additionally, the PSCFm and CWTm 

confirmed the relatively similar source areas for the gaseous, particulate, and total PAHs. This 

observation could be because the same backward trajectories were used as input data for the 

PSCF and CWT. Moreover, these techniques apply a similar approach for identifying source 

areas, which is based on the movement of air parcels and PAH concentrations at the receptor 

site.  

 

3.3.1. Seasonal source areas of the gaseous PAHs  

Long-range transport of the gaseous PAHs in South Korea, to the best of my knowledge, has 

not been well investigated in previous studies. This limitation could be because the gaseous 

PAHs have shorter atmospheric half-lives compared to the particulate ones (Mackay et al., 

2006b), and the frequent reaction of the gaseous compounds to free radicals (Keyte et al., 

2013b). However, the effect of the monsoon system and the suitable weather conditions (e.g., 

less precipitation, low solar radiation, and high air pressure) might contribute to the long-range 

transport of the gaseous PAHs in Northeast Asia. A discussion on this issue is provided in the 

following sections. 

   

3.3.1.1. Source areas of the gaseous PAHs in spring 

In the spring, both PSCFm and CWTm highlighted that the gaseous PAHs in Ulsan could be 

contributed by those originating from northeastern China (i.e., Heilongjiang, Jilin, and 

Liaoning) and North Korea (Figures 3-3a and 3-4a). The gaseous PAHs coming from these 

areas could account for the highest contribution (47.6%) among the transported PAHs. 

Moreover, the air parcels from these areas accounted for approximately 45% of the total 

trajectories in spring (Figure 3-5a) and mostly appeared in March and April when an increase 

of active fire and thermal anomalies was observed (Figures 3-6a and 3-6b). The gaseous PAHs 

formed during the combustion process in these areas could be then transported to the receptor 

site in Ulsan by the surface-wind. In addition, the lower rainfall levels along the routes of 

trajectories crossing northeastern China (i.e., Heilongjiang, Jilin, and Liaoning) and the East 

Sea in spring (Figure 3-7a) could limit wet deposition of the gaseous PAHs. Added to this, 

atmospheric half-lives of some PAHs that are dominant in the gaseous phase (i.e., Phe, Pyr, and 
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Flt) (Nguyen et al., 2018) range from 55 to 170 h (Mackay et al., 2006b). Meanwhile, the air 

parcels could spend approximately 72 h (Kim et al., 2016a) to traverse northeastern China (i.e., 

Heilongjiang, Jilin, and Liaoning) and the East Sea before arriving in Ulsan. Thus, the gaseous 

PAHs originated from those areas might be long-range transported to the study area. 

 

Figure 3-3. PSCF of the gaseous PAHs shown in (a) modified and (b) conventional approaches 

in four seasons. Names of several Chinese provinces and cities marked by numbers and color 

circles are shown in Figure 3-2.  

 

 

Figure 3-4. CWT of the gaseous PAHs shown in (a) modified and (b) conventional approaches 

in four seasons. 
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Figure 3-5. Trajectory cluster analysis in the (a) spring, (b) summer, (c) fall, and (d) winter. 

The percentage numbers denote the contribution of each cluster. 
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Figure 3-6. Locations of active fire and thermal anomalies over Northeast Asia in (a) March, 

(b) April, (c) May, (d) June, (e) July, (f) September, (g) October, (h) January, and (i) February. 

The red lines are the monthly mean air trajectories in the corresponding months. Data were 

obtained from the MODIS Collection 6 Near real-time Hotspot  

(https://earthdata.nasa.gov/firms).   

 

 

https://earthdata.nasa.gov/firms


44 

 

 
Figure 3-7. Rainfall levels (mm/h) along the backward air trajectories in the (a) spring, (b) 

summer, (c) fall, and (d) winter. Data were obtained from the HYSPLIT 4 model and GDAS 1 

meteorological data.  

 

This finding is also supported by the CBPF plot, suggesting that the gaseous PAHs in Ulsan 

could be derived from both common ground level (e.g., vehicle exhaust) and distant (e.g., long-

range transport) sources (Figure 3-8a). These emission sources could be at the north of the 

sampling site and associated with the low to high wind speeds (2–6 m/s) for the local and 

distant sources, respectively. Moreover, the high probabilities of these emission sources (0.8–

1.0) could suggest their comparable contributions (Uria-Tellaetxe and Carslaw, 2014) to the 

gaseous PAHs in Ulsan during the spring.  
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3.3.1.2. Source areas of the gaseous PAHs in summer and fall 

In summer and fall, the CBPF plots for the gaseous PAHs showed high probabilities at 

relatively low wind speed (< 3 m/s) (Figures 3-8b and 3-8c), reflecting that the gaseous species 

could be primarily derived from local emission. Particularly, the dispersion of PAHs under such 

wind speed conditions could be within a relatively small area (e.g., a few kilometers). In 

addition, the prevailing wind in Ulsan during summer and fall is the southeasterly wind, 

blowing from the southeast of the city and passing over the industrial and urban areas prior to 

reaching the sampling site (Figure 3-1). Especially, the petrochemical and non-ferrous 

industrial complexes in Ulsan have been mentioned to be the important emission sources of 

PAHs due to coal/coke combustion and heavy oil usage for their operation (Choi et al., 2012b; 

Nguyen et al., 2018). Hence, the gaseous PAHs derived from such industrial activities and other 

sources in the urban area (e.g., vehicle exhaust) could obviously affect the sampling site.  

 

Figure 3-8. CBPF plots for the gaseous PAHs in (a) spring, (b) summer, (c) fall, and (d) winter. 

 

Additionally, the PSCFm and CWTm suggested that the gaseous PAHs in Ulsan could also be 

affected by emission sources in eastern China in the summer (i.e., Jiangsu, Shanghai, and 

Zhejiang), and northeastern China (i.e., Hebei and Jilin) as well as North Korea in the fall 

(Figures 3-3 and 3-4). However, the greater rainfall levels (Figure 3-7) and solar radiation in 

summer and fall could promote the wet deposition and photochemical degradation of the 

gaseous PAHs during their transport, leading to the insignificant influence of the regional 

emissions on the gaseous PAHs in Ulsan. This finding is also in line with that confirmed by the 

CBPF results mentioned above. The effect of air pollutants from the upwind (i.e., China and 

North Korea) to the downwind areas (i.e., South Korea and Japan) was also reported to weaken 

in summer and fall due to the Asian monsoon system (Bhardwaj et al., 2019; Inomata et al., 

2017; Zhang et al., 2011b). The regional areas suggested by the PSCFm and CWTm could be 
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due to the trailing effect (Hsu et al., 2003a), locating upwind of the emission sources as source 

areas. The trailing effect could be stemmed from the equal distribution of weighting functions 

along the routes of trajectories (Hsu et al., 2003b).  

 

3.3.1.3. Source areas of the gaseous PAHs in winter 

In winter, the PSCFm and CWTm revealed that northern China (i.e., Hebei, Tianjin, and 

Shandong) and northeastern China (i.e., Jilin and Liaoning) might contribute to the increase of 

gaseous concentrations in Ulsan (Figures 3-3d and 3-4d) and accounted for 92.3% of the 

transported PAHs. The CBPF analysis also suggested a distant emission source with medium 

wind speed (3˗4 m/s) toward the northwest of the sampling site (Figure 3-8d). The gaseous 

PAHs coming from this direction would be contributed by those emitted from the regional 

sources through trans-boundary transport as described above. The combustion process, such as 

coal combustion for heating (Figures 3-6h and 3-6i), was expected to be one of the main 

emission sources of the gaseous PAHs in these areas. Additionally, the CBPF plot for the gas 

phase in winter also validated the common ground source (e.g., vehicle emission) at the 

northwest (Figure 3-8d) associating with the low wind speed (< 1 m/s). Because the probability 

of this source (0.25) was higher than that of the distant source (0.1–0.15), the influence of the 

local sources on the gaseous PAHs might be more important in Ulsan during the winter.  

 

3.3.2. Seasonal source areas of the particulate PAHs  

3.3.2.1. Source areas of the particulate PAHs in spring 

In spring, the particulate PAHs derived from northern China (i.e., Hebei, Beijing, and Tianjin), 

northeastern China (i.e., Inner Mongolia, Jilin, and Liaoning), and North Korea could 

contribute to the particulate PAHs in Ulsan, South Korea (Figures 3-9a and 3-10a). Northern 

China (i.e., Hebei, Beijing, and Tianjin) could more contribute to the transported PAHs (40.5%) 

and were more highlighted in the CWTm (Figure 3-10a) determining source areas based on the 

residence time of air trajectories. Therefore, intensities (i.e., strong, moderate, and weak) of the 

emission sources can be distinguished by the CWT (Fleming et al., 2012). The PSCF, on the 

contrary, only provides the probability of an area associated with the above-threshold 

concentrations. For this reason, the emission source areas might be more obviously seen in the 

CWT.  
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Figure 3-9. PSCF of the particulate PAHs shown in (a) modified and (b) conventional 

approaches in four seasons.  

 

  

Figure 3-10. CWT of the particulate PAHs shown in (a) modified and (b) conventional 

approaches in four seasons.  

 

In addition, the outflow of particulate PAHs originated from China could be high in northern 

China (i.e., Beijing, Tianjin, and Hebei) (Zhang et al., 2011a) and might be reflected through 

the higher amount of aerosol, the sorbents for particulate PAHs, during spring (Figure 3-11). 

The particulate PAHs could be then brought to the downwind areas (i.e., Ulsan) by the westerly 

winds. In addition, during the spring, air parcels coming from north of China (i.e., Hebei, 
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Beijing, and Tianjin) showed the higher contribution (55%) (Figure 3-5a); therefore, the 

particulate PAHs from these areas might have more contribution to those at the receptor site. 

Previous studies (Inomata et al., 2017; Inomata et al., 2012) also showed that northern China 

(35º–40ºN, including Shandong, Hebei, Beijing, and Tianjin), rather than northeastern China 

(> 40ºN, including Liaoning, Jilin, and Heilongjiang), could more contribute to the particulate 

PAHs in South Korea.  

 
Figure 3-11. Aerosol optical depth (AOD) observed in Northeast Asia during the study period: 

(a) March, (b) April, (c) May, (d) June, (e) July, (f) September, (g) October, (h) January, and (i) 

February. Data were obtained from the Modern-Era Retrospective analysis for Research and 

Applications, version 2 (MERRA-2). 

Moreover, the CBPF analysis also confirmed the emission source at the northwest with high 

wind speed (5–6 m/s). As the high wind speed would enhance the dispersion of air pollutants, 
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this source was expected to be the non-local or distant source (Masiol et al., 2019), such as 

long-range transport from outside of South Korea and/or transport from other areas in South 

Korea passed by the air trajectories before reaching the receptor site (Figures 3-9a and 3-10a).  

 

Figure 3-12. CBPF plots for the particulate PAHs in (a) spring, (b) summer, (c) fall, and (d) 

winter. 

 

3.3.2.2. Source areas of the particulate PAHs in summer and fall 

In summer and fall, local emission could more affect the particulate PAHs in Ulsan because the 

CBPF plots of these seasons showed high probabilities at relatively low (< 3 m/s) wind speed 

(Figures 3-12b and 3-12c). The low wind speed reduces the dispersion of air pollutants and 

leads to local residents of the pollutants. In addition, the primary local emission sources in the 

summer and fall were expected to be possibly the industrial areas located in the eastern Ulsan, 

including the petrochemical and non-ferrous industrial complexes (Figure 3-1). As mentioned 

in Section 3.3.1.2, these industrial areas were reported to mainly contribute to the PAHs in 

Ulsan during summer and fall due to the monsoon system (i.e., prevailing southeasterly wind). 

Regarding the hybrid receptor models, the PSCFm and CWTm highlighted that emission sources 

from eastern China (i.e., Shanghai, Anhui, and Jiangsu) for summer (Figures 3-9b and 3-10b), 

western South Korea for fall, and western Japan for summer and fall (Figures 3-9c and 3-10c) 

could contribute to the particulate PAHs in Ulsan. However, the higher rainfall levels and solar 

radiation in summer and fall (Figure 3-7) could reduce the influence of these areas on the PAHs 

in Ulsan through wet deposition and photochemical degradation. As a result, the local 

emissions could be more important for the particulate PAHs in summer and fall. This 

observation is the same as that for the gaseous PAHs and also in line with those from previous 

studies (Inomata et al., 2017; Zhang et al., 2011b). 
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3.3.2.3. Source areas of the particulate PAHs in winter 

In winter, both PSCFm and CWTm validated north of China (i.e., Hebei, Tianjin, and Beijing) 

could be the source areas of the particulate PAHs in Ulsan (Figures 3-9d and 3-10d). These 

areas could contribute to 77% of the transported particulate PAHs in Ulsan during winter. An 

increase in PAHs emitted from combustion (i.e., coal/biomass combustion for heating) (Figure 

3-6) combined with the greater aerosol levels in those areas during winter, especially in 

February (Figure 3-11j), could lead to higher levels of the particulate PAHs by coagulation 

and/or condensation (Indarto et al., 2010). Moreover, the particulate PAHs, especially the 4- to 

6-ring species, mainly sorb to organic matters of fine particles having aerodynamic diameter 

lower than 1 µm (Park et al., 2007). Such particles can be removed from the air by wet 

deposition (i.e., in-cloud and below cloud deposition) (Baek et al., 1991b). However, an 

absence of rainfall when air parcels passed over north of China in winter (Figure 3-7) could 

lead to the long-range transport of particulate PAHs emitted from these areas.   

The CBPF plot of the particulate phase was also checked to more clarify the effect of non-local 

and local emission sources on the particulate PAHs in Ulsan. Two sources with high wind speed 

(5–6 m/s) located in the south and northwest of the sampling site were identified (Figure 3-

12d). The source at the south was expected to be stack emission (Uria-Tellaetxe and Carslaw, 

2014) in the industrial complexes at the east and southeast of Ulsan. Noticeably, the prevailing 

wind direction in Ulsan during winter is northwesterly, leading to a transport of PAHs derived 

from the industrial area to the East Sea (Figure 3-1). However, the low mixing height and an 

increase of the particulate PAHs in Ulsan during winter (Nguyen et al., 2018) could promote 

the horizontal dispersion of PAHs within the local scale. The other source at the northwest 

could be a distinct source and might have a contribution from the regional emissions (e.g., 

long-range transport from northern China). The high probabilities (> 0.8) of the distant and 

local sources suggest their simultaneous influence on the particulate PAHs in Ulsan during the 

winter. 

  

  

3.3.3. Application of gas/particle partitioning for the identification of source areas 

The fraction-weighted trajectory (FWT) of each sampling season is illustrated in Figure 3-13. 

Generally, particulate PAHs in Ulsan could be transported from the areas showing the greater 

FWT values. In the spring, both northeastern China (i.e., Jilin, Liaoning, and Heilongjiang) and 
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northern China (i.e., Hebei, Beijing, Tianjin, and Shandong) were suggested as source areas for 

the particulate PAHs in Ulsan. Interestingly, the north of China (i.e., Hebei, Beijing, and 

Shandong) were neglected and moderately highlighted as source areas for the particulate PAHs 

by the PSCFm and CWTm, respectively (Figures 3-9a and 3-10a). An explanation could be that 

the PAH concentrations declined by high rainfall events (Figure 3-7a) when the air parcels 

crossed over the north of China and the Yellow Sea. However, mass fractions of the particulate 

PAHs at the receptor site were still high, leading to the greater FWT in northern China, 

especially in Hebei, Beijing, and Tianjin.  

 

Figure 3-13. Fraction-weighted trajectory (FWT) values in the (a) spring, (b) summer, (c) fall, 

and (d) winter. The CWTm was calculated for the ratio of the particulate to the total (gas + 

particle) concentrations. 

In summer, the FWT values were high in eastern China (i.e., Shanghai, Jiangsu, Henan, and 

Zhejiang), but they obviously declined in the Korean Peninsula (Figure 3-13b). This result 

suggests that the levels of particulate PAHs emitted from the regional sources could decline 

during the atmospheric transport of PAHs. In other words, the local emission sources, rather 
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than the distant ones, could keep an important contribution to the PAHs in Ulsan in the summer. 

This observation is also consistent with the discussion in Section 3.3.2.2.  

For the fall, the FWT confirmed that the particulate PAHs emitted in western Korea could be 

brought to the sampling site (Figure 3-13c). Emission sources in this area could be several 

industrial complexes and large-scale coal power plants located at the west coast and open 

burning after harvest (Ryu et al., 2004) in the fall. However, the low FWT (< 0.4) in fall 

suggests a less influence of the non-local sources on the particulate PAHs in Ulsan, which was 

already mentioned in Section 3.3.2.2.  

The emission source areas suggested by the FWT in the winter (Figure 3-13d) were similar to 

those suggested by the PSCFm and CWTm for the particulate PAHs (Figures 3-9d and 3-10d). 

These areas include northeastern China (i.e., Liaoning and Jilin) and northern China (i.e., Hebei, 

Beijing, and Tianjin). In addition, the other source areas in South Korea and North Korea were 

more emphasized in the FWT. Indeed, the west and northwest areas of the Korean Peninsula 

are upwind of Ulsan in the winter; therefore, air parcels could trap the emitted PAHs in these 

areas and then brought them to Ulsan. However, emission inventories of PAHs in South Korea 

were much lower than those in China (Shen et al., 2013), implying a large contribution of the 

trans-boundary transport of PAHs in Ulsan in winter.  

Comparing to the PSCFm and CWTm, the FWT could validate more appropriately the source 

areas of particulate PAHs, which could be more affected by the long-range transport. Especially, 

the FWT would differentiate the source scale (i.e., local and distant sources) more effectively 

in summer and fall, when the local sources were more important. This result demonstrates that 

the FWT using both the gaseous and particulate data can more clearly identify the source-

receptor relationship. 
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3.3.4. Comparison of the modified and conventional hybrid receptor models  

The areas of PAH emissions identified by the conventional hybrid receptor models (i.e., PSCFc 

and CWTc), using the entire pathway of air trajectory, were compared to those suggested by 

the modified ones (i.e., PSCFm and CWTm), using the selected trajectory segments. This 

comparison was performed for the gaseous (Figures 3-3 and 3-4) and particulate (Figures 3-9 

and 3-10) PAHs. Prior to being added to the modified PSCFm and CWTm, the selection for 

trajectory segments was performed to keep the vertical transports of trajectories within the 

mixing and residual layers. Because of this selection, some areas determined as emission 

sources by the conventional PSCFc and CWTc were neglected by the modified PSCFm and 

CWTm, in case the vertical transport of trajectory segments was above the mixing and residual 

layers in those areas. 

The neglected areas were relatively similar between the PSCF and CWT, and they were Inner 

Mongolia and Mongolia for spring and winter as well as northeastern China (i.e., Heilongjiang 

and Jilin) for summer and fall (Figures 3-3, 3-4, 3-9, and 3-10). The air parcels crossing these 

areas, especially Inner Mongolia and Mongolia, had lower pressure than those in the 

surrounding areas (Figure 3-14). This observation indicates that the air parcel in northeastern 

China and Mongolia could be lifted to a higher altitude under the influence of several 

meteorological factors. For instance, an expansion of cold surges from Mongolia and Serbia 

(Liang et al., 2005; Zhang et al., 2011b) associated with the low-pressure system in northeastern 

China (i.e., Inner Mongolia, Jilin, and Liaoning) in winter, and warm conveyor belt in spring 

(Mu et al., 2018; Zhang et al., 2011a). After being lifted to the upper atmospheric layer, PAHs 

could be brought to the Pacific Ocean (Zhang et al., 2011b) and have an insignificant effect on 

the downwind areas in Northeast Asia, such as the Korean Peninsula. Moreover, Asian dust 

mainly derived from deserts in Mongolia and China (Sun, 2002), the non-PAH polluted areas. 

They could contain PAHs after passing through some polluted areas (Tamamura et al., 2007), 

such as industrial areas in northeastern China. The PAHs in these polluted regions could be 

trapped by near-surface winds and reached the downwind areas, including South Korea. 

Therefore, the source areas validated by the modified hybrid receptor models can be more 

reasonable compared to those suggested by the conventional ones.  
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Figure 3-14. Air pressure (hPa) along the transport routes of backward air trajectories in the 

(a) spring, (b) summer, (c) fall, and (d) winter. Data were simulated from the HYSPLIT model 

adopting the GDAS meteorological data. 

 

3.4. Conclusion 

The hybrid receptor models (i.e., PSCF and CWT) and the CBPF analysis were applied to 

identify the local and non-local source areas of the gaseous and particulate PAHs in Ulsan, 

South Korea. Especially, the PSCF and CWT used in this study were modified by selecting 

trajectory segments within the mixing layer for the identification of more reliable source areas. 

The particulate PAHs in Ulsan could be more affected by the long-range transport (i.e., from 

northeastern China and/or North Korea), whereas the gaseous PAHs were mostly contributed 

by the local emissions (i.e., industrial and vehicle emissions). Particularly, in summer and fall, 

the effects of the local emission sources on the gaseous and particulate PAHs could be more 

important than those of the outside sources (i.e., trans-boundary transport from China). 

However, the opposite trend was observed for the PAHs in the spring and winter. That is, PAHs 
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originated from northern China (i.e., Hebei, Beijing, and Tianjin), northeastern China (i.e., 

Liaoning and Jilin), and North Korea could contribute to those at the receptor site. 

In addition, the fraction-weighted trajectory (FWT) was firstly introduced in this study to 

improve the identification of emission source areas for organic compounds. The source areas 

highlighted by the FWT could be more appropriate than those suggested by the modified 

PSCFm and CWTm, especially in summer and fall when the local emissions increased their 

contribution. Moreover, the modified PSCFm and CWTm in this study could suggest the more 

suitable source areas of PAHs compared to the conventional ones. In particular, some areas in 

northeastern China (i.e., Inner Mongol and Heilongjiang) and Mongolia were neglected in the 

modified PSCFm and CWTm because the air parcels in these areas could be lifted to the upper 

atmospheric layer, leading to the small effect of PAHs from those areas to the receptor site. 

Therefore, it is essential to consider the trajectory altitude when applying the hybrid receptor 

models for the better identification of source areas.  
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Chapter 4: Spatial distribution, temporal variation, and phase 

distribution of polycyclic aromatic hydrocarbons in runoff and 

surface water 

 

Abstract 

This study aims to investigate spatial distribution, temporal variation, and phase distribution of 

polycyclic aromatic hydrocarbons (PAHs) in runoff and surface water affected by the runoff 

discharges. The samples were collected at semi-rural, residential, and industrial sites of Ulsan, 

South Korea from April to October 2016. The target compounds were the 16 US EPA priority 

PAHs. The industrial site showed the highest PAH concentrations in the runoff and surface 

water due to its higher PAH levels in several environmental media. The runoff PAHs reached 

their highest concentrations in April, which could be strongly affected by the long dry period 

and the lower rainfall amount prior to the runoff sampling events. The phase distributions of 

PAHs were relatively similar among the sampling sites, which were the dominance of the 

dissolved PAHs (i.e., 2- to 4-ring species). In addition, contributions of the particulate PAHs in 

the runoff and surface water collected before the runoff events increased noticeably in May, 

mostly due to an effect of rainfall conditions. In July, PAHs in the surface water more 

distributed in the dissolved phase due to an effect of the higher water temperature. Regarding 

source identification, PAHs in the runoff and surface water could share the similar emission 

sources in most of the sampling periods, which were both petrogenic and pyrolysis sources. 

Additionally, the PAHs in the runoff of July could be also originated from coal/coke/heavy oil 

combustion as a result of industrial emission and local advection. The results from this study 

could contribute to the understanding of PAH behaviors and emission sources in the overland 

runoff and surface water. 
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4.1. Introduction 

The PAHs are frequently detected in the environment (e.g., atmosphere, water, sediment, and 

soil) (ATSDR, 1990) because they are semi-volatile compounds that can be transferred among 

the environmental compartments. Once emitted from emission sources to the atmosphere, the 

PAHs can undergo wet and dry deposition to settle down on surface layers (e.g., soils and 

impervious surfaces). Then, rainfall-runoff can wash off the PAHs deposited on those surface 

layers and bring them to water bodies (e.g., streams, rivers, and lakes). In the water layer, the 

PAHs can be dissolved into the water and sorb to suspended solids within the water layer to 

form dissolved and particulate phases, respectively (Srogi, 2007). This process depends on 

several conditions, such as water temperature (Miller et al., 1998), concentrations of the 

suspended solids, and solubility of the PAH compounds (Srogi, 2007). In particular, the PAHs 

having low octanol/water partition coefficient (KOW) and high solubility (i.e., naphthalene, 

acenaphthylene, and acenaphthene) tend to be distributed into the dissolved phase. On the other 

hand, species with higher KOW values and lower solubility (i.e., benzo(g,h,i)perylene, 

indeno(1,2,3-c,d)pyrene, and benzo(a)pyrene) tend to sorb to organic matter of the suspended 

solids and be distributed in the particulate phase (Hwang and Foster, 2006). Additionally, the 

particulate PAHs can settle down onto the bottom sediment of the water bodies and be regarded 

as the sediment PAHs, which can also be re-distributed into the water layers under an effect of 

turbulence caused by inflow, such as rainfall and runoff discharge. Moreover, the PAHs 

dissolved in the water can evaporate into the atmosphere through the air-water exchange 

(Gigliotti et al., 2002a).  

The overland runoff formed during rainfall or snowmelt has been regarded as one of the 

important sources to cause pollution for water bodies (Angrill et al., 2017; Parajulee et al., 

2017). The PAHs in runoff discharge have been studied widely, but previous studies mostly 

focused on the runoff flowing over several types of impervious surfaces, such as pavements 

(Mahler et al., 2014), airport runway (Sulej et al., 2011), and highways (Lau et al., 2009). The 

consideration of these impervious surfaces may not entirely reflect the PAHs in runoff 

discharge because during the rainfall PAHs can be washed off from both the impervious 

surfaces and the soils (Petruzzelli et al., 2002; Shi et al., 2017; Zand et al., 2010). Moreover, 

the washout of PAHs accumulated in the soils can depend on several variables, such as soil 

infiltration capacity (Wang et al., 2006) affecting formation of the overland flow and soil 

texture controlling the dominant PAH species in the soils (Amellal et al., 2001; Li et al., 2010). 
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Therefore, a study on PAHs in runoff flowing over the soils is essential, as this runoff type can 

receive PAHs washed off from both the soils and surrounding impervious surfaces.  

The runoff discharges can flow into water bodies (e.g., streams and rivers) during and after the 

rainfall. After receiving inflow from runoff and rainfall, the phase distribution of PAHs in the 

water bodies can be changed (e.g., increase of the particulate phase), partially depending on 

PAHs of the inflow. In addition, the PAHs in the water layer can be exchanged to become those 

in the air and sediment through multi-media transport (Cui et al., 2016; Gigliotti et al., 2002b). 

Thus, a study on the effect of inflow (e.g., runoff and rainfall) on the PAHs in water bodies is 

also necessary.  

This study aims to investigate spatial distribution and temporal variation of PAHs in overland 

runoff and surface water of several water bodies receiving the runoff discharges. In addition, 

distribution coefficients of PAHs between the dissolved and particulate phases were also 

calculated to understand the behavior of PAHs in the study area. Moreover, emission sources 

of the PAHs in runoff and surface water were also identified. Results from this study can 

contribute to the understanding of PAHs from non-point pollution sources (e.g., runoff 

discharges) and PAH behaviors in the surface water affected by the inflow from runoff and 

rainfall.  

 

4.2. Materials and methods 

4.2.1. Study area and sampling method 

PAHs in the runoff and surface water at three sampling sites (i.e., semi-rural, residential, and 

industrial sites) in Ulsan city, South Korea (Figure 4-1) were monitored from April to October 

2016. Geographical information of the sampling sites is provided in Table 4-1.  
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Figure 4-2. Locations of the semi-rural (SR), residential (RE), and industrial (IN) sampling 

sites in Ulsan, South Korea. The industrial areas are shaded in red color.  

 

Table 4-1. Geographical information of the sampling sites in Ulsan, South Korea. The runoff, 

surface water, and soil samples were collected at each site. 

Site Area Latitude Longitude Type of water body 

Surface water sampling sites 

SR Semi-rural 35°34'39.92"N 129°11'18.80"E Stream*  

RE Residential 35°35'36.73"N 129°13'46.67"E River*  

IN Industrial 35°32'2.00"N 129°21'3.47"E Stream** 

Runoff sampling sites 

SR Semi-rural 35°34'37.21"N 129°11'06.82"E - 

RE Residential 35°35'55.38"N 129°14'11.76"E - 

IN Industrial 35°32'1.75"N 129°21'7.08"E - 

Soil sampling sites 

SR Semi-rural 35°34'36.73"N 129°11'06.96"E - 

RE Residential 35°34'55.64"N 129°14'09.27"E - 

IN Industrial 35°32'01.66"N 129°21'06.80"E - 
*Upstream and **downstream of the Taehwa river in Ulsan, South Korea, respectively. 

 

In each sampling period, the number of five runoff samples (1 L per sample) was taken at the 

semi-rural, residential, and industrial sites after the rainfall had started for 2.0–2.5 h. Overall, 

the number of 60 samples were collected over the whole study period. The interval between 

the sub-runoff samples were 10–15 min. The polypropylene buckets were used to collect the 
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runoff samples at the points where the runoffs flew into water bodies (i.e., streams and rivers). 

The samples were then transferred to pre-cleaned brown glass bottles and stored at 4 ºC until 

analysis. 

For the sampling of surface water at each site, before and after the runoff events, surface water 

samples of water bodies receiving the runoff discharges were collected at a depth of 50 cm 

from the water surface (n = 24, 12 for each of the before and after runoff). The water samples 

(1 L per sample) were also taken using polypropylene buckets and contained in pre-cleaned 

brown glass bottles, then stored at 4 ºC. The detail on the sampling periods can be seen in Table 

4-2. 

Table 4-2. Information on the runoff and surface water sampling days. 

April 2016  May 2016 

2 3 4 5 6 7 8  17 18 19 20 21 22 23 

9 10 11 12 13 14 15  24 25 26 27 28 29 30 

July 2016  September 2016 

19 20 21 22 23 24 25  23 24 25 26 27 28 29 

26 27 28 29 30 31 01  30 01 02 03 04 05 06 

   Runoff sampling days  

Sampling days for the soils and surface water (before the runoff events) 

Sampling days for surface water (after the runoff events) 

 

In addition, prior to the runoff events, soil samples surrounding the target water body at each 

sampling site were also collected to investigate the influence of soil properties (i.e., size of soil 

sands and soil organic carbon) on the PAHs in runoffs. At each site, three sub-soil samples (5 

cm depth from the soil surface) were collected and mixed together for one final sample. The 

soil samples were kept at ˗4 °C until analysis.  

 

4.2.2. Chemical analysis and QA/QC 

The target compounds of this study are 16 US EPA PAHs, including naphthalene (Nap), 

acenaphthylene (Acy), acenaphthene (Ace), fluorene (Flu), phenanthrene (Phe), anthracene 

(Ant), fluoranthene (Flt), pyrene (Pyr), benzo(a)anthracene (BaA), chrysene (Chr), 

benzo(b)fluoranthene (BbF), benzo(k)fluoranthene (BkF), benzo(a)pyrene (BaP), 

benzo(g,h,i)perylene (BghiP), indeno(1,2,3-c,d)pyrene (Ind), and dibenzo(a,h)anthracene 
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(DahA). The runoff and surface water samples (500 mL per sample) were filtered using glass 

microfiber filters (GFF, pore size: 0.7 µm, diameter: 47 mm, Whatman, USA) to be separated 

into two phases, including dissolved phase containing the samples passing through the GFFs 

and particulate phase containing the remained samples on the GFFs. Prior to the filtration, the 

GFFs were baked at 400 °C for 4 h to remove organic contaminants. Noticeably, the dissolved 

phase could comprise both truly dissolved and colloidal PAHs, as the colloidal particles smaller 

than 0.7 µm could pass through the filters.  

The target PAHs were extracted three times using liquid-liquid extraction equipment with 100 

mL of dichloromethane/n-hexane (9:1) for the dissolved phase and sonication extraction with 

20 mL of n-hexane/acetone (9:1) for the particulate phase. Prior to the extraction, surrogate 

standards (naphthalene-d8, acenaphthene-d10, phenanthrene-d10, chrysene-d12, and perylene-d12) 

were added to the samples to check recoveries of the target chemicals. The extracted PAHs in 

the dissolved phase were then dehydrated using sodium sulfate anhydrous and were eluted with 

30 mL dichloromethane. Meanwhile, the extracted PAHs in the particulate phase were cleaned 

up in glass funnels containing 5 g of silica gel (activated at 130 °C for 4 h) and 5 g of sodium 

sulfate. Next, they were eluted with 60 mL of n-hexane/dichloromethane (1:1). The samples 

were then concentrated by a TurboVap II (Caliper, USA) and a nitrogen evaporator (MGS-2200, 

Eyela, Japan) to 0.5 mL. Then, they were transferred to gas chromatography (GC) vials, spiked 

with internal standard (p-terphenyl-d14) and analyzed using a chromatograph coupled to a 

mass spectrometer (GC-MS, Agilent 7890 GC-5975C MS, USA). The operation conditions of 

the instrument can be seen in Section 2.2 of chapter 1.  

The method blanks (n = 16, 8 for each of the dissolved and particulate phases) were also 

considered.  PAHs in the blank samples were extracted and analyzed using the same method 

as for the real samples. Average recoveries of the dissolved PAHs were 46.5%, 49%, 59%, 

75.7%, and 88.7% for naphthalene-d8, acenaphthene-d10, phenanthrene-d10, chrysene-d12, and 

perylene-d12, respectively. Those of the particulate PAHs were 47.2%, 49.4%, 55.6%, 72.7%, 

and 83.2% for naphthalene-d8, acenaphthene-d10, phenanthrene-d10, chrysene-d12, and 

perylene-d12, respectively. Method detection limits (MDL) of the dissolved and particulate 

PAHs were individually calculated as a multiplication between the Student’s t value for a 99% 

confidence interval (3.14) and the standard deviation of 7 replicate spiked samples. The MDLs 

were 0.03–0.84 ng/L and 0.03–0.23 ng/L for the dissolved and particulate PAHs, respectively.  

Other parameters, such as concentrations of total suspended solids (TSS), dissolved organic 
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carbon (DOC) of the samples, and size of the soil sands were also quantified to understand the 

effect of those parameters on the PAHs in the runoffs and surface water. The TSS 

concentrations in runoff and surface water samples were quantified based on the gravimetric 

method (Rice et al., 2017). In particular, the samples (500 mL per sample) were filtrated with 

pre-weighted glass microfiber filters (GFF, pore: 0.7 µm, diameter: 47 mm) to separate the 

suspended solids in the samples. The GFFs were then dried to remove water and then weighted 

again. The TSS concentrations can be calculated based on the weight difference of the GFFs. 

The DOC in each sample was analyzed using a TOC-5000 analyzer (Shimadzu, Japan). Prior 

to the analysis, the samples were filtrated with the GFF (pore: 0.7 µm, diameter: 47 mm), the 

filtered samples passing through the GFFs were then used for the analysis of DOC.  

The soil samples, collected at watersheds receiving the runoff discharges, were classified into 

various sizes, including < 63 µm, 63–125 µm, 125–250 µm, 250–500 µm, 500–1000 µm, 

1000–2000 µm, and > 2000 µm. The classification for soil sands was conducted using a 

dynamic sieve shaker (SJ-2155, Sinjung, South Korea). 

 

4.2.3. Distribution coefficient between the dissolved and particulate PAHs 

The distribution coefficients of PAHs between the dissolved and particulate phases were 

calculated based on the below equation (Schwarzenbach et al., 2003).  

KD = CP

CD × TSS
               (4-1) 

where KD (L/kg) is the distribution coefficient of PAHs between the dissolved and particulate 

phases. The higher KD value indicates the stronger sorption capacity of PAHs to the suspended 

solids (Schwarzenbach et al., 2003). CP and CD (ng/L) denote the concentrations of PAHs in 

the particulate and dissolved phases, respectively. TSS (mg/L) is the concentration of the total 

suspended solids in the samples. The obtained KD was also linearly correlated to the octanol-

water partition coefficient (KOW) of the PAHs to understand the hydrophobic properties of the 

sampled PAHs to the reference octanol/water system. The KOW values of PAH species were 

obtained from Mackay and Callcott (1998). 

 

4.2.4. Emission source identification and statistical analysis 

The emission sources of PAHs in this study were identified using principal component analysis 
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(PCA). The PCA was performed in the Origin Pro 2017 SR2 (Origin Lab, USA). The varimax 

and correlation matrix options were selected for the PCA. Additionally, only extracted 

components having Eigenvalues higher than one were selected for further interpretation. The 

total (dissolved and particulate) concentration of each PAH compound was normalized by the 

total concentration of each sample. Especially, only PAHs detected in both dissolved and 

particulate phases were used for the PCA to ensure the reliability of the analysis. The Origin 

Pro 2017 SR2 (Origin Lab, USA) was also used to perform statistical analysis and plot graphs. 

 

4.3. Results and discussion 

4.3.1. Concentrations of the PAHs 

Concentrations of the Σ16 PAHs in the runoff and surface water of Ulsan, South Korea are 

shown in Table 4-3 and Figure 4-2. Regarding the surface water, after receiving the runoff 

discharges, mean concentration of the total (particulate and dissolved) Σ16 PAHs at all sites and 

periods declined approximately 3.4 times (before runoff: 104.1 ng/L, after runoff: 30.4 ng/L), 

indicating the dilution effect by inflow from runoff and rainfall. A statistically significant 

difference of PAH concentrations was also found between the surface water before and after 

the runoff events. (Mann-Whitney rank-sum test, p < 0.05). 
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Table 4-3. Mean concentrations (ng/L) at all sites and periods of the dissolved and particulate 

PAHs in the runoff, surface water before and after the runoff events in Ulsan, South Korea.  

 
Runoff (n=60) 

Surface water before  

the runoff (n=12) 

Surface water after  

the runoff (n=12) 

Dissolved Particulate Dissolved Particulate Dissolved Particulate 

Nap 21.440 5.735 <MDL 0.526 <MDL <MDL 

Acy 3.043 0.461 0.375 <MDL 0.480 <MDL 

Ace 4.348 0.883 1.247 0.318 0.315 <MDL 

Flu 15.371 6.301 10.184 4.100 0.516 1.908 

Phe 40.563 12.283 31.954 7.028 1.954 3.083 

Ant 5.452 2.624 3.625 3.235 1.933 0.694 

Flt 10.355 3.025 11.795 0.926 2.589 0.738 

Pyr 8.766 2.736 15.248 0.903 2.324 0.980 

BaA 0.693 0.968 0.394 0.442 0.241 0.446 

Chr 0.891 1.708 0.588 0.202 0.321 0.262 

BbF 1.025 1.750 0.945 0.524 1.161 0.563 

BkF 0.592 1.436 0.603 0.242 0.567 0.257 

BaP 1.040 1.048 0.666 0.239 0.515 0.227 

Ind 0.814 1.864 0.748 1.003 0.635 0.970 

DahA <MDL 1.216 <MDL <MDL <MDL <MDL 

BghiP 0.742 1.850 0.570 0.491 0.788 0.486 

Σ16 PAHs 115.684 45.89 82.772 21.267 18.088 12.326 

<MDL: Below detection limit. Half of the MDL was used to calculate concentrations of Σ16 PAHs.  

 

4.3.1.1. Spatial distribution of PAHs in the runoff and surface water 

The mean concentration of Σ16 PAHs at the industrial site (runoff: 272.2 ng/L, surface water 

before runoff: 185.7 ng/L, and surface water after runoff: 34.2 ng/L) were 1.1–3.2 times higher 

than those at the semi-rural (runoff: 252.4 ng/L, surface water before runoff: 58.6 ng/L, and 

surface water after runoff: 26.5 ng/L) and residential (runoff: 131.1 ng/L, surface water before 

runoff: 67.8 ng/L, and surface water after runoff: 30.5 ng/L) sites. The higher mean 

concentration at the industrial site could be due to its greater PAH levels in the ambient air 

(Vuong et al., 2020), soils (Jeon and Oh, 2019; Kwon and Choi, 2014a), and roadside soils 

(Kim et al., 2019b). The atmospheric deposition and washout during rainfall could bring the 

PAHs from these environmental media to the runoff and water bodies, resulting in the higher 

PAH concentrations at the industrial site.  
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Figure 4-2. Spatial and temporal variations of mean concentrations of Σ16 PAHs in the (a) 

runoff, (b) surface water before the runoff events, and (c) surface water after the runoff events.   

 

Interestingly, regarding the runoff samples, the mean concentration of Σ16 PAHs at the semi-

rural site (252.4 ng/L) was comparable to that at the industrial site (205.1 ng/L) (Figure 4-2a). 

This observation might be influenced by several variables of the soils covered by the overland 

runoff, such as soil PAH levels, soil organic matter (SOM), and sizes of soil sands (Petruzzelli 

et al., 2002). The soils collected prior to the runoff events at the semi-rural site showed their 

higher fractions of fine (63–250 µm) and silt (< 63 µm) sands (Figure 4-3). These soil sands 

could contain a remarkable amount of PAHs (Li et al., 2010; Uyttebroek et al., 2006) due to 

their large surface area to volume ratios. During the rainfall, the smaller soil sands (i.e., fine 

and silt sands) could be firstly washed out due to their lighter weights and contribute to the 

overland runoff, leading to the higher PAH and TSS concentrations in the runoff at the semi-

rural site (Figure 4-4).   
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Figure 4-3. Size (µm) fractions of the soils collected at the three sampling sites in (a) April, (b) 

May, (c) July, and (d) September of 2016.  

 

 

Figure 4-4. Concentrations of the total suspended solids (TSS) in the runoff and surface water 

before and after the runoff events.  
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4.3.1.2. Temporal variation of PAHs in the runoff and surface water 

Regarding the temporal variation, the runoff PAHs reached their highest concentrations in April 

(Figure 4-2a) (ANOVA on ranks, p < 0.05). The longer dry days and the lower rainfall amount 

prior to the runoff events in April (Table 4-4) could lead to the more accumulation of PAHs in 

the atmosphere on the soils and impervious surfaces (e.g., roads, parking plots, and rooftops). 

An occurrence of runoff during rainfall after the long dry period could wash out the built-up 

PAHs, resulting in the highest PAH concentrations in the runoff events of April. The highest 

PAH levels in the first flush and their positive correlation to the antecedent dry period were 

also reported in previous studies (Gilbreath and McKee, 2015; Nielsen et al., 2015; Parajulee 

et al., 2017).  
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Table 4-4. Rainfall amount, rainfall intensity, and rainfall hour at several timelines throughout 

the study period. Data were obtained from the Korean Meteorological Administration 

(https://data.kma.go.kr) 

 April May July September 

A. One month prior to the runoff events 

Dry day number (mm) 25 24 19 15 

Rainfall amount (mm/h) 92.2 108.7 135.8 383.5 

B. One week prior to the runoff events 

Rainfall amount (mm) 0 0 0 21.7 

Rainfall intensity (mm/h) 0 0 0 0.56 

Rainfall duration (h) 0 0 0 18 

C. Two weeks prior to the runoff events 

Rainfall amount (mm) 164.6 514.5 115.5 1897.6 

Rainfall intensity (mm/h) 0.54 1.53 0.43 5.64 

Rainfall duration (h) 49 59 54 112 

D. During the runoff events 

Rainfall amount (mm) 27.9 47.1 181.2 22.5 

Rainfall intensity (mm/h) 3.1 5.2 20.1 3.8 

E. 2 days prior to the sampling of surface water (before runoff events) 

Rainfall amount (mm) 0 264.1 0 8.2 

Rainfall intensity (mm/h) 0 5.38 0 0.16 

Rainfall duration (h) 0 23 0 15 

F. From runoff events to the sampling of surface water (after runoff events) 

Rainfall amount (mm) 1296.8 115.9 874.3 325.6 

Rainfall intensity (mm/h) 4.48 0.79 5.71 2.50 

 

The lowest PAH concentrations in the runoff were shown in September (Figure 4-2a). The long 

rainy period and high rainfall amount prior to the runoff sampling events in September (Table 

4-4) could induce a more frequent washout of PAHs and a decline of PAH accumulation on the 

soils and impervious surfaces, resulting in the lower PAH concentrations in the runoff discharge. 

Additionally, the rainfall amount during the runoff event in September was low (Table 4-4); 

thus, the runoff flow could be not strong enough to wash off large amounts of soil sands and 

deposited particles containing PAHs. The lower TSS concentrations in the runoff of September 

could also support this interpretation (Figure 4-4).  

Regarding the surface water before the runoff events, the highest mean concentration of Σ16 

PAHs was observed in July (Figure 4-2b). The absence of rainfall before the sampling events 

in July (Table 4-4) might lead to the lower dilution of PAHs in the surface water. After the 

https://data.kma.go.kr/
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runoff events, PAHs in the surface water showed a similar temporal variation as that in the 

runoff (Figures 4-2a and 4-2b), suggesting that the runoff discharge is an important non-point 

source of PAHs in the surface water. This issue is more discussed in Section 4.3.4.  

 

4.3.1.3. Comparison of the levels of PAHs 

The mean concentrations (dissolved and particulate) of Σ16 PAHs measured in this study were 

compared to those in other areas and countries (Table 4-5). In general, the mean concentrations 

of Σ16 PAHs in the runoff of Ulsan (semi-rural: 252 ng/L, residential: 131 ng/L, and industrial: 

272 ng/L) were approximately 0.8–2.9 times higher than those in the industrial (170 ng/L) and 

urban (100 ng/L) areas of Sweden (Kalmykova et al., 2013) and highways (93.4 ng/L) of the 

United States (Lau et al., 2009). Additionally, the dissolved concentration of runoff PAHs in 

this study (semi-rural: 167.1 ng/L, residential: 90.1 ng/L, and industrial: 89.8 ng/L) were 1.8–

3.3 times higher than those collected in Gwangan bridge (50.3 ng/L) in Busan, South Korea. 

The runoff samples collected in Ulsan flew over the soils and could be contributed by PAHs 

washed out from both the soils and surrounding impervious surfaces, such as pavements and 

roads, leading to their higher PAH levels compared to the runoffs over impervious surfaces.  
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Table 4-5. Comparisons of mean concentration (ng/L) of the total (dissolved and particulate) 

PAHs in the runoff and surface water collected in Ulsan and several areas of other countries.  

Area Place Country Concentration Reference 

Runoff 

Rural  Tianjin China 147×103 Shi et al. (2017) 

Urban  Gothenburg Sweden 100 Kalmykova et al. (2013) 

Urban  Nantes France 1994 Lamprea and Ruban (2011) 

Urban  Busan South Korea 50.3a Ok et al. (2011) 

Urban  Beijing China 8300 Zhang et al. (2009) 

Highway Los Angeles USA 93.4 Lau et al. (2009) 

Airport runway Gdansk Poland 601 Sulej et al. (2011) 

Industrial Gothenburg Sweden 170 Kalmykova et al. (2013) 

Semi-rural  Ulsan South Korea 252 This study 

Residential  Ulsan South Korea 131 This study 

Industrial  Ulsan South Korea 272 This study 

Surface water 

Rural Orgeval river France 72a,** Gateuille et al. (2014) 

Suburban Orge river France 41a,** Froger et al. (2019) 

Suburban Huaihe river China 201.5 Liu et al. (2016) 

Urban Pearl river China 130* Zhang et al. (2012) 

Urban Anacostia river USA 136 Foster et al. (2000) 

Urban Gao-ping river Taiwan 430 Doong and Lin (2004) 

Industrial Ulsan bay South Korea 319.4* Khim et al. (2001a) 

Semi-rural Ulsan South Korea 28.6b This study 

Residential Ulsan South Korea 32.6b This study 

Industrial Ulsan South Korea 90.2b This study 
a  Only dissolved PAHs 
b Mean concentrations before and after the runoff events  
* 16 US EPA except for Nap 
** 16 US EPA except for Nap, Acy, and Ace 

 

Moreover, the mean concentrations of Σ16 PAHs collected in the surface water at the semi-rural, 

residential, and industrial sites of Ulsan were generally lower than those of several areas of 

other countries: Gao-ping river in urban area of Taiwan (mean: 430 ng/L) (Doong and Lin, 

2004), Huaihe river in suburban area of China (mean: 201.5 ng/L) (Liu et al., 2016) and 

Anacostia river in urban area of the USA (mean: 136 ng/L) (Foster et al., 2000). Especially, the 

mean concentrations of the surface water PAHs in this study was 3.5–11.2 times lower than 

those in the Ulsan bay and Taehwa river (mean: 319.4 ng/L) (Khim et al., 2001a). The lower 

mean concentrations could be because the streams and rivers in this study mostly locate 

upstream of the Taehwa river and are small scales. In addition, PAH concentrations at the 

upstream of the Taehwa river could be lower than those at the downstream (Ligaray et al., 2016) 

surrounding by urban and industrial areas. The water sampling sites in the previous study 

(Khim et al., 2001a) mostly located downstream, therefore PAH concentrations at these sites 
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were higher due to the effect of urban and industrial emission. 

 

4.3.2. Phase distribution of PAHs 

The phase distributions of PAHs collected in this study are illustrated in Figure 4-5. The 

dissolved phase, mainly contributed by 2- to 4-ring PAHs (i.e., Nap, Phe, Flt, and Pyr) (Figure 

4-6), was dominant, especially for the runoff and surface water before the runoff events 

(Figures 4-5a and 4-5b). In the water, 5-and 6-rings PAHs having low solubility (Mackay and 

Callcott, 1998) tend to bind to the suspended solids (SS), distribute in the particulate phase, 

and settle down to the bottom sediment. On the other hand, the 2- to 4-ring species having 

higher solubility (Mackay and Callcott, 1998) tend to be dissolved into the water, leading to 

the predominance of these species in the dissolved phase of the surface water layer. Regarding 

PAHs in the runoff, they could be originated mainly from wet deposition from the atmosphere 

and washout from soils and impervious surfaces. The 2- to 4-ring PAHs were more predominant 

in the wet deposition of Ulsan (Lee and Lee, 2004). Moreover, these species could also be 

dissolved easier by the runoff during rainfall because of their high solubility and low affinity 

to soil organic matter (Mackay and Callcott, 1998).  

 

Figure 4-5. Phase distributions of Σ16 PAHs in the (a) runoff, (b) surface water before the runoff 
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events, and (c) surface water after the runoff events. 

 

The particulate phase was mainly contributed by the 3-ring (i.e., Flu, Phe, and Ant), 4-ring (i.e., 

Flt and Pyr), and 6-ring (i.e., Ind and BghiP) PAHs (Figure 4-6). This observation is also in 

line with those reported in previous studies (Kalmykova et al., 2013; Niu et al., 2018; Park et 

al., 2012). The particulate phase showed its higher contribution to the surface water after the 

runoff events. The contributions of rainfall and runoff discharges to the water bodies could 

induce more solid-bound PAHs in the water layer, resulting in the increase of particulate phase 

in the surface water after the runoff events (Figure 4-5c). These particulate PAHs could be 

directly from the runoff discharges and raindrops. In addition, they might be released from 

bottom sediments into the overlying layer of the water bodies due to turbulence caused by 

runoffs and rainfall.  

 

Figure 4-6. Contributions of individual PAHs in the (a) dissolved, (b) particulate, and (c) total 

phases.  

 

4.3.2.1. Spatial variation of the phase distribution 

The phase distributions of PAHs were relatively similar among the semi-rural, residential, and 

industrial sites, with the dominance of dissolved PAHs (Figure 4-5). Moreover, the dissolved 

PAHs remarkably increased their contributions in the surface water before the runoff events at 

the industrial site (Figure 4-5b). The greater DOM in the surface water at the industrial site 

(Figure 4-7) could promote the solubility of PAHs because they have the strong affinity to the 

DOM (Chiou et al., 1998), leading to the contribution increase of the dissolved PAHs in water 

layer at the industrial site. Moreover, the water salinity at the industrial site (mean: 11.6 ‰) 

was higher than that at the semi-rural (mean: 0.06 ‰) and residential sites (mean: 0.15 ‰). 

This observation could be because the water sampling site in the industrial area located near 
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the estuary (Figure 4-1), leading to an effect of seawater on the surface water in this area. 

Noticeably, the higher salinity could enhance higher concentrations of ions, which could 

compete with the PAHs to sorb to the SS (Li et al., 2016). As a consequence, PAHs could be 

desorbed from the SS and increase their contributions in the dissolved phase.  

Contributions of the particulate PAHs in the runoff of industrial and residential sites were 

higher than that of the semi-rural site (Figure 4-5a). This observation can be explained by that 

the more impervious surfaces (i.e., parking lots, pavements, and roads) in the industrial and 

residential areas would induce more particle-bound PAHs deposition. On the other hand, the 

semi-rural site has more soil and vegetation surfaces; therefore, PAHs could strongly sorb to 

soil organic matter and lead to the lower contribution of particulate PAHs to the runoff 

(Parajulee et al., 2017).  

 

Figure 4-7. Concentrations of the dissolved organic carbon (DOC) in the runoff and surface 

water before and after the runoff events. 

 

4.3.2.2. Temporal variation of the phase distribution 

In May, contributions of the particulate PAHs in the runoff and surface water before the runoff 
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the greater contribution of particulate PAHs as the SS could act as sorbents for organic 
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compounds. Indeed, the positive correlation between the concentrations of TSS and particulate 

PAHs (R = 0.54) was found. In addition, the SS in the runoffs were expected to be mainly 

contributed by those depositing on the surfaces and leaching from the soils as mentioned 

previously. The large rainfall amount (514.5 mm) and rainfall intensity (1.53 mm/h) two weeks 

prior to the runoff events in May (Table 4-4) might decline the soil infiltration rate. Therefore, 

the overland runoff could be formed more quickly (Wang et al., 2006), and the small soil sands 

(e.g., fine and silt sands smaller than 250 µm and 63 µm, respectively) could be preferentially 

washed off due to their lighter weights. These light soil sands could be more polluted by PAHs 

(Amellal et al., 2001; Uyttebroek et al., 2006), leading to an elevation of the particulate fraction 

in the runoff of May. In July, PAHs in the surface water more distributed into the dissolved 

phase (Figures 4-5b and 4-5c). This result can be explained by the desorption of PAHs from 

the particulate to the dissolved phase (He et al., 1995), stemming from the higher water 

temperature during this period. 

 

4.3.3. Distribution coefficient between the dissolved and particulate PAHs 

The distribution coefficient (KD) between the dissolved and particulate PAHs in the runoff and 

surface water are illustrated in Figures 4-8 and 4-9. In general, the KD increased with molecular 

weights of the PAHs, reflecting the sorption capacity of the heavy species to the SS. Regarding 

the runoff, KD values of the industrial site were higher than those of the others (Figure 4-8a), 

suggesting that SS in the runoff at the industrial site was more polluted by PAHs. These solids 

could be mainly washed out from the surrounding surfaces (i.e., soils and impervious surfaces) 

and could deposit from the atmosphere. The higher PAH concentrations in the soils (Kwon and 

Choi, 2014a), road soils (Kim et al., 2019b), and air particles (Lee et al., 2018) in the industrial 

area of Ulsan could contribute to the enrichment of PAHs in the SS of runoff discharges.  
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Figure 4-8. KD values of PAHs (a) in the runoffs collected at three sampling sites and (b) 

correlation between the KD of runoffs and KOW for individual PAHs.   

 

The KD in the surface water showed a reverse trend to those of the runoff (i.e., semi-rural > 

residential > industrial) (Figure 4-9). The water body at the semi-rural site was shallower than 

those at the other sites, leading to a frequent release of the particle-bound PAHs in bottom 

sediments to overlying layers of the water body. The lowest KD at the industrial site could be 

because of its higher DOC (Figure 4-7), resulting in the more dissolution of PAHs as described 

in Section 4.3.1.  

 

Figure 4-9. Log KD values of PAHs in the surface water (a) before and (b) after the runoff 

events.   

 

A strongly positive correlation between the KD and KOW was found for the PAHs in the runoff 

discharges (Figure 4-8b), indicating the sorption ability of PAHs would increase with their KOW 

3.0 4.0 5.0 6.0 7.0 8.0

4.0

4.2

4.4

4.6

4.8

5.0

L
o
g
K

D

LogKOW

R2 = 0.67

y= 0.22x + 3.41

3 rings 4 rings 5 rings 6 rings

0.0

1.5

3.0

4.5

6.0

7.5

S
e

m
i-
ru

ra
l

C

0.0

1.5

3.0

4.5

6.0

7.5

4.0

4.2

4.4

4.6

4.8

5.0

L
o

g
 K

D
 (
L

/k
g

)

3.0 4.0 5.0 6.0 7.0 8.03 rings 4 rings 5 rings 6 rings

L
o

g
 K

D
 (
L

/k
g

)

Log KOW

(a) Log KD (b) Log KD versus log KOW

Semi-rural Residential Industrial y = 0.228x + 3.390

R2 = 0.694

4.0

4.5

5.0

5.5

6.0

L
o

g
 K

D
(L

/k
g

)

(a) Surface water before the runoff (b) Surface water after the runoff

3 rings 4 rings 5 rings 6 rings 3 rings 4 rings 5 rings 6 rings

Semi-rural Residential Industrial

3 rings 4 rings 5 rings 6 rings

4.0

4.5

5.0

5.5

6.0

S
e

m
i-
ru

ra
l

C

3 rings 4 rings 5 rings 6 rings

4.0

4.5

5.0

5.5

6.0

S
e

m
i-
ru

ra
l

C



76 

 

values. The slope value derived from this correlation was lower than unity, suggesting an 

enrichment of the high molecular weight (HMW) PAHs in the dissolved phase, containing both 

truly dissolved and colloidal PAHs passing through the GFFs. These colloidal-bound PAHs 

were expected to cause the appearance of HMW PAHs in the dissolved phase. No or relatively 

low correlation was observed for PAHs in the surface water, which is consistent with that 

reported in a previous study (Zhang et al., 2017a). An explanation could be because several 

complicated processes in the water layer (e.g., biological degradation, resuspension, deposition, 

and photochemical degradation) would strongly and simultaneously affect the partitioning of 

PAHs in the surface water.  

 

4.3.4. Source identification of the PAHs 

The loading and score plots for the identification of PAH emission sources are shown in Figure 

4-10. Only PAHs having high detection frequencies in both dissolved and particulate phases 

(except for Nap, Acy, Ace, and DahA) were considered for the PCA. Two principal components 

were extracted for each of the runoff and surface water samples. The two principal components 

accounted for 69.4% (for the runoff) and 76.6% (for the surface water) of the total data variance 

(Figure 4-10). The score and loading plots were simultaneously used to interpret relations 

between the PAH species and the samples.  

Regarding the runoff discharge, most of the samples of April, May, and September were 

clustered in the same group locating at the left side and bottom left of the score plot (Figure 4-

10a) and were characterized by the 3-ring PAHs (i.e., Flu, Phe, and Ant) as well as 4-ring PAHs 

(i.e., Flt, and Pyr). These PAHs are the dominant species in diesel emission (Zou et al., 2015) 

and petrogenic sources (Stogiannidis and Laane, 2015), suggesting that most of PAH species 

in the runoff of April, May, and September could be mainly originated from the vehicle 

emission and leaked from the petroleum products (e.g., oil leakage from transportation 

activities). Moreover, the runoff samples in July were separated into two groups. One group 

was on the left side of the score plot and overlapped samples of the other sampling periods, 

indicating the emission sources of PAHs in July could be similar to those in the others. Another 

group was at the upper right of the score plot and characterized by the 4-ring PAHs (i.e., BaA 

and Chr), 5-ring PAHs (i.e., BbF, BkF, and BaP), and 6-ring PAHs (i.e., Ind and BghiP) (Figure 

4-10a), which could be the PAH markers from coal and coke combustion (Stogiannidis and 

Laane, 2015; Zou et al., 2015). Hence, PAHs in the runoff of July could be originated from 
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both petrogenic (e.g., leakage from petroleum products) and pyrogenic (e.g., diesel emission 

and coke/coal combustion) sources. The industrial area of Ulsan was mentioned to emit higher 

fractions of several PAH compounds, such as BaA, Chr, BbF, Ind, and BghiP (Lee et al., 2018), 

due to industrial combustion of coke, coal, and heavy oil (Kwon and Choi, 2014a; Nguyen et 

al., 2018). The PAH advection from the industrial to other areas (i.e., residential and semi-rural 

areas) due to the monsoon system in the summer (i.e, July) (Clarke et al., 2014) could contribute 

to an increase of these PAHs in the atmosphere and on the surface areas through deposition 

over the city. These PAHs could then undergo wet deposition and washout by runoff during 

rainfall.   

 

Figure 4-10. Score and loading plots for the (a) runoff and (b) surface water.  

 

The PCA results of the surface water were similar to those of the runoff samples (Figure 4-

10b), reflecting the PAHs in runoff and surface water could share the same emission sources. 

However, the surface water samples of September were mainly characterized by the medium 

(i.e., BaA and Chr) and heavy PAHs (i.e., BbF, BkF, BaP, Ind, and BghiP) (Figure 4-10b). The 
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PAHs in water bodies could be contributed from those in the runoff discharges, the atmosphere, 

and bottom sediments. The PAHs in the runoff of September were mostly characterized by the 

light species (3- and 4-ring PAHs) (Figure 4-10a). In addition, the deposition PAHs in Ulsan 

was reported to be dominated by the 2- to 4-ring species (Lee and Lee, 2004). These 

observations lead to the conclusion that the PAHs in the surface water of September could be 

re-suspended from the bottom layers of the water bodies. The largest rainfall amount before 

the sampling of surface water in September (Table 4-4) might lead to the resuspension of the 

medium and heavy PAHs from bottom to the overlying water layers. This result suggests that 

rainfall also has an important effect on PAHs in surface water. 

4.4. Conclusion 

In this study, the spatial distribution, temporal variation, and phase distribution of PAHs in the 

runoff and surface water collected at the semi-rural, residential, and industrial sites of Ulsan, 

South Korea were investigated. The highest PAH concentrations were observed at the industrial 

site due to its higher PAH concentrations in several environmental media (i.e., air, soil, and 

road soils) affecting the PAHs in runoff discharges and surface water. The concentrations of 

runoff PAHs were highest in April, mainly due to the strong effect of meteorological conditions 

prior to the sampling events (i.e., long dry periods and lower rainfall amount).  

The dissolved PAHs (i.e., 2- to 4-ring species) were more dominant at all sampling sites. In 

addition, the particulate PAHs in the runoff and surface water collected before the runoff events 

increased their contributions noticeably in May, mostly due to an effect of rainfall conditions. 

Moreover, the higher water temperature in July could enhance the desorption of PAHs and 

result in an increase in the dissolved phase. Additionally, a positive correlation between the KD 

and KOW was found for the PAHs in the runoff discharges, indicating that the sorption ability 

of PAHs could increase with their KOW. However, a relatively low correlation was observed for 

PAHs in the surface water, which could be due to an effect of several complicated processes in 

the water layer (e.g., resuspension, sediment deposition, and degradation).  

Regarding the emission source identification, PAHs in the runoff and surface water could be 

primarily originated from the similar emission sources, which were both petrogenic (e.g., 

leakage from petroleum products) and pyrolysis (e.g., vehicle emission) sources. Additionally, 

PAHs in the runoff of July could be also emitted from coal/coke/heavy oil combustion as a 

result of industrial emissions and local advection. The results from this study could contribute 



79 

 

to the understanding of PAH behaviors in the runoff and surface water affected by the non-

point sources. From the basis of this chapter, the exchange of PAHs between multimedia 

environment (i.e., air-water and air-soil), is investigated in the next chapter. 
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Chapter 5: Spatial distribution and temporal variation of air-water 

and air-soil exchange of polycyclic aromatic hydrocarbons 

 

Abstract 

This study aims to investigate spatial distribution and temporal variation of direction and 

magnitude exchange of PAHs between environmental media (i.e., air-water and air-soil) based 

on the fugacity approach. The study areas were in semi-rural, residential, and industrial areas 

of Ulsan, South Korea and the study periods were from March to October 2016. Regarding the 

air-water exchange, most of the PAHs showed net volatilization, indicating that the water could 

be a source for the atmospheric PAHs. For the air-soil exchange, 3-ring PAHs mainly 

volatilized from the soils, whereas 4-ring PAHs mostly deposited from the air, suggesting that 

the soils could act as a sink or source for the atmospheric PAHs depending molecular weights 

of the compounds. In addition, net volatilization was proved to be strongest in summer, mainly 

due to the effect of the higher air temperature and lower air concentrations. Moreover, the 

industrial site showed the highest exchange flux for both the air-water and air-soil exchanges, 

mainly due to the higher PAH concentrations in the multimedia environment (i.e., air, soil, and 

water) at this industrial site. Results from this study also revealed that distributions of PAHs in 

the soils were much higher than those in the air and water, mainly due to the accumulation of 

PAHs in the soils stemming from their affinity to soil organic matter. However, the atmospheric 

PAHs in Ulsan should be concerned due to the effect of local advection from industrial emission 

and long-range transport in this city. 
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5.1. Introduction 

Multimedia transport is a process describing transport behavior and the fate of chemicals, such 

as polycyclic aromatic hydrocarbons (PAHs) in the environment. After being emitted into the 

environment, PAHs can transfer among the environmental compartments (i.e., air, soils, and 

water) under an effect of the ‘grasshopper effect’, describing the re-emission of deposited semi-

volatile chemicals (Semeena and Lammel, 2005). The main emission sources of PAHs include 

pyrogenic (e.g., biomass burning and fossil fuel combustion) and petrogenic (e.g., petroleum 

products) sources. In addition, the primary receptor media for PAHs originated from those 

sources can be the atmosphere. However, the multimedia exchange can lead to the deposition 

of PAHs from the air to surfaces (i.e., soils, water, and impervious surfaces). Then the re-

volatilization of PAHs from such surfaces can cause them to become secondary sources of 

PAHs in the environment.  

To understand the transfer behavior of PAHs between environmental compartments (i.e., air-

water and air-soil), the fugacity approach can be used. The term ‘fugacity’ indicates an escaping 

tendency (Mackay, 2001) of chemicals from one to another environmental compartment of 

(e.g., air-water and air-soil) in order to reach equilibrium conditions between them. In more 

detail, the fugacity approach describes the migration direction of chemicals based on diffusion 

(i.e., volatilization) and non-diffusion (i.e., deposition and resuspension). Additionally, net 

equilibrium is established when the fugacities of chemicals in both environmental 

compartments are equal. This approach has been widely used to investigate the exchange 

direction of PAHs between the air-water (Gigliotti et al., 2002b; Lammel et al., 2015) and air-

soil (Choi et al., 2009; Degrendele et al., 2016). To quantify the transfer magnitude of PAHs 

between two environmental media, the Whitman two film model can be applied (Thibodeaux, 

1996). In this model, the transfer of chemicals is assumed to cross the interface between two 

environmental media (i.e., air-water and air-soil) and mass transfer can be estimated based on 

the different concentrations between these media. Following this approach, exchange fluxes of 

PAHs between the air-water (Fang et al., 2012; Tidwell et al., 2017) and air-soil (Degrendele 

et al., 2016; Wang et al., 2011a) systems were quantified in several previous studies.  

This study aims to understand the exchange of PAHs between the air-water and air-soil of Ulsan 

city, South Korea. In Ulsan, PAHs in the atmosphere (Choi et al., 2012b; Vuong et al., 2020), 

soils (Jeon and Oh, 2019; Kim et al., 2019a; Kwon and Choi, 2014a), and surface water (Khim 
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et al., 2001a; Park et al., 2012) were investigated. Additionally, dry and wet deposition amounts 

of PAHs in Ulsan were also quantified (Lee and Lee, 2004). However, the exchange of PAHs 

between the environmental media (i.e., air-soil and air-water) has not been investigated. Hence, 

a study on the PAH exchange is essential in Ulsan to understand which environmental media 

(i.e., air, water, and soils) can be a sink or source for the PAHs.  

The main objectives of this study are to investigate the spatial distribution and seasonal 

variation of the PAH exchange between the air-water and air-soil of Ulsan. Based on the results 

of this study, the noticeable environmental media for PAHs in the study area can be inferred. 

Moreover, this study can also contribute to an understanding of PAHs (i.e., concentrations and 

profiles) and their exchange behavior (i.e., exchange direction and magnitudes) in the 

environment.  

 

5.2. Materials and methods 

5.2.1. Air, soil, and surface water sampling 

To investigate the exchange of PAHs in the multimedia environment, atmospheric (n = 36), soil 

(n = 24), and surface water (n = 24) samples were collected at the semi-rural, residential, and 

industrial sites of Ulsan from March to October of 2016 (Figure 5-1). Since the air, soils, and 

surface water sampling sites are relatively close to each other, only the air sampling sites are 

marked in Figure 5-1. The geographical information of the air, water, and soil sampling sites 

can be seen in Table 5-1.  

 

Figure 5-1. Air sampling sites at the semi-rural (SR), residential (RE), and industrial (IN) sites.  
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Regarding the air sampling, passive air samplers coupled with polyurethane foam (PUF-PAS) 

were deployed in triplicate at each sampling site. The PUF-PAS mainly captures the gaseous 

phase of organic chemicals (Klánová et al., 2008), therefore, the air PAHs reported in this study 

were mainly the gaseous species. The air sampling campaign was divided into four sub-periods: 

middle spring (March 21–April 22, 2016), late spring (May 17–June 20, 2016), summer (July 

1–August 2, 2016), and fall (September 9–October 11, 2016). Prior to the sampling, the PUF 

disks were cleaned with n-hexane for 24 h to eliminate organic pollutants. Then they were kept 

in alumina foil and put in polyethylene bags. After the sampling, the PUF disks were stored at 

-4 °C until analysis. 

Table 5-1. Geographical information of the air, soil, and surface water sampling sites at the 

semi-rural (SR), residential (RE), and industrial (IN) sites in Ulsan, South Korea.  

Site Area Latitude Longitude 

Air sampling sites 

SR Semi-rural 35°34'18.32"N 129°11'20.46"E 

RE Residential 35°34'55.88"N 129°14'07.84"E 

IN Industrial 35°32'01.35"N 129°21'07.66"E 

Soil sampling sites 

SR Semi-rural 35°34'36.73"N 129°11'06.96"E 

RE Residential 35°34'55.64"N 129°14'09.27"E 

IN Industrial 35°32'01.66"N 129°21'06.80"E 

Surface water sampling sites 

SR Semi-rural 35°34'37.65"N 129°11'07.16"E 

RE Residential 35°34'55.39"N 129°14'12.62"E 

IN Industrial 35°32'02.08"N 129°21'06.70"E 

 

The surface water and soil samples were collected two times in each sampling period, including 

middle spring (April 2 and 15), late spring (May 17 and 30), summer (July 19 and August 1), 

and fall (September 23 and October 4). The sampling method for the surface water and soil 

samples are described in Section 4.4.2 of chapter 4.  

 

5.2.2. Chemical analysis and QA/QC 

The target chemicals in this study were the 16 priority PAHs suggested by the US EPA, except 

for naphthalene, acenaphthylene, and acenaphthene because these PAHs are blank 

contamination and potential sampling artifacts, especially for the air samples. The analysis 

procedures for the air and surface water samples can be seen in Sections 2.2 and 4.2 of Chapters 
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2 and 4, respectively. Noticeably, regarding the surface water samples, only the dissolved phase 

passing through the glass microfiber filters (GFFs) was considered for the air-water exchange 

of PAHs, as the dissolved compounds could mainly volatile from the water into the air whereas 

the particulate ones tended to deposit onto bottom sediments of water bodies.  

Regarding the chemical analysis for the soil samples, the samples were first air-dried at room 

temperature (22 °C) and sieved to eliminate large particles (larger than 2 mm in diameter). The 

target PAHs in homogenized soil samples (20 g) were then extracted using Soxhlet extractor 

for 20 h with 350 mL of n-hexane/acetone. Surrogate standards (phenanthrene-d10, chrysene-

d12, and perylene-d12) were added to the samples prior to the extraction to check the recovery 

efficiency. The extracted compounds were then cleaned up in columns consisting of 2 g of 

sodium sulfate and 5 g of activated silica gel (130 °C, 4h), and then eluted with 70 mL of 

dichloromethane/hexane (1:3). The samples were concentrated until 0.5 mL using TurboVap 

II (Caliper, USA) and nitrogen evaporator (MGS-2200, Eyela, Japan). The samples were then 

spiked with internal standard (p-terphenyl-d14) prior to analyzed using a gas chromatograph 

coupled to a mass spectrometer (GC-MS, Agilent 7890 GC-5975C MS, USA). The operation 

conditions of the instrument can be seen in Section 2.2 of chapter 2. In addition, the method 

blanks (n = 4) were also considered to check contamination during the experiment process and 

they were treated the same as the real samples.  

The average recoveries of surrogate standards were 55.6%–79.7% for the air, 59%–88.7% for 

the surface water, and 55.6%–79.7% for the soil samples. The method detection limits were 

calculated as described in the previous chapters and ranged 0.04–0.25 ng/m3 for the air, 0.03–

0.20 ng/L for the surface water, and 0.20–1.30 ng/g for the soil samples. Moreover, to support 

the calculation of air-soil exchange, total organic carbon (TOC) of the soil samples was 

identified using the TOC-5000 analyzer (Shimadzu, Japan). The total carbon (TC) and 

inorganic carbon (IC) contents were quantified, and the TOC was calculated based on different 

concentrations between the TC and IC.  

 

5.2.3. Calculation of the atmospheric concentration 

Atmospheric concentrations of PAHs collected by the PUF-PAS were calculated using this 

equation. 

CA = M Veff⁄     (5-1) 
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where CA (ng/m3) is the atmospheric concentration of the PAH compound. M and Veff denote 

the amount of PAHs (ng) and effective volume (m3) collected by the PUF-PAS, respectively. 

The Veff was estimated for each PAH compound following Herkert et al. (2018). In addition, a 

detail description of the calculation of Veff can also be seen in the previous study on air PAHs 

in Ulsan (Vuong et al., 2020). 

 

5.2.4. Calculation of the air-water exchange 

The flux magnitude and direction exchange of PAHs between the surface water and atmosphere 

were calculated using the below equation (Thibodeaux, 1996). 

FW = KOL × (CDis ˗ CGas H') ⁄          (5-2) 

where FW (ng/m2/d) is the air-water exchange flux of PAHs. KOL (m/d) is the overall mass 

transfer coefficient of PAHs between the air and surface water and was calculated following 

equation (4-3). CDis and CGas (ng/m3) are concentrations of the dissolved and gaseous PAHs, 

respectively. H' is the dimensionless Henry’s law constant, calculated by dividing Henry’s law 

constant at a reference temperature (298 K) by the universal gas constant  (R = 8.314 Pa 

m3/mol/K) and the air temperature (K). The H' was calculated for each PAH compound and 

corrected to the sampling temperature following R.Lide (2004). In general, the FW values 

higher than one indicate the net volatilization of PAHs from the surface water to the air. In 

contrast, the FW lower than one can suggest net deposition.  The KOL in equation (5-2) was 

calculated as follows. 

1 KOL = 1 KW⁄  +  1 KA × H' ⁄⁄             (5-3) 

where KOL (m/d) is the overall mass transfer coefficients of PAHs between the air and surface 

water. KW and KA (m/d) denote the mass transfer of PAHs in water and air, respectively and 

were estimated as below (Mackay et al., 2006a). 

KW = 10-6 + 0.0034 × u*
 × SCW

-0.5                          (5-4) 

KA = 10-3 + 0.0462 × u*
 × SCA

-0.67                          (5-5) 

u* = 0.01 × (6.1 + 0.63 × u10)
0.5 × u10                      (5-6) 

where u* is friction velocity (m/s) of the PAHs. u10 (m/s) is average wind speed during the air 

sampling campaigns and were obtained from the Korean Meteorological Administration 
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(https://data.kma.go.kr). SCW and SCA (dimensionless) represent water phase and air phase 

Schmidt number of PAHs and they were estimated using the following equations (Bidleman 

and McConnell, 1995; Tao et al., 2017). 

SCW = 5.42 × MW + 825.04                 (5-7) 

SCA = 0.0033 × MW + 1.85                 (5-8) 

where MW is molecular weight (g/mol) of the PAHs.  

Moreover, fugacity fractions (FR), reflecting the exchange direction of PAHs between the 

surface water and the air, were also considered in this study.  

FR = fA fW ⁄  = CGas × R × T CDis × H'  ⁄                  (5-9) 

where fA and fW (Pa) are the air and water fugacity, respectively. CDis and CGas (mol/m3) are the 

dissolved and gaseous concentrations of PAHs, respectively. R, T, and H' are defined as 

mentioned above. The FR values in between 0.3–3.0 suggest phase equilibrium, reflecting a 

complete transfer of PAHs between the air and surface water. Moreover, the FR higher than 3.0 

and lower than 0.3 indicates net deposition and volatilization, respectively (Lammel et al., 

2015). 

 

5.2.5. Calculation of the air-soil exchange 

The exchange directions of PAHs between the air and soils were determined using the fugacity 

fraction (ff) (Mackay, 2001). 

ff  = fS fS + fA⁄              (5-10) 

where fS and fA (Pa) are the soil and air fugacity of PAHs, respectively. The ff values in between 

of 0.3 and 0.7 indicate the equilibrium condition, the ff values higher than 0.7 suggest net 

volatilization of PAHs from the soils to the air, and ff lower than 0.3 indicates net deposition of 

PAHs from the air to soils (Harner et al., 2001). The soil and air fugacity were estimated using 

the below equations (Harner et al., 2001). 

fS = CS × R × T 0.411 × fOM × KOA ⁄                (5-11) 

where CS (mol/m3) is the concentration of PAHs in the soils. T (K) is the atmospheric 

https://data.kma.go.kr/
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temperature. fOM denotes fractions of soil organic matter, estimated by multiplying the soil 

organic carbon and 1.72 (W.Murphy, 2014). KOA denotes the octanol/air partition coefficient 

of PAHs, estimated following Lei et al. (2002) and Xiao and Wania (2003). 0.411 is the 

correlation coefficient constant between the air/soil partition coefficient (KSA) and the KOA. 

The air fugacity was calculated as below. 

fA = CA × R × T                  (5-12) 

where CA (mol/m3) is the air concentration of PAHs. R and T are the universal gas constant 

(8.314 Pa m3/mol/K) and air temperature (K), respectively. The exchange flux of PAHs 

between the air and soil was calculated using this equation (Mackay, 2001). 

FS = DSA × (fS ˗ fA) × MW                   (5-13) 

where FS (ng/m2/d) is the air-soil exchange flux of PAHs. DSA (mol/Pa/m2/h) is the transfer 

coefficient and was calculated as below (Kobližková et al., 2009).  

DSA = 1 ((1+DSAB)+ 1 (DSAA+DSAL)⁄⁄ )                       (5-14) 

where DSAB, DSAA, and DSAL are air boundary layer, soil-air phase diffusion, and soil-water 

diffusion, respectively. The calculation methods for these variables are reported elsewhere 

(Kobližková et al., 2009).  

 

5.3. Results and discussion 

5.3.1. Concentrations of PAHs in the air, surface water, and soils 

The mean concentrations of Σ13 PAHs in the air, surface water and soils are illustrated in Figure 

5-2. In general, PAH concentrations at the industrial (air: 26.6 g/m3, surface water: 153.84 ng/L, 

and soils: 72.16 ng/g) were 2.8 to 4.4 times higher than those at the residential (air: 9.53 g/m3, 

surface water: 43.84 ng/L, and soils: 25.02 ng/g) and semi-rural (air: 8.80 g/m3, surface water: 

36.17 ng/L, and soils: 16.43 ng/g) sites (Mann-Whitney rank-sum test, p < 0.05). The spatial 

variations of PAH concentrations were consistent to those in previous studies investigating 

PAHs in the soil (Jeon and Oh, 2019; Kwon and Choi, 2014a), air (Choi et al., 2012b; Vuong 

et al., 2020), and surface water (Khim et al., 2001a) of Ulsan. Moreover, these observations 

could also reflect the concentration gradients of PAHs from the main emission sources (e.g., 

industrial area) to the receptors (e.g., residential and semi-rural areas) in Ulsan.  
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The temporal variations of PAHs varied depending on the environmental media. Regarding the 

air, the mean PAH concentrations reached their lowest values in the summer (mean: 12.43 

ng/m3) (Figure 5-2a), when the air temperature was highest (mean: 25.3 °C). An increase of air 

mixing height and photochemical reactions during summer could also increase the dispersion 

and degradation of PAHs (Keyte et al., 2013b), resulting in the decrease of PAH concentrations 

in this period. However, no statistically significant difference was observed for the atmospheric 

PAHs among the sampling periods. In fact, the concentrations of PAHs in the air could vary 

depending on meteorological conditions, such as air temperature and wind speed. The similar 

mean air temperature (middle spring: 11.8 °C, late spring: 18.9 °C, summer: 25.3 °C, fall: 

21.7 °C) and mean wind speed (middle spring: 2.11 m/s, late spring: 1.64 m/s, summer: 1.60 

m/s, and fall: 2.19 m/s) among the air sampling periods could, therefore, explain for the non-

statistical difference of PAH concentrations during the sampling campaigns.  

 

Figure 5-2. Mean concentrations of Σ13 PAHs in the (a) air, (b) surface water, and (c) soils at 

the semi-rural, residential, and industrial sites.  

 

For the surface water, mean concentrations of Σ13 PAHs were highest in the summer (88.84 

ng/L), followed by middle spring (52.94 ng/L), fall (32.78 ng/L), and late spring (10.33 ng/L) 

(Figure 5-2b). The highest PAH concentrations in summer could be because of the stronger 

desorption of PAHs from the particulate to the dissolved phase (Niu et al., 2018), stemming 

from the higher water temperature during this period. The lowest dissolved concentration was 
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shown in late spring. In fact, the PAH concentrations in water bodies could be affected by 

inflows (i.e., rainfall and runoff), the higher rainfall prior to the sampling campaigns in May 

(Table 4-4 in Chapter 4) could, therefore, lead to the stronger dilution of PAHs in the water and 

result in the lowest concentrations of dissolved PAHs in the late spring.  

The mean concentrations of Σ13 PAHs in soils were highest in fall (60.41 ng/g), followed by 

late spring (42.16 ng/g), middle spring (30.36 ng/g), and summer (18.55 ng/g) (Figure 5-2c). 

The PAH concentrations in soils could be affected by several variables, including air 

temperature, controlling the volatilization and deposition of PAHs, and soil organic carbon, 

affecting the sorption ability of PAHs to the soils (Wang et al., 2011a). The total organic carbon 

(TOC) of the soils showed the highest concentration in the fall (Figure 4-4). Added to this, the 

PAH concentrations also showed a relatively strong correlation to the soil organic carbon in 

fall (R= 0.74), indicating that the PAHs could more bind to organic matter of the soils and result 

in the highest concentrations of PAHs in this sampling period. Moreover, the lowest PAH 

concentrations in the summer could be due to the higher air temperature promoting the stronger 

volatilization of PAHs from the soils (Keyte et al., 2013b). The temporal variations of PAH 

concentrations in soils corresponding to air temperature were also reported elsewhere 

(Dumanoglu et al., 2017; Wang et al., 2008).  

 

Figure 5-3. Total organic carbon (TOC) at three sites and four sampling periods.  
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5.3.2. Profiles of PAHs in the air, surface water, and soils 

The profiles of PAHs in the air and surface water were relatively similar, with a dominance of 

3- to 4-ring PAHs, such as Flu, Phe, Ant, Flt, and Pyr (Figure 5-4). These species have higher 

volatility and water solubility compared to the 5- to 6-ring PAHs (R.Lide, 2004), resulting in 

their predominance in the gaseous and dissolved phases. Regarding the surface water, the 4- to 

6-ring PAHs (i.e., BaA, Chr, BbF, BkF, and Ind) increased their contributions especially in 

sampling periods showing higher rainfall amount (i.e., middle spring and fall) (Figure 5-4b). 

This observation might derive from the contributions of colloidal PAHs passing through the 

filters for sample filtration. The greater rainfall level could lead to higher concentrations of the 

TSS in water bodies through runoff and turbulence within the water layer. The TSS could then 

act as sorbents for the particulate and colloidal PAHs in the water.   

 

Figure 5-4. Contributions of PAH species in the (a) atmosphere, (b) surface water, and (c) soils 

at three sampling sites in four periods.  

 

The 4- to 6-ring PAHs (i.e., Flt, Pyr, Chr, BbF, and BghiP) were more dominant in the soils 

(Figure 5-4). These compounds have lower volatility and higher affinity to soil organic matter 

compared to the others (R.Lide, 2004), leading to their stronger sorption to the soil particles, 

and thus, higher contributions in the soils. On the other hand, the 3-ring PAHs (i.e., Flu, Phe, 

and Ant) have higher volatility and shorter half-lives in the soils (Mackay et al., 2006a). 
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Therefore, they could be degraded or volatilize easier and had lower contributions. These 

observations were also in line with those reported in previous studies (Kwon and Choi, 2014a; 

Shi et al., 2017). 

Regarding the spatial distribution and temporal variation, the PAH profiles of the air and soils 

were relatively similar among the sampling sites and periods, with a dominance of 3- to 4-ring 

PAHs for the air and 4- to 6-ring PAHs for the soils (Figure 5-4). These observations might be 

derived from the relatively similar meteorological conditions (i.e., air temperature and wind 

speed), potential PAH emissions, and organic carbon of the soils among the sampling 

campaigns. For the surface water, the dissolved PAHs at the industrial site were more dominant 

by the 3- and 4-ring PAHs (Figure 5-4). The higher DOC at the industrial site (Figure 4-7 in 

chapter 4) could enhance the fraction of dissolved PAHs, especially the 3- and 4-ring species 

because they have higher water solubility and stronger affinity to the DOC. Moreover, the 

surface water in the late spring showed an increase of the 5- to 6-ring PAHs (Figure 5-4). As 

the heavy PAHs could primarily bound to particles or solids, this result could be derived from 

the higher rainfall amount in the late spring, leading to the higher colloidal-bound PAHs as 

mentioned previously.  

 

5.3.3. Air-water and air-soil exchange of PAHs 

In this study, only the gaseous PAHs having the ability to directly undergo the exchange 

between multimedia environment (i.e., air-water and air-soil) were considered. The PUF-PAS 

for collecting the air PAHs mostly captures the gaseous compounds (Melymuk et al., 2011). 

However, some portions of the particle-bound PAHs (i.e., 5- and 6-ring species) could also be 

trapped due to inefficient filtration for atmospheric particles of the PAS protective chamber 

(Melymuk et al., 2011). As the 3- and 4-ring PAHs (i.e., Flu, Phe, Ant, Flt, Pyr, BaA, and Chr) 

collected by the PUF-PAS are believed to be primarily in the gaseous phase (Nguyen et al., 

2020), these species were selected for the consideration of air-water and air-soil exchange of 

PAHs. 

 

5.3.3.1. Air-water exchange of the PAHs 

The exchange flux and fugacity ratios (FR) for the air-water exchange of PAHs are shown in 

Figure 5-5. Generally, most of the PAHs, except for Phe, mainly volatilized from surface water 

to the air, reflecting that surface water could be a source for the gaseous PAHs in Ulsan. 
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However, no correlations were found between the exchange flux or FR and the air 

concentrations, indicating that the volatilization from surface water could insignificantly 

contribute to the air PAHs. Interestingly, Phe mainly showed the net deposition, which could 

be due to its high concentration in the air promoting the escaping tendency to the other 

environmental media (Mackay, 2001), such as surface water. 

 
Figure 5-5. Air-water exchange of PAHs shown in (a) exchange flux and (b) fugacity ratio. 

 

However, the FR revealed that the net volatilization was more evident for the 3-ring PAHs (i.e., 

Flu and Ant) and the phase equilibrium was mainly observed for the 4-ring species (i.e., Flt, 

Pyr, BaA, and Chr) (Figure 5-5b). The relative difference in determining the transfer direction 

of PAHs between the exchange flux and FR could stem from the uncertainty of the calculation. 
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In particular, uncertainty from the temperature-corrected Henry’s law constant was considered 

in the FR approach, leading to the definition of net equilibrium (i.e., 0.3 < FR < 3.0) (Lammel 

et al., 2015). Moreover, the uncertainty from the calculation of exchange flux could be mainly 

from the overall mass transfer coefficients of PAHs between the air and surface water (Fang et 

al., 2012), however, net equilibrium is not defined in this approach.  

Regarding the spatial distribution, the exchange fluxes of PAHs were highest in the industrial 

(mean: 807.5 ng/m2/d), followed by the residential (mean: 295.2 ng/m2/d), and the semi-rural 

(mean: 141.9 ng/m2/d) sites (Figure 5-5). This observation could be because of the higher PAH 

concentrations in the air and surface water of the industrial and residential sites (Figure 5-2), 

leading to their higher exchange fluxes. For the temporal variation, the net volatilization was 

mostly strongest in summer (Figure 5-5), when the air and water temperature were highest 

during the sampling campaigns. The higher water temperature in summer could result in higher 

concentrations the dissolved PAHs through desorption (He et al., 1995). Moreover, the low 

concentrations of gaseous PAHs in summer (Figure 5-2a) could more promote the escaping 

tendency of PAHs from the surface water to the air to establish their equilibrium conditions 

between these environmental media (Mackay, 2001).  

In addition, the exchange fluxes of PAHs in late spring and fall were relatively low compared 

to those in the other periods (Figure 5-5). These results could be because of the higher gaseous 

concentrations in late spring and fall, leading to weaker volatilization from surface water. In 

fact, the temporal variations of PAH exchange, stemming from the different concentrations of 

PAH in the air and surface water, were also reported in previous studies (Fang et al., 2012; 

Lohmann et al., 2011).    

 

5.3.3.2. Air-soil exchange of the PAHs 

The exchange flux and fugacity fractions (ff) for the air-soil exchange of PAHs are illustrated 

in Figure 5-6. Generally, the net transfer of PAHs between the air and soils varied depending 

on their molecular weights. In particular, the 3-ring PAHs (i.e., Flu, Phe, and Ant) mostly 

experienced net volatilization, suggesting that the soils could be a secondary source of these 

species in the air. The 3-ring PAHs have high volatility and low affinity to the soil particles; 

thus, they could mainly experience net volatilization from the soils to the air. However, 

contributions from the soils could be unnoticeable because there were no correlations between 

the atmospheric concentrations and the exchange flux or fugacity fractions. The 4-ring PAHs 
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(i.e., Flt, Pyr, BaA, and Chr) mainly showed net deposition (Figure 5-6), reflecting that the 

soils could be a sink for these compounds. These observations were also in line with those 

reported in previous studies (Bozlaker et al., 2008; Dumanoglu et al., 2017). Moreover, the 

exchange fluxes of PAHs between the air-soil (-0.94 to 68.29 ng/m2/d) were much lower than 

those of the air-water (-364.06 to 1358.94 ng/m2/d). This result can be because solid particles 

of the soils might block or slow down the diffusion of PAHs between the air and soils (Mackay, 

2001), resulting in their lower mass transfer compared to the air-water system.  

 
Figure 5-6. Air-soil exchange of PAHs shown in (a) exchange flux and (b) fugacity ratio. 

  

˗100

0

Flu Phe Ant Flt Pyr BaA Chr Flu Phe Ant Flt Pyr BaA Chr

(a) Exchange flux

(b) Fugacity fraction

E
xc

h
a

n
g

e
 f

lu
x 

(n
g

/m
2
/d

)

Flu Phe Ant Flt Pyr BaA Chr Flu Phe Ant Flt Pyr BaA Chr

0.0

0.2

F
u
g

a
c
it
y 

fr
a

c
ti
o

n

E
q
u
ili

b
ri
u
m

V
o
la

til
iz

a
tio

n
D

e
p
o
s
iti

o
n

V
o
la

til
iz

a
tio

n
D

e
p
o
s
iti

o
n

˗50

50

100

150

200

˗100

0

˗50

50

100

150

200

0.4

0.6

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

3-ring PAHs 4-ring PAHs 3-ring PAHs 4-ring PAHs

Semi-rural Residential Industrial Middle spring SummerLate spring Fall

Semi-rural Residential Industrial Middle spring Late spring Summer Fall

Flu Phe Ant Flt Pyr BaA Chr

-100

-50

0

50

100

150

200

Flu Phe Ant Flt Pyr BaA Chr

-100

-50

0

50

100

150

200

A
p
r

A

Flu Phe Ant Flt Pyr BaA Chr

0.0

0.2

0.4

0.6

0.8

1.0

Flu Phe Ant Flt Pyr BaA Chr

0.0

0.2

0.4

0.6

0.8

1.0

A

Flu Phe Ant Flt Pyr BaA Chr

-100

-50

0

50

100

150

200

R

A Flu Phe Ant Flt Pyr BaA Chr

-100

-50

0

50

100

150

200

Flu Phe Ant Flt Pyr BaA Chr

0.0

0.2

0.4

0.6

0.8

1.0

A Flu Phe Ant Flt Pyr BaA Chr

0.0

0.2

0.4

0.6

0.8

1.0



95 

 

The air-soil exchange behaviors of PAHs also showed their spatial distributions. In particular, 

the exchange fluxes and ff values of almost PAHs at the industrial site were higher than those 

at the other sites (Figure 5-6). Additionally, they were mostly higher than 0.7 (i.e., Ant) and 

between 0.3 to 0.7 (i.e., Flu, Phe, Flt, Pyr, BaA, and Chr), suggesting the net equilibrium and 

volatilization of these species, respectively. The highest PAH concentrations in both the air and 

soils of the industrial site might lead to the equilibrium conditions of the PAHs, reflecting the 

delay of mass transfer between the air and soils.  

For the seasonal variations, the exchange fluxes and ff values in summer were higher than those 

in the other sampling periods (Figure 5-6). Moreover, statistically significant differences were 

also found between the exchange fluxes or ff of summer and those of the other seasons (Mann-

Whitney rank-sum test, p < 0.05). The higher air temperature and the lower atmospheric 

concentrations of PAHs in the summer could enhance the escape of PAHs from soils to the air. 

In addition, the lowest flux and ff values were shown in the middle spring, however, no 

statistical differences were observed between the flux or ff of middle spring and those of the 

late spring or fall. As the air-soil partitioning could be strongly affected by meteorological 

conditions, such as air temperature (Wang et al., 2011a), this observation could be because of 

the relatively similar air temperature in the middle spring to those in late spring and fall. 

Regarding the 3-ring PAHs (i.e., Flu, Phe, and Ant), they mostly experienced net volatilization 

or equilibrium during the sampling campaigns. However, for the 4-ring PAHs (i.e., Flt, Pyr, 

BaA, and Chr), they reached the equilibrium condition or volatilization in the summer and 

shifted to net deposition in the other seasons, especially in the middle spring when the air 

temperature was lowest during the study period. This result also reflected a sensitivity of the 

medium PAHs (i.e., 4-ring PAHs) to the air temperature as reported in previous studies 

(Bozlaker et al., 2008; Degrendele et al., 2016; Wang et al., 2011a). 

 

5.3.4. Distribution of PAHs among environmental media 

The distributions of PAHs among the air, surface water, and soils were calculated and shown 

in Table 5-2. The areas for air, surface water, and soils of Ulsan were adopted from the Korean 

Statistical Information Service (http://kosis.kr/search) and were 1059, 108.16, and 261.67 km2, 

respectively. In addition, the depth for air, surface water, and soils were assumed to be 1000, 1, 

and 0.05 m, respectively. The distributions of PAHs in each environmental media were 

calculated by multiplying the PAH concentrations in each media and the media volume.  

http://kosis.kr/search
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Table 5-2. Percentage distributions of PAHs among the air, surface water, and soils. 

PAHs Air Water Soil 

3 to 6 rings 1.01 0.03 98.96 

3 rings 6.46 0.16 93.39 

4 rings 0.64 0.03 99.33 

3 and 4 rings 1.84 0.05 98.11 

 

As shown in Table 5-2, the PAHs mostly distributed in the soils, followed by the air and surface 

water. However, it should be noted that the air and water PAHs considered in this study were 

primarily in the gaseous and dissolved phases, respectively. Therefore, a consideration of PAHs 

in both gaseous and particulate phases for the air, as well as dissolved and particulate phases 

for the surface water, could increase the distributions of PAHs in these environmental media. 

The highest fractions of PAHs in the soils (over 90%) could be because the PAHs have the 

affinity to bind to the soil organic matter, leading to their accumulation in the soils. Meanwhile, 

PAHs in the air and surface water could be washed out and degraded easier by several processes, 

such as photochemical reaction, deposition, and advection.  

In the soil, the heavy PAHs having higher toxicity are more dominant due to their less mobility 

and stronger sorption to organic matters of soil particles. Additionally, these heavy species tend 

to more accumulate in the soils and mostly undergo soil-water exchange through overland 

runoff. In the water, they would deposit onto bottom sediments rather than dissolve in the water 

due to their low water solubility (Mackay et al., 2006a). Moreover, the heavy PAHs have less 

ability to undergo air-soil exchange to become the atmospheric chemicals because of their low 

vapor pressure (Mackay et al., 2006a). Since the heavy species are more toxic, their low 

distributions in the air and their strong accumulation in the soil might contribute to low cancer 

risk for human health through inhalation intake and dermal absorption. However, the re-

suspension of soil particles containing the heavy PAHs (e.g., road dust) from soils to the air 

under strong wind speed could affect human health and this issue should be considered 

regarding human health risk assessment for the soil PAHs. 

The distribution of PAHs in the air was the second highest, however, the atmospheric PAHs 

should be paid attention because the original sources of these compounds (i.e., biomass burning 

and fossil fuel combustion) would emit them directly into the air. Especially, for Ulsan city, the 

petrochemical and non-ferrous industrial activities are believed to be the noticeable source of 

PAHs because their production processes can have coke/coal/heavy oil combustion, one of the 
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emission sources of PAHs. In addition, the monsoon system in Ulsan, especially during summer, 

could bring PAHs emitted in the industrial area to the others (i.e., urban and residential areas) 

(Nguyen et al., 2018). Moreover, as South Korea locates downwind of other countries in the 

Northeast Asia (i.e., China and North Korea), the monsoon system, especially in winter and 

spring (Inomata et al., 2017), could also bring PAHs originated from upwind areas (i.e., China 

and western areas of South Korea) to Ulsan and contribute to the local pollution. Therefore, 

although the PAHs were demonstrated to secondly distribute in the air, the atmospheric PAHs 

in Ulsan should be preferentially studied.  
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5.4. Conclusion 

The spatial distributions and seasonal variations of magnitude and direction exchange of PAHs 

between the air-water and air-soil were investigated. For the air-water exchange, net 

volatilization was mostly observed for the PAHs, suggesting that the water could be a secondary 

source of the air PAHs. Regarding the air-soil system, the exchange of PAHs could vary 

depending on their molecular weight. In particular, the 3-ring PAHs mainly showed net 

volatilization and equilibrium, whereas the 4-ring PAHs mostly experienced net deposition. 

Additionally, the exchange fluxes of PAHs between the air-water and air-soil were highest at 

the industrial site, mostly due to its higher PAH concentrations in the multimedia environment 

(i.e., air, soil, and water). Regarding the temporal variation, the net volatilization was strongest 

in the summer due to the effect of the higher air temperature and the lower air concentrations.  

The distributions of PAHs among the multimedia environment revealed that PAHs could 

primarily distribute in the soils, followed by the air and water. However, the main emission 

sources of PAHs (i.e., biomass burning and fossil fuel combustion) would emit them directly 

into the air, in addition, the monsoon system in Ulsan could seasonally affect the atmospheric 

PAHs in this city. Therefore, a study on PAHs in the air of Ulsan should also be preferable.
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Chapter 6: Conclusion  

 

In summary, this dissertation has two main objectives, including to investigate the 

seasonal/spatial concentrations, profiles, phase distribution, and exchange of PAHs and to 

identify the emission sources of PAHs regarding source types (i.e., petrogenic or pyrogenic 

source) and source areas (i.e., local or regional source). Based on the results of this dissertation, 

four main conclusions were drawn as below.      

Conclusion 1: Seasonal variations, phase distribution, and source identification of the 

atmospheric PAHs. 

The concentrations and profiles of PAHs in the atmosphere of Ulsan were demonstrated to vary 

seasonally. In particular, the total (gas + particle) concentrations of PAH were highest and 

lowest winter and spring, respectively. Moreover, the concentrations of gaseous PAHs were 

higher than those of particulate PAHs mostly throughout the sampling period. The 5- and 6-

ring PAHs increased their contributions in winter, mainly because of the lower air temperature 

and the combustion elevation for heating. The 3- and 4-ring PAHs increased their contributions 

in summer and fall, mostly because of the desorption stemming from the higher air temperature. 

Additionally, the gas/particle partitioning of PAHs in spring and winter showed different 

behavior compared to those in the other seasons, i.e., the higher contributions of the particulate 

PAHs. The main emission sources of atmospheric PAHs in Ulsan also varied seasonally. In 

more detail, the pyrogenic sources (e.g., coal combustion) could be the main sources of PAHs 

in the winter. Other types of pyrogenic (e.g., petroleum combustion) and petrogenic sources 

were believed to be the main PAH sources in summer and fall. Additionally, the spring could 

have mixed sources, including diesel and coal combustion or biomass burning.  

Conclusion 2: Identification of source areas of the atmospheric PAHs 

The atmospheric PAHs in Ulsan were proved to be affected by both local and regional emission 

sources; however, this influence could vary depending on the PAH phase and the monsoon 

system. In particular, the particulate PAHs were more affected by the long-range transport (i.e., 

from northeastern China and/or North Korea), however, the gaseous PAHs could be primarily 

affected by the local emissions (i.e., industrial and vehicle emissions). Moreover, the effect of 

trans-boundary transport on the PAHs was more evident in the spring and winter. In summer 
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and fall, a decrease of the monsoon system activity led to the more important influence of the 

local emission sources on PAHs.  

Conclusion 3: Spatial distribution, temporal variation, and phase distribution of PAHs in 

runoff and surface water 

The PAH concentrations in overland runoff and surface water were higher at the industrial site, 

mostly due to the higher PAH levels in the multimedia environment of the industrial area. The 

concentrations of PAHs in the runoff varied temporally depending on several variables, such 

as rainfall amount and the number of antecedent dry days. The dissolved PAHs were more 

predominant at most sites throughout the study periods. Moreover, the higher water 

temperature in summer could induce the desorption of PAHs from the particulate to the 

dissolved phase and result in an increase of the dissolved PAHs in the surface water. For the 

source identification, PAHs in the runoff and surface water could have the similar sources, 

which were a mix of both petrogenic (e.g., leakage from petroleum products) and pyrolysis 

(e.g., vehicle emission) sources. Additionally, the PAHs in the runoff of July (summer) could 

be also emitted from coal/coke/heavy oil combustion as a result of industrial emissions and 

local advection.  

Conclusion 4: Spatial distribution and seasonal variation of air-water and air-soil 

exchange of PAHs 

The exchange fluxes of PAHs between the air-water and air-soil were mostly highest at the 

industrial site because of its higher PAH concentrations in the multimedia environment (i.e., 

air, soil, and water). The net volatilization was strongest in the summer because of the higher 

air temperature and the lower air concentrations. In addition, most of the PAHs showed net 

volatilization from the surface water to the air, reflecting that the water could be a source for 

the atmospheric PAHs in Ulsan. However, no significant difference was observed between the 

air concentration and the exchange flux, indicating that the contribution from water could be 

insignificant for PAHs in the air. Moreover, the soil could be a source and a sink for the air 

PAHs depending mostly on their molecular weight (i.e., a source for the 3-ring PAHs and a 

sink for the 4-ring PAHs). However, the volatilization and contribution from the soils could be 

not important for the atmospheric PAHs. Additionally, the PAHs in Ulsan could primarily 

distribute in the soils, followed by the air, and the surface water. The highest distribution of 
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PAHs in the soils could be because these compounds have the affinity to sorb to the soil organic 

matter and then accumulate in the soils. However, based on the results from previous chapters, 

it is suggested that the atmospheric PAHs in Ulsan should also concerned because of several 

reasons, such as the effect of trans-boundary transport and direct emission from the local PAH 

sources.  

Implications  

Moreover, this dissertation can contribute to the understanding of PAHs in the multimedia 

environment, including the air, soils, runoff, and surface water. In more detail, the approaches 

used for the identification of source types (e.g., petrogenic or pyrogenic source) and source 

areas (e.g., local source or trans-boundary transport) can be applied in further studies on source-

receptor relations of pollutants. Especially, the combination of hybrid receptor model and 

gas/particle partitioning is firstly introduced in this dissertation and this approach can be 

applied to study on long-range transport for other organic chemicals. In addition, the PAH 

behaviors in runoff and surface water, as well as the seasonal variations of multimedia 

exchange of PAHs can also be more understood. Added to this, results from this dissertation 

can also support the decision-making related to environmental issues in Ulsan.  

Based on the results of this dissertation, further studies can more focus on the soil and 

atmospheric PAHs in Ulsan. For instance, seasonal monitoring of the soil PAHs, application of 

other models that consider the reaction of PAHs during transport (e.g., WRF-Chem and CMAQ) 

to identify the influence of trans-boundary transport on PAHs, and monitoring of other PAH-

derivative compounds (i.e., oxygen and nitrogen-containing PAHs) in Ulsan.  
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Appendix 1   

 

Table A1-1. Summary of PMF and error estimation diagnostics. 

Diagnostic 3 factors 4 factors 5 factors 6 factors 

Qrobust/expected 28.9 -0.28 -0.43 -0.17 

DISP swaps 0 0 0 69 cases 

BS mapping (%) Factor 1: 98 

Factor 2: 90 

Factor 3: 96 

Factor 1: 100 

Factor 2: 96 

Factor 3: 94 

Factor 4: 99 

Factor 1: 97 

Factor 2: 96 

Factor 3: 100 

Factor 4: 96 

Factor 5: 99 

Factor 1: 98 

Factor 2: 97 

Factor 3: 98 

Factor 4: 75 

Factor 5: 94 

Factor 6: 99 

BS-DISP%  

cases with swaps 

9% 38% 86% No results 

  

 

Text A1-1. Discussion on the selection of PMF solution. 

The results of Q values and uncertainty error estimation of four PMF solutions are shown in 

Table S3. Three error estimation methods suggested by (US-EPA, 2014) were used, including 

bootstrapping (BS), displacement (DISP), and bootstrapping with displacement (BS-DISP). In 

moving from three to four factors, the values of Qrobust/expected declined from 28.9 to -0.28. 

Additionally, a smaller change of Qrobust/expected , from -0.28 to -0.43, was observed when moving 

from four to five factors. Change in Q becomes small with increasing factors suggests too many 

factors were chosen (Brown et al., 2015). Thus, four factors could be a favorable solution.  

To support this selection, uncertainty error estimation for all PMF solutions was checked. With 

a six-factor solution, factor 4 was mapped 75% of the run for the BS, and 69 cases were 

swapped in the DISP, indicating this solution is not stable (US-EPA, 2014). A five-factor 

solution had high mapping rates for all factors. However, 86% of cases with swaps were 

observed in the BS-DISP. Thus, this factor could not be an optimal selection (Brown et al., 

2015). For a four-factor solution, all factors were mapped over 90% in BS, and the number of 

swaps was low (38%), reflecting this solution is acceptable.  
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Appendix 2   

 

Table A2-1. The average number of trajectory endpoints per cell (s value) used for the 

conventional (PSCFc), using the entire trajectory path for calculation, and the modified PSCF 

(PSCFm), using the trajectory endpoints within the mixing and residual layers.    

Season Conventional PSCFc Suggested PSCFm 

Summer 60 20 

Autumn 20 10 

Winter 10 2 

Spring 10 2 

4 seasons 25 14 

 

Text A2-1. Selection of the optimal weighting function and concentration threshold. 

Two weighting functions (W1 and W2) and three thresholds, including the 50th, 75th, and 90th 

percentiles of the Ʃ13 PAHs, were applied to calculate the PSCFm and CWTm. In general, the 

PSCFm and CWTm using the weighting functions W1 and W2 suggested the relatively similar 

source areas for the PAHs (Figure A2-1). However, the smaller values of the W2 obviously 

declined the output values of the PSCFm and CWTm. As the possible source areas are 

determined based on the higher values of the PSCF and CWT (Hopke et al., 1993), this 

observation might lead to the inadequate identification of the source areas. Indeed, the PSCFm 

and CWTm using the W1 determined that PAHs in Ulsan could be transported from China, 

especially Beijing, Hebei, Tianjin, Liaoning, and Jilin (Figure A2-1a). Nevertheless, these areas 

were not obviously confirmed by the models using the weighting function W2, especially the 

PSCFm (Figure A2-1b). Hence, for the comprehensive identification of the source areas, the 

weighting function W1 was selected for further calculation in this study. 

Regarding the threshold for the PSCF calculation, PSCFm with the 90th percentile of the Ʃ13 

PAHs apparently ignored northeastern China (i.e., Jilin and Liaoning) as the source areas of the 

PAHs in Ulsan (Figure A2-1). These areas, however, were suggested as the PAH sources by the 

PSCFm with 75th and 50th percentiles and the CWTm (Figure A2-1). Therefore, the insufficient 

identification of source areas regarding PSCFm with the 90th percentile indicates that this value 

is an inappropriate threshold.  
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Moreover, the 50th percentile-PSCFm suggested potential source areas (e.g., Liaoning, Jilin, and 

mainland Japan). However, these areas were not strongly verified by the 75th percentile-PSCFm 

and the CWTm (Figure A2-2), reflecting that they might be not the source areas of PAHs in 

Ulsan. Therefore, the 75th percentile was selected as the threshold for further PSCF calculation 

in this study.  

 
Figure A2-1. Modified PSCF (PSCFm) with the 90th, 75th, and 50th percentiles of the Ʃ13 PAHs 

and the modified CWT (CWTm) using two weighting functions: (a) W1 and (b) W2. The average 

annual of the total (gas + particle) PAHs were used.  
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Figure A2-2. Modified PSCF (PSCFm) using the 75th and 50th percentiles of the Ʃ13 PAHs and 

the modified CWT (CWTm) of the (a) gaseous and (b) particulate PAHs. The weighting 

function W1 was applied for the calculation. The average annual data were used.  

.  
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