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Abstract 

Purpose: Particulate matter (PM) has been reported to affect human health and disease, as well as a wide range of industries. 

Several studies have shown its impact on the distribution industry affecting consumption patterns and sales. Various techniques 

have been used to identify the sources of these PMs. Stable isotopes ratio (SIR) has been applied in various fields including 

chemistry, ecology, environment, and food. Especially in environmental science fields, they have been used to track sources of 

water or air pollution. This study was carried out to examine the origin/source of PM in the atmosphere over Seoul Metropolitan. 

Research design, data and methodology: PM samples were collected from five different locations in Seoul, and stable isotope 

ratios of carbon, nitrogen, sulfur, and nitrate in PM10 were analyzed using an elemental analyzer-isotope ratio mass spectrometer. 

Results: These isotope values were compared with the data reported in the literature. The isotope ratio calculated in this study for 

each target element was within the range of reported values. Conclusions: The results revealed that δ13C and δ15N values 

obtained in this study were very similar to those of PMs collected in Paris. Based on the results, we hypothesized that a major 

emission source of PMs in Seoul might be combustion of liquidized natural gas. In comparison to other studies conducted during 

periods of high PM concentrations, the observed results are consistent with the hypothesis that pollution is primarily domestic 

stagnation in transportation and heating activities. 
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1. Introduction   
 

In Korea, research on the health effects of particulate 

matter (PM) has been conducted since the 1990s. This 

research has included studies on the impact of fine and 

ultrafine PM on human health, which have been undertaken 

domestically and internationally (Bae, 2014; Kappos et al., 

2014). PM has been reported to affect human health and 

disease, as well as a wide range of industries. Several studies 
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have shown its impact on the distribution industry in terms 

of consumption patterns and sales (Bae & Baek, 2020; Han 

& Moon, 2022; Kim et al., 2022). Particulate matter in 

ambient air has been identified as impacting distribution and 

service industries. In particular, the distribution industry is 

susceptible to changes in the external environment, with 

consumers' purchasing behavior significantly influenced by 

such an atmosphere condition (Han & Moon, 2020). 

Consequently, this study aims to ascertain the extent to 
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which domestic and foreign sources contribute to the 

pollution of particulate matter, which affects various 

industries. 

Therefore, we focused on the origin of PMs using a 

technique that is comparing stable isotope ratio (SIR). 

Analysis of SIRs of elements has been applied in a variety 

of science fields including chemistry, ecology, environment, 

and food (Glibert et al. 2019; Ishikawa 2018; Santana-

Mayor et al. 2019). Nowadays, it is used to investigate 

sources of water or air pollution (Guo et al. 2019; Schudel 

et al. 2018; Sriram et al. 2018). Especially, stable isotopic 

analysis of atmospheric particulate matter (PMs) is 

considered as a powerful tool for identifying emission 

sources for air pollution (Lim et al. 2019; Ouyang et al. 2019; 

Pan et al. 2020). 

Widory et al. (2004) initiated research on SIRs to track 

potential sources of pollution in the atmosphere. According 

to the study, it appears to be difficult for us to identify 

pollution sources with common physicochemical properties 

of the detected pollutants. As such, they applied carbon and 

lead isotopes for the identification of aerosol sources in the 

atmosphere over Paris. Morera-Gómez et al. (2018) 

analyzed SIRs of carbon and nitrogen in particulate matter 

(PMs) emitted from various sources. The SIR results were 

compared with those obtained from the potential emission 

sources for tracking the major contributors of the local air 

pollution. PM10 (PMs with an aerodynamic diameter of less 

than 10 μm) is one of the major air pollutants in urban areas. 

It contains numerous inorganic and organic compounds, 

many of which can adversely affect human health and the 

environment (Fuzzi et al. 2015; Hegde et al. 2016). Widory 

(2007) conducted research in the downtown of Paris, France, 

where pollution sources were investigated by analyzing 

nitrogen SIRs in PM10 samples and by comparing them with 

those obtained from the corresponding library established 

for various emission sources such as vehicle exhaust, fuel 

combustion, natural gas, etc. The study revealed that most 

important nitrogen emission sources in Paris would be 

combustion of natural gas. However, due to the complex 

mechanism of PM10 formation, behavior of the particles in 

the atmosphere, and the seasonal variation in fuel 

consumption, it is difficult to clearly identify pollution 

sources by using only carbon and nitrogen SIRs (Morera-

Gómez et al. 2018). In addition, SIRs of carbon and nitrogen 

could be changed by a variety of phenomena such as raining 

events, temperature changes, and pollution sources (Felix & 

Elliott 2014). 

Therefore, stable isotopes of various elements as they are 

or as a part of a molecule are being utilized to characterize 

emission sources. NO3
- and SO4

2- are mainly created during 

the conversion process from gaseous N and S compounds to 

aerosol particles by secondary atmospheric chemical 

reactions (Yang et al. 2015). Agricultural activities are 

known as the major NH4
+ source. A Significant amount of 

NH4
+ is also emitted in urban area. It is emitted by vehicles 

equipped with a catalytic converter and eventually forms 

PMs as combined with other sulfur or nitrogen ions (Felix 

et al. 2014). To better understand the emission source and 

atmospheric behavior of PMs, analysis of a variety of 

isotope composition may be required for water-soluble 

inorganic ions in PMs (Felix et al. 2013; Pan et al. 2016; 

Sharma et al. 2015). Thus, various research on tracking 

pollution sources makes use of isotope ratios of NH4
+, NO3

-, 

SO4
2- ions (Felix et al. 2014; Park et al. 2018; Yang et al. 

2015).  For example, Felix & Elliott (2014) characterized 

each air pollution source by comparing SIRs of NOX-

δ15N/δ18O originated from organic, vehicle, soil and 

livestock samples. Stable isotope ratios of NOX-δ15N/δ18O 

of the samples collected from the northeastern region of the 

United States were compared with the SIR values of 

pollution sources listed in the library made in the States. The 

study concluded that vehicles were the main source of air 

pollution in the region. By analyzing time change of NO3
--

δ15N, Beyn et al. (2014) could trace down the shift of the 

pollution sources in Geesthacht, Germany over time; they 

monitored nitrogen deposits for four seasons. Mukai et al. 

(2001) measured sulfur and lead SIRs of the atmospheric 

aerosol of urban areas in China and Japan. They analyzed 

the regional sources characteristics by comparing sulfur 

SIRs with different fuel sources. Coal combustion was 

identified as the most significant source of air pollution in 

the industrial areas of the country by analyzing sulfur SIR. 

A summary of a variety of research was compared with the 

type of isotope ratio and tracing emission sources in Table 1. 

 
Table 1: Isotope analysis with tracing emission sources in literature 

City, 
Country 

Isotope 
ratio 

Emission Sources Reference 

Paris, 
France 

C, N, Pb Road, Industrial 
Park, Fuel, 
Natural gas 

Widory et al., 
2004; Widory, 
2007 

Northeast
ern, USA 

N, O Fertilized soil, 
Vehicle, Livestock 
manure 

Felix & Elliott 
2014 

Geesthac
ht, 
Germany 

NOx Coal powerplant, 
Road, Vehicle 

Beyn et al., 
2014 

Cities in 
China and 
Japan 

S, Pb A various type of 
coal 

Mukai et al., 
2001 

 

In Korea, only few studies have been carried out to 

characterize atmospheric particulate aerosols or PMs 

through the analysis of SIRs of elements (Hong et al. 2019; 

Park et al. 2018). Identifying the composition and sources of 

PMs is important in establishing a management program or 

policy for controlling air pollution. Therefore, the objective 

of present study is to characterize of PM10 by measuring 

SIRs of carbon (δ13C), nitrogen (δ15N), sulfur (δ34S), and 
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nitrate (NO3
--δ15N/18O) in particles collected in the air over 

Seoul, Korea. Characterization of isotopic composition has 

been performed to track the potential sources of the 

collected PM10 by comparing the SIR values from this study 

with the ones published by other researchers. In addition, 

develop a response strategy and basic information for the 

distribution industry by analyzing the industrial impacts 

related to PMs. 

 
 

2. Research Method 
 

2.1. PM10 sampling location 

 
Samples were collected from five different locations in 

Seoul. There were two sampling events during the winter on 

8th Jan and 11th Mar. There are air quality monitoring stations 

operated by the Seoul Research Institute of Public Health 

and Environment for Seoul metropolitan government in the 

five selected locations shown in Fig. 1. The sampling site in 

Guro (1) is close to a semi-industrial area while in the north, 

there is a digital complex and southern circular roads. Mapo 

(2) site is a shopping district, while Gwangjin (3) site is a 

residential area. Songpa (4) is in a park. Yangjae (5) site is 

close to a residence area and to a highway. The 

characteristics of sample locations were presented in Table 

2 for description on sampling sites. 

 

 
Figure 1: Sampling locations (Map of Seoul, Korea) 

 

Guro (1) and Mapo (2) were designated as urban areas 

due to their high population density and geographical 

characteristics for applying urban location. Gwangjin (3), 

Songpa (4), and Yangjae (5), which are located in the 

suburbs of Seoul, were designated as peripheral areas. Guro 

site is 40 meters above sea level at Guro High School. This 

area is characterized by a combination of industrial and 

semi-industrial activities, with the Digital Complex situated 

to the north of the measurement site and the Southern Belt 

Highway located to the south. Mapo measurement site is 

situated at an elevation of 17 meters above sea level. This 

measurement site is located at the Mapo Art Centre, 

represented by low-rise buildings, including shops and 

residential properties. Gwangjin site, located at the former 

Arisu Water Treatment Plant, is 35 meters above sea level. 

This area is known for its high-rise apartments in the 

southern region, surrounded by apartment and office 

complexes. Songpa site, situated in the Olympic Park at 16 

meters above sea level, is a predominantly residential area. 

Yangjae site is in the Olympic Park, 33 meters above sea 

level, and the Seoul Institute of Health and Environment. It 

is predominantly residential, nearby expressway and forest. 

 
Table 1: Characteristics of sampling sites 

ID Name Characteristic 
Elevation 

(m) 
PM10 Concentration 

(µg m-3). 

1 Guro 
Heavy traffic, 
Commercial 

40 67, 39 

2 Mapo 
Commercial, 
Residential 

17 70, 41 

3 Gwangjin Residential 35 83, 44 

4 Songpa 
Residential, 
Suburban 

16 69, 39 

5 Yangjae 
Heavy traffic, 
Residential 

33 78, 43 

 

2.2. PM10 Collection and Analytical Methods 

 
PM10 in the air was collected using a high-volume air 

sampler (HVAS, Sibata, Kyoto, Japan) with a quartz fiber 

filter (Toyo Roshi Kaisha, Tokyo, Japan) at a flow rate of 1 

m3 min-1 for 24 h; the amount of PM10 on the filter was 

quantified using the gravimetric method. Ionic compounds 

in the collected particles were extracted through the method 

proposed by Kouvarakis et al. (2001). The samples were 

prepared for the size of Φ 50 mm using a punch with the 

collected filter, followed by crushing the filter for extraction 

of nitrate ionic compound and isotope analysis. These 

samples added 40 mL of deionized water in a conical tube 

and particulate nitrate extracted in a solution for 30 minutes 

using an ultrasonic digester. It was passed through a 0.20 μm 

membrane filter (Whatman®, Maidstone, UK) after shaking 

for 5 minutes. Then, nitrate (NO3
-) concentration was 

measured using an ion chromatograph (DX-100, Dionex, 

California, USA). 
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2.3. Isotopic Analysis 

 
PM10 samples were sealed in tin boats (4 mm×4 mm ×11 

mm) and combusted in an elemental analyzer (EA) with 

1150 ˚C oxidation and 850 ˚C reduction tubes. The 

combustion gas was composed of high-purity oxygen 

(>99.995%) and ultra-high-purity helium gas (>99.9999%). 

The carrier gas was helium (>99.9999%) with a 180 mL/min 

flow rate. The samples were gasified with nitrogen, carbon 

dioxide, and sulfur dioxide and simultaneously measured in 

an isotope ratio mass spectrometer (IRMS). SIRs are 

measured using a mass spectrometer (MS). This is an 

instrument that ionized gas based on the mass-to-charge 

ratio (m/z) of the target substance and passes it through a 

magnetic field to measure the SIR (Dawson & Brooks, 

2001). SIR was analyzed using an EA-IRMS (Isoprime, 

Elementar-GV Instrument, Manchester, UK). it analyzed 
13C/12C, 15N/14N, and 34S/32S values of PMs in the collected 

samples. Reproducibility of standard materials was obtained 

within about ±0.2 ‰ for both of carbon, nitrogen, and sulfur 

isotope ratio. 

NO3
--N15/O18 was also analyzed using a denitrifying 

method; Pseudomonas chlororaphis (P. chlororaphis) was 

utilized to reduce NO3
- to N2O (Sigman et al. 2001). The 

solid type of P. chlororaphis was cultivated in tryptic soy 

broth (TSB) at 28 ℃ and for 3 d. After centrifugation of the 

cultures, only the cells were separated and cultured at 28 ℃ 

and for 7 d in a 100 mL TSB medium. The concentrated cells 

were placed into a tube. Then, the tube was purged with 

helium gas. The tube was sealed with a stopper and added 

with a sample containing NO3
- extracted from the PM10. 

NO3
- in the sample were converted N2O gas in the tube for 

2 h. The N2O gas generated was condensed with a trace gas 

pre-concentrator connected with a CO2 cryo-trap. NO3
--

N15/O18 in the gas was measured by IRMS (Isoprime, 

Elementar-GV Instrument, Manchester, UK). The stable 

isotope ratios of oxygen and nitrogen in the sample were 

adjusted with Vienna standard mean ocean water (VSMOW) 

for 18O/16O, and with atmospheric nitrogen for 15N/14N, 

respectively.  The calculation of stable isotope 

consumption is always compared to a standard and the 

relative difference is expressed as a del value (δ) as follows.  

 

𝛿(‰) = (𝑅𝑠𝑎𝑚𝑝𝑙𝑒/𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 − 1) × 1000 

 

A δ value of 0 means that the isotope ratio originated the 

sample (Rsample) is equal to that calculated by the standard 

(Rstandard). A δ value of + (positive) means that the sample is 

more enriched in heavy isotopes than the standard, and a 

value of - (negative) means that the sample is deficient in 

heavy isotopes and lighter than the standard (McKinney et 

al., 1950).  

 

3. Results and Discussion 
 

3.1. SIRs of C, N, S in PM10 collected in Seoul 
 

The results revealed that the stable isotope of carbon (δ13C) 

in PM10 collected from the air over Seoul were -25.5 to -

24.2‰ (Fig. 2). The ratio of the C isotopes was similar to 

the PMs measured in the cities of northern China and central 

Mexico City (Cao et al. 2011; Górka et al. 2014; Grassi et al. 

2006; López-Veneroni 2009). Conventionally, processes 

combusting petrol and natural gas have been considered as 

major PM emission sources (Widory et al. 2004). However, 

the stable isotope of carbon in PMs of the air over Seoul was 

similar to that of natural gas which is used as fuel for 

automobiles and home-heating. Compared to the isotope 

ratio values measured in an agricultural area of Tanzania, the 

area measured in this is quite different. This is probably 

because biomass-burning is commonly practiced in African 

countries (Mkoma et al. 2014). 

 

 
Figure 2: Composition of carbon isotope ratio in PM10. Data 
was compared with (1Mkoma et al., 2014; 2López-Veneroni, 
2009; 3Górka et al., 2012; 4Grassi et al., 2006; 5Widory et 

al., 2004; 6Cao et al., 2011). 
 

The isotopes of δ15N in PM10 collected in this study 

ranged from -12.1 to 7.1‰ as shown in Fig. 3, The same 

range of isotope ratios of δ15N were measured in Paris, 

France and the southwestern region of Poland. Like the 

stable isotope ratio of carbon, the nitrogen isotope ratio was 

close to the one of natural gas (Górka et al. 2014; Kundu et 

al. 2010; Mkoma et al. 2014; Widory 2007). In fact, natural 

gas is used as fuel for public transportation and heating both 

in Korea and France. Notably, the nitrogen isotope ratio 

measured in Tanzania is significantly different from those of 

Seoul and Paris, possibly because air nitrogen source of the 

Tanzanian rural area would be different from those of Seoul 

and Paris.  
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Figure 3: Composition of nitrogen isotope ratio in PM10. 

Data was compared with (1Mkoma et al., 2014; 2Górka et 
al., 2012; 3Widory, 2007; 4Kundu et al., 2010). 

 

In the case of δ34S, the range of sulfur isotope ratios was 

5 to 9‰ (Fig. 4). δ34S measured in the northern area of China 

ranged from 4 to 6‰ and that of Mainz, Germany was 2 to 

14‰ (Mukai et al. 2001; Sinha et al. 2008). The stable 

isotope ratios of δ34S measured in this study were quite 

different from those of gas emission from combustion as a 

fuel of coal in China (Cao et al., 2011). Germany and Korea 

are less affected by emissions from the combustion of a coal 

since these countries mainly use natural gas for heating. 

 

 
Figure 4: Composition of sulfur isotope ratio in PM10. Data 

was compared with (1Mukai et al., 2001; 2Sinha et al., 
2008). 

 

In this study, N and O stable isotopes of atmosphere-

derived nitrate (NO3
--δ15N/δ18O) were analyzed to identify 

potential sources of nitrogen oxides (NOx) emission to the 

air pollution (Redling et al. 2013; Walters et al. 2015). In 

Seoul, NO3
--δ15N was 8-12 ‰ (Fig. 5) where it 

corresponded to NO3
--δ15N from the emission source of 

power plants and vehicles (Kundu et al., 2010; Beyn et al., 

2014). It was distributed in similar ranges of isotope 

composition analyzed in urban areas of New York and Ohio 

in eastern United States (Elliott et al. 2009). Similar to the 

result of carbon and nitrogen stable isotope composition 

contributing to the emission source in atmosphere aerosol, it 

is assumed that nitrate isotopic composition from the PMs 

originated mainly from vehicles. 

 
Figure 5: Composition of nitrogen isotope ratio of NO3

- in 
PM10. Data was compared from (1Beyn et al., 2014; 2Elliott 

et al., 2009; 3Kundu et al., 2010). 
 

3.2. SIRs of NO3
- in PM10 collected in Seoul 

 
NO3

--δ18O was 75-90 ‰ which is similar to that of the 

city in the northeast area in the United States in winter (Fig. 

6a). The isotope ratio measured in this study was 

characterized by dry depositions. There was a significant 

difference in the isotope ratio of NO3
--δ15N/δ18O depending 

on dry or wet deposition method (Felix and Elliott, 2014). 

There was a positive correlation between NO3
--δ15N and 

nitrate concentration of the PMs (Fig. 6b). It was also 

revealed that the concentration of NO3
- was correlated to 

that of PM10 (r = 0.90, p < 0.01, n = 10 in this study, r = 

0.754, n = 23; Górka et al., 2012).  This indicated that the 

portion of emission sources with heavy NO3
--δ15N isotope 

ratio was higher compared to PM10 concentration in the 

ambient atmosphere. Therefore, it was assumed that the 

majority of PM10 originated from NOX. However, this needs 

to be verified by establishing a nitrogen/nitrate isotope ratio 

library and comparing with isotopic composition of 

pollution sources in the future. Based on the hypotheses of 

this research, it is assessed that, in Seoul, vehicles are the 

major source of PM10 as well as NOX. 
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Figure 6: a) Composition of NO3

--δ15N/δ18O and b) 
comparison of NO3

- and NO3
--δ15N in PM10. Data was 

compared from Felix and Elliott (2014). 
 

This study represents the inaugural attempt to measure 

stable isotope ratios in PM10 in Seoul, Korea, and to interpret 

the analysis data of stable isotope ratios by comparing them 

with pollution sources from similar values reported in the 

literature. In the future, it would be beneficial to investigate 

the isotope ratio inventories of various emission sources 

(e.g., automobiles, power plants, environmental 

infrastructures, soils, and concentrated animal feeding 

operations (CAFOs), etc.) in order to confirm the stable 

isotope ratios of PMs from the background area. By 

monitoring the PMs of the background area and the changes 

in the stable isotope ratio, it may be possible to track down 

sources of pollution more effectively. 

 

3.3. The emission sources of PMs and its limitations 
 

An air transport and dispersion model provided by 

National Oceanic and Atmospheric Administration (NOAA) 

Air Resources Laboratory (http://www.ready.noaa.gov) was 

utilized to find out the air flow patterns affecting the PM10 

concentration in Seoul. The air-mass backward trajectories 

are classified using hybrid single particle lagrangian 

integrated trajectory (HYSPLIT), which has been used to 

predict movement path of a pollutant generated at a specific 

point over the time (Stein et al. 2015). The results of 

atmospheric transport pathway on the sampling day 

composed of the trajectories originated in the inner 

Mongolia region and the west sea of Korea nearby China 

(Fig. 7).  

 

 
Figure 7: The atmospheric transport pathway of 72-h 

means backward air trajectories predicted by HYSPLIT for 
a) January and b) March at Seoul in Korea. 
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High concentrations of PM were observed in February 

(Shin et al., 2014). These indicate that PM10 concentrations 

in Seoul during the episode period were dominated by long-

range transport from the China region as well as domestic 

sources (Kim et al., 2016). This study conducted sampling 

events during January and March, when high PM 

concentrations were observed. The sources of PM10 were 

similar during the measurement period of this study, and 

therefore the results of the isotope ratio comparison were 

also attributed to traffic and heating during the period of 

high PM10 concentration. 

A backward trajectory of the atmosphere indicates that PM 

sources may influence long-range transportation from 

Mongolia or China. However, isotopic analyses confirm that 

the PM sources originated from domestic dominants. 

Nevertheless, further research is required to overcome the 

following limitations and reach more precise conclusions. 

The emission source tracking is limited by comparison with 

the isotope ratio results performed by overseas researchers. 

We propose the establishment of a library of an isotope ratio 

inventory of various emission sources. Additionally, we aim 

to monitor the isotope ratio of airborne particulate matter 

and its precursors over a seasonal or long-term period and 

identify the baseline concentration of stable isotopes in 

domestic background areas. These steps will significantly 

enhance our ability to trace emission sources with greater 

precision.  

 

3.4. Effects of the PMs concentrations on 

distribution industry 
 

The characteristics of PM emissions can be divided into 1) 

changes in PM concentration according to seasonal factors, 

2) high concentration events, and 3) source differences. PM 

emissions affect various industries, such as distribution, 

health care, and services, resulting in changes in 

consumption patterns (Bae & Baek, 2020; Han & Moon, 

2022; Kim et al., 2022). Therefore, a consumption strategy, 

when considering characteristics of PM emissions, holds the 

potential to positively influence the industries affected. The 

results of these studies can be used to evaluate consumption 

patterns and sales impacts in the distribution sector. In 

addition, it is used for product development and sales 

planning to respond to PM emissions. 

 

 

4. Conclusion 

 
In this study, the isotopic composition of carbon (δ13C), 

nitrogen (δ15N), and sulfur (δ34S) among the PM10 was 

analyzed to identify the emission source of PMs in Seoul. In 

addition, NO3
--δ15N/δ18O were analyzed using the 

denitrification method by microorganisms. The results of 

isotope ratios compared that δ13C and δ15N values obtained 

in this study were very similar to those of PMs collected in 

Paris. Based on the results, we hypothesized that a major 

emission source of PMs in Seoul might be combustion of 

liquidized natural gas. In comparison to other studies 

conducted during periods of high PM concentrations, the 

observed results are consistent with the hypothesis that 

pollution is primarily domestic stagnation in transportation 

and heating activities. The results revealed that most of the 

PM10 in Seoul originated from vehicles.  

In the future, it is important to establish the inventories of 

the isotope ratios and monitor the isotope ratio of PM10 by 

season or for a long term. Analysis of the isotope ratio, 

together with additional and various stable isotope ratio 

libraries, can be efficiently used for tracking down the 

sources of pollution and the composition of PM10.  

Additionally, it is expected that the results of this study can 

be used for the analysis of the sales patterns in the 

distribution industry. Identifying the sources of PM 

emission has revealed a significant domestic factor in the 

occurrence of high concentrations events. This finding, 

which holds promise for effective PM management, can be 

used to promote policies to reduce PM by establishing strict 

emission regulations and measures to supply eco-friendly 

fuels and electric vehicles. Therefore, regarding PM 

management, tracking the PM source can be essential in 

preparing policy implications. 

 

Acknowledgements 
This work was supported by the Specialized Graduate 

School Program for Integrated Environmental Management 

from the Korea Environment Corporation (K-eco), funded 

by the Ministry of Climate, Energy and Environment of the 

Republic of Korea. 

 

References 

 
Bae, S-.Y., Baek, B-.H. (2020). An Analysis of the Effects of the 

Particulate Matter News on Consumption Behavior of Retail 

Markets and Food Delivery Service Industry in Korea. 

FoodService Industry Journal, 16(4), 7-20. 

https://doi.org/10.22509/kfsa.2020.16.4.001 

Beyn, F., Matthias, V. & Dähnke, K. (2014). Changes in 

atmospheric nitrate deposition in Germany – An isotopic 

perspective. Environmental Pollution, 194, 1–10. 

https://doi.org/10.1016/j.envpol.2014.06.043 

Cao, J. J., Chow, J. C., Tao, J., Lee, S. C., Watson, J. G., Ho, K. F., 

Wang, G. H., Zhu, C. S. & Han, Y. M. (2011). Stable carbon 

isotopes in aerosols from Chinese cities: Influence of fossil 

fuels. Atmospheric Environment, 45, 1359–1363. 

https://doi.org/10.1016/j.atmosenv.2010.10.056 

Dawson, T.E., Brooks, P.D. (2001). Fundamentals of Stable 

Isotope Chemistry and Measurement. In: Unkovich, M., Pate, 

J., McNeill, A., Gibbs, D.J. (eds) Stable Isotope Techniques in 



158              Ingyu LEE / Journal of Wellbeing Management and Applied Psychology Vol 9 No 2 (2026) 151-159 

the Study of Biological Processes and Functioning of 

Ecosystems. Current Plant Science and Biotechnology in 

Agriculture, vol 40. Springer, Dordrecht. 

https://doi.org/10.1007/978-94-015-9841-5_1 

Elliott, E. M., Kendall, C., Boyer, E. W., Burns, D. A., Lear, G. G., 

Golden, H. E., Harlin, K., Bytnerowicz, A., Butler, T. J. & 

Glatz, R. (2009). Dual nitrate isotopes in dry deposition: 

Utility for partitioning NOxsource contributions to landscape 

nitrogen deposition. Journal of Geophysical Research, 114. 

https://doi.org/10.1029/2008jg000889 

Han S. L., Moon J. (2020). Impact of Environmental Changes on 

Offline Distribution Channel Sales. Journal  Channel Retail, 

25(4), 31-51. https://doi.org/10.17657/jcr.2020.10.31.2 

Felix, J. D. & Elliott, E. M. (2014). Isotopic composition of 

passively collected nitrogen dioxide emissions: Vehicle, soil 

and livestock source signatures. Atmospheric Environment, 92, 

359–366. https://doi.org/10.1016/j.atmosenv.2014.04.005 

Felix, J. D., Elliott, E. M., Gish, T. J., McConnell, L. L. & Shaw, 

S. L. (2013). Characterizing the isotopic composition of 

atmospheric ammonia emission sources using passive 

samplers and a combined oxidation‐bacterial denitrifier 

approach. Rapid Commun Mass Spectrom, 27, 2239–2246. 

Felix, J. D., Elliott, E. M., Gish, T., Maghirang, R., Cambal, L. & 

Clougherty, J. (2014). Examining the transport of ammonia 

emissions across landscapes using nitrogen isotope ratios. 

Atmospheric Environment, 95, 563–570. 

https://doi.org/10.1016/j.atmosenv.2014.06.061 

Fuzzi, S., Baltensperger, U., Carslaw, K., Decesari, S., Gon, H. D. 

van der, Facchini, M. C., Fowler, D., Koren, I., Langford, B., 

Lohmann, U., Nemitz, E., Pandis, S., Riipinen, I., Rudich, Y., 

Schaap, M., Slowik, J. G., Spracklen, D. V., Vignati, E., Wild, 

M., … Gilardoni, S. (2015). Particulate matter, air quality and 

climate: lessons learned and future needs. Atmospheric 

Chemistry and Physics, 15(14), 8217–8299. 

https://doi.org/10.5194/acp-15-8217-2015 

Glibert, P. M., Middelburg, J. J., McClelland, J. W. & Zanden, M. 

J. V. (2019). Stable isotope tracers: Enriching our perspectives 

and questions on sources, fates, rates, and pathways of major 

elements in aquatic systems. Limnology and Oceanography, 

64(3), 950–981. https://doi.org/10.1002/lno.11087 

Górka, M., Rybicki, M., Simoneit, B. R. T. & Marynowski, L. 

(2014). Determination of multiple organic matter sources in 

aerosol PM10 from Wrocław, Poland using molecular and 

stable carbon isotope compositions. Atmospheric Environment, 

89, 739–748. https://doi.org/10.1016/j.atmosenv.2014.02.064 

Grassi, C., Campigli, V., Dallai, L., Nottoli, S., Tognotti, L. & 

Guidi, M. (2006). PM characterization by carbon isotope. 

Atmos Environ, 40, 2690–2705. 

Guo, Z., Guo, Q., Chen, S., Zhu, B., Zhang, Y., Yu, J. & Guo, Z. 

(2019). Study on pollution behavior and sulfate formation 

during the typical haze event in Nanjing with water soluble 

inorganic ions and sulfur isotopes. Atmospheric Research, 217, 

198–207. https://doi.org/10.1016/j.atmosres.2018.11.009 

Hegde, P., Kawamura, K., Joshi, H. & Naja, M. (2016). Organic 

and inorganic components of aerosols over the central 

Himalayas: winter and summer variations in stable carbon and 

nitrogen isotopic composition. Environ Sci Pollut Res Int, 23, 

6102–6118. https://doi.org/10.1007/s11356-015-5530-3 

Hong, S., Lee, Y., Yoon, S. J., Lee, J., Kang, S., Won, E.-J., Hur, 

J., Khim, J. S. & Shin, K.-H. (2019). Carbon and nitrogen 

stable isotope signatures linked to anthropogenic toxic 

substances pollution in a highly industrialized area of South 

Korea. Marine Pollution Bulletin, 144, 152–159. 

https://doi.org/10.1016/j.marpolbul.2019.05.006 

Ishikawa, N. F. (2018). Use of compound‐specific nitrogen isotope 

analysis of amino acids in trophic ecology: assumptions, 

applications, and implications. Ecological Research, 33(5), 

825–837. https://doi.org/10.1007/s11284-018-1616-y 

Kim, J.-H., Choi, D.-R., Koo, Y.-S., Lee, J.-B. & Park, H.-J., 

Analysis of Domestic and Foreign Contributions using DDM 

in CMAQ during Particulate Matter Episode Period of 

February 2014 in Seoul. Journal of Korean Society for 

Atmospheric Environment, 32(1), 82-99. 

http://dx.doi.org/10.5572/KOSAE.2016.32.1.082 

 

Kim, T., Hahm, M. & Ahn, K. (2022). Analysis of the Effect of 

Climate Change Factors and Particulate Matter on Hospital 

Medical Expenses. Journal of Distribution and Management 

Research, 25(5), 93-104. 

https://doi.org/10.17961/jdmr.25.05.202210.93 

Kouvarakis, G., Mihalopoulos, N., Tselepides, A. & Stavrakakis, 

S. (2001). On the importance of atmospheric inputs of 

inorganic nitrogen species on the productivity of the Eastern 

Mediterranean Sea. Global Biogeochemical Cycles, 15(4), 

805–817. https://doi.org/10.1029/2001gb001399 

Kundu, S., Kawamura, K. & Lee, M. (2010). Seasonal variation of 

the concentrations of nitrogenous species and their nitrogen 

isotopic ratios in aerosols at Gosan, Jeju Island: Implications 

for atmospheric processing and source changes of aerosols. 

Journal of Geophysical Research-Atmospheres, 115. 

https://doi.org/10.1029/2009jd013323 

Lim, S., Lee, M., Czimczik, C. I., Joo, T., Holden, S., Mouteva, G., 

Santos, G. M., Xu, X., Walker, J., Kim, S., Kim, H. S., Kim, S. 

& Lee, S. (2019). Source signatures from combined isotopic 

analyses of PM2.5 carbonaceous and nitrogen aerosols at the 

peri-urban Taehwa Research Forest, South Korea in summer 

and fall. Science of The Total Environment, 655, 1505–1514. 

https://doi.org/10.1016/j.scitotenv.2018.11.157 

López-Veneroni, D. (2009). The stable carbon isotope composition 

of PM 2.5 and PM 10 in Mexico City Metropolitan Area air. 

Atmos Environ, 43, 4491–4502. 

McKinney, C. R., McCrea, J. M., Epstein, S., Allen, H. A., & Urey, 

H. C. (1950). Improvements in mass spectrometers for the 

measurement of small differences in isotope abundance ratios. 

Review of Scientific Instruments, 21(8), 724-730. 

https://doi.org/10.1063/1.1745698. 

Mkoma, S. L., Kawamura, K., Tachibana, E. & Fu, P. Q. (2014). 

Stable carbon and nitrogen isotopic compositions of tropical 

atmospheric aerosols: sources and contribution from burning 

of C-3 and C-4 plants to organic aerosols. Tellus Series B-

Chemical and Physical Meteorology, 66. 

https://doi.org/10.3402/tellusb.v66.20176 

Morera-Gómez, Y., Santamaría, J. M., Elustondo, D., Alonso-

Hernández, C. M. & Widory, D. (2018). Carbon and nitrogen 

isotopes unravels sources of aerosol contamination at 

Caribbean rural and urban coastal sites. Science of The Total 



Ingyu LEE / Journal of Wellbeing Management and Applied Psychology Vol 9 No 2 (2026) 151-159                   159 

Environment, 642, 723–732. 

https://doi.org/10.1016/j.scitotenv.2018.06.106 

Mukai, H., Tanaka, A., Fujii, T., Zeng, Y. Q., Hong, Y. T., Tang, 

J., Guo, S., Xue, H. S., Sun, Z. L., Zhou, J. T., Xue, D. M., 

Zhao, J., Zhai, G. H., Gu, J. L. & Zhai, P. Y. (2001). Regional 

characteristics of sulfur and lead isotope ratios in the 

atmosphere at several Chinese urban sites. Environmental 

Science & Technology, 35, 1064–1071. 

https://doi.org/10.1021/es001399u 

Ouyang, W.-Y., Su, J.-Q., Richnow, H. H. & Adrian, L. (2019). 

Identification of dominant sulfamethoxazole-degraders in pig 

farm-impacted soil by DNA and protein stable isotope probing. 

Environment International, 126, 118–126. 

https://doi.org/10.1016/j.envint.2019.02.001 

Pan, Y., Gu, M., Song, L., Tian, S., Wu, D., Walters, W. W., Yu, 

X., Lü, X., Ni, X., Wang, Y., Cao, J., Liu, X., Fang, Y. & Wang, 

Y. (2020). Systematic low bias of passive samplers in 

characterizing nitrogen isotopic composition of atmospheric 

ammonia. Atmospheric Research, 243, 105018. 

https://doi.org/10.1016/j.atmosres.2020.105018 

Pan, Y., Tian, S., Liu, D., Fang, Y., Zhu, X., Zhang, Q., Zheng, B., 

Michalski, G. & Wang, Y. (2016). Fossil fuel combustion-

related emissions dominate atmospheric ammonia sources 

during severe haze episodes: Evidence from 15N-stable 

isotope in size-resolved aerosol ammonium. Environmental 

Science & Technology, 50, 8049–8056. 

Park, Y., Park, K., Kim, H., Yu, S., Noh, S., Kim, M., Kim, J., Ahn, 

J., Lee, M., Seok, K. & Kim, Y. (2018). Characterizing 

isotopic compositions of TC-C, NO3−-N, and NH4 +-N in 

PM2.5 in South Korea: Impact of China’s winter heating. 

Environmental Pollution, 233, 735–744. 

https://doi.org/10.1016/j.envpol.2017.10.072 

Redling, K., Elliott, E., Bain, D. & Sherwell, J. (2013). Highway 

contributions to reactive nitrogen deposition: tracing the fate 

of vehicular NOx using stable isotopes and plant biomonitors. 

Biogeochemistry, 116, 261–274. 

https://doi.org/10.1007/s10533-013-9857-x 

Santana-Mayor, Á ., Socas-Rodríguez, B., Herrera-Herrera, A. V. 

& Rodríguez-Delgado, M. Á . (2019). Current trends in 

QuEChERS method. A versatile procedure for food, 

environmental and biological analysis. TrAC Trends in 

Analytical Chemistry, 116, 214–235. 

https://doi.org/10.1016/j.trac.2019.04.018 

Schudel, G., Miserendino, R. A., Veiga, M. M., Velasquez-López, 

P. C., Lees, P. S. J., Winland-Gaetz, S., Guimarães, J. R. D. & 

Bergquist, B. A. (2018). An investigation of mercury sources 

in the Puyango-Tumbes River: Using stable Hg isotopes to 

characterize transboundary Hg pollution. Chemosphere, 202, 

777–787. https://doi.org/10.1016/j.chemosphere.2018.03.081 

Sharma, S. K., Mandal, T. K., Shenoy, D. M., Bardhan, P., 

Srivastava, M. K., Chatterjee, A., Saxena, M., Saraswati, 

Singh, B. P. & Ghosh, S. K. (2015). Variation of Stable Carbon 

and Nitrogen Isotopic Composition of PM10 at Urban Sites of 

Indo Gangetic Plain (IGP) of India. Bulletin of Environmental 

Contamination and Toxicology, 95(5), 661–669. 

https://doi.org/10.1007/s00128-015-1660-z 

Shin, H.-J., Lim, Y.-J., Kim, J.-H. Jung, H.-J., Park, S.-M., Park, 

J.-S., Song, I.-H., Seo, S.-J., Hong, Y.-D. & Han, J.-S. (2014). 

The Characteristics of Long Term High PM Episode Occurred 

in Feb. 2014. Journal of the Korean Society of Urban 

Environment, 14(3), 223-232.  

Sigman, D. M., Casciotti, K. L., Andreani, M., Barford, C., 

Galanter, M. & Böhlke, J. K. (2001). A Bacterial Method for 

the Nitrogen Isotopic Analysis of Nitrate in Seawater and 

Freshwater. Analytical Chemistry, 73(17), 4145–4153. 

https://doi.org/10.1021/ac010088e 

Sinha, B. W., Hoppe, P., Huth, J., Foley, S. & Andreae, M. O. 

(2008). Sulfur isotope analyses of individual aerosol particles 

in the urban aerosol at a central European site (Mainz, 

Germany). Atmospheric Chemistry and Physics, 8, 7217–7238. 

<Go to ISI>://WOS:000262413000023 

Sriram, A., Roe, W., Booth, M. & Gartrell, B. (2018). Lead 

exposure in an urban, free-ranging parrot: Investigating 

prevalence, effect and source attribution using stable isotope 

analysis. Science of The Total Environment, 634, 109–115. 

https://doi.org/10.1016/j.scitotenv.2018.03.267 

Stein, A. F., Draxler, R. R., Rolph, G. D., Stunder, B. J. B., Cohen, 

M. D. & Ngan, F. (2015). Noaa’s Hysplit Atmospheric 

Transport and Dispersion Modeling System. Bulletin of the 

American Meteorological Society, 96, 2059–2077. 

https://doi.org/10.1175/bams-d-14-00110.1 

Walters, W. W., Goodwin, S. R. & Michalski, G. (2015). Nitrogen 

stable isotope composition (δ15N) of vehicle-emitted NOx. 

Environmental Science & Technology, 49(4), 2278–2285. 

https://doi.org/10.1021/es505580v 

Widory, D. (2007). Nitrogen isotopes: Tracers of origin and 

processes affecting PM10 in the atmosphere of Paris. 

Atmospheric Environment, 41(11), 2382–2390. 

https://doi.org/10.1016/j.atmosenv.2006.11.009 

Widory, D., Roy, S., Moullec, Y. L., Goupil, G., Cocherie, A. & 

Guerrot, C. (2004). The origin of atmospheric particles in Paris: 

a view through carbon and lead isotopes. Atmospheric 

Environment, 38(7), 953–961. 

https://doi.org/10.1016/j.atmosenv.2003.11.001 

Yang, Z., Li, X.-D., Deng, J. & Wang, H.-Y. (2015). Stable sulfur 

isotope ratios and water-soluble inorganic compositions of 

PM10 in Yichang City, central China. Environmental Science 

and Pollution Research, 22(17), 13564–13572. 

https://doi.org/10.1007/s11356-015-4639-8 


