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Abstract: In this study, it was analyzed that the characteristics of ammonia and their effects on secondary 
particulate matter (PM) formation by region in Korea during 2020. The NH3 concentration was high in GJ (11.4 
ppb) neighboring agricultural area followed by DJ (9.0 ppb) and SE (8.6 ppb) locating in the urban area. On the 
other hand, BI (2.6 ppb) and JI (4.5 ppb), which are background regions, were lower than other area. Seasonally, 
ammonia was high in spring and summer, and it generally increased when human activities are active. 
Therefore, it is believed that ammonia in the atmosphere changes depending on not only local emissions but 
also temperature-dependent phase distribution characteristics. For SE and GJ, regions with relatively high 
ammonia concentrations, the effect of ammonia on secondary PM formation was conducted. In both regions, 
the ammonium-to-sulfate mole ratio tended to increase with an ammonia or PM2.5 concentration increasing. It 
can be assumed that PM2.5 concentration increases as nitrates are formed under the ammonia sufficient 
condition. The adjusted gas ratio is generally greater than 4, indicating that there is a lot of free ammonia. Thus, 
it is estimated that reduction of ammonia would not effective to restrain the nitrate formation. 

Keywords: ammonia; adjusted gas ratio; ammonium-to-sulfate mole ratio; nitrate formation 
 

1. Introduction 

In Korea, high particulate matter (PM) episodes frequently occur due to the long-range transport 
of air pollutants from Northeast Asia, which is located in the upward wind region, and the influence 
of domestic emission [1–3]. And, public interest and concern about high PM have been increasing. 
Thus, policies such as Measures to improve air quality in the metropolitan area, Regional air 
environment conservation ordinances, and strengthening of PM2.5 national air quality standards 
(average annual concentration of 15 µg m–3 or less, 2018) are being promoted. However, the 
concentration of PM2.5 in Korea (18 µg m–3, as of 2021) is still higher than the air quality standards of 
the US (13.8 µg m–3), the UK (11 µg m–3), France (12 µg m–3), and WHO (5 µg m–3) [4]. Therefore, the 
public is not satisfied with atmospheric improvement effect by recently strengthed policies.  

PM2.5 is generated through both a chemical reaction of volatile organic compounds (VOCs), 
sulfur oxides (SOx), and nitrogen oxides (NOx) in the atmosphere and primary emission from various 
sources such as mobiles and industrial facilities [5–7]. In previous studies [8–11], it has been reported 
that the secondary formation is the major process of PM2.5. In the case of Korea, it has been reported 
that secondary PM accounts for about 72% of the total PM emissions [12]. Most of the secondary 
formated PM can affect on the malignant asthma, respiratory diseases, chronic bronchitis, pulmonary 
injury, heart and lung disease as well as visibility degradation [13–15]. As interest in secondary PM 
has grown, research on gaseous precursor such as VOCs and NH3 has been actively conducted 
recently [16–20]. Ammonia, one of the precursors of PM formation, is a basic gaseous substance, 
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mainly emitted from agricultural activities such as fertilizer, soil, and livestock manure, and also from 
exhaust gas and industrial activities [21,22]. NH3 concentration in the atmosphere is closely related 
to temperature. And NH3 has a high contribution to form secondary inorganic aerosols such as 
ammonium sulfate and ammonium nitrate reacts with sulfuric acid and nitric acid [16,23,24]. 
Ammonium nitrate and ammonium sulfate produced by combining with NH3 have a longer 
residence time than ammonia in the atmosphere [21,25–28]. Thus, those can exist in the air for a longer 
period of time.  

According to recent studies, unlike sulfur oxides and nitrogen oxides, ammonia emissions are 
increasing world-widely including Korea [29–31]. As of 2020, Korea’s annual ammonia emission was 
261,207 tons, the largest amount of ammonia being emitted from the agricultural sector, including 
livestock [32]. Several previous studies [16,23,24] suggest that atmospheric NH3 is converted into 
particulate ammonium and affects the concentration of PM. There is a need to manage ammonia 
emission sources to control the atmospheric PM concentration. Nevertheless, there are not many 
long-term observations of atmospheric ammonia in East Asia, in which strong management policies 
are required due to the high concentration of PM.  

In this study, the characteristics of ammonia by region in Korea were identified using the 
continuously measured data from January to December of 2020. And the effect of ammonia on the 
secondary PM formation was analyzed using the adjusted gas ratio (AdjGR) and ammonium-to-
sulfate mole ratio ([NH4+]/[SO42−], simplified as A/S ratio here) in the atmosphere. These results can 
be used to understand the formation mechanism of high PM and to provide scientific evidence for 
policy making to reduce PM in Northeast Asia. 

2. Materials and Methods 

2.1. Sampling Sites and Period 

From January to December 2020, ammonia concentrations were constantly measured at six air 
quality research centers. These centers were established in major regions including background area 
in Korea to study the characteristics and formation mechanism of PM2.5. Physical and chemical 
properties such as ions, carbon, metal components, and particle size distribution in PM2.5 are 
continuously measured in all centers. And gaseous pollutants such as nitrogen oxides, sulfur oxides 
and ammonia, which are precursors of secondary PM, are also monitored. Figure 1 shows the 
locations of the research centers with the emission contribution of ammonia sources [32]. Among 
those six regions, Jeju and Baengnyeong Island centers were established in the background area due 
to understand the background concentrations of air pollutants and to characterize the long-range 
transport of those. The centers in Seoul (SE, 37° 36′ N, 126° 56′ E, 67 m a.s.l.) and Daejeon (DJ, 36° 19′ 
N, 127° 24′ E, 88 m a.s.l.) are located in densely populated urban areas, as shown in Table S1. The 
Gwangju (GJ, 35° 13′ N, 126° 50′ E, 39 m a.s.l.) center is located in a city surrounded by agricultural 
areas, so it is possible to identify these characteristics, and the Ulsan (US, 35° 34′ N, 129° 19′ E, 142 m 
a.s.l.) center is adjacent to a large industrial complex, so it is a proper site to understand the impact 
of local emission sources. 
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Figure 1. Locations of air quality research center and contributions of individual emissions in each 
region in 2020. 

2.2. Measurement Methods 

Considering possibility of real-time continuous measurement, ease of equipment operation and 
management, and reliability of measurement data, ammonia was measured in real time by cavity 
ring down spectroscopy (CRDS, G2103, Picarro) method among various ammonia measurement 
method such as indophenol method, chemiluminescence, electrochemical sensor method. An air was 
sampled at a flow rate of 1.9~2.1 lpm and the sample was injected into the cavity. Ammonia was 
measured at 1 second intervals, and the 1 hour averaged value was used for further analysis. 
Additional information on equipment performance is provided in Table S2.  

A measurement system that can minimize the hindrance to ammonia measurement was 
considered due to high reactivity of ammonia and possibility of loss caused by adsorption to the inlet 
tube wall. According to report of SilcoTek corporation [33] and von Bobrutzki et al. [34], PFA (Teflon) 
was used as the inlet material to minimize adsorption/desorption loss during analysis under heating 
conditions below 40°C. In addition, the inlet length was kept shorter than 1.5 m to minimize ammonia 
loss. Also, to minimize the impact of aerosol particles, a 47 mm Teflon filter was installed at the inlet 
and replaced every week. The reliability of the measurment was ensured through monthly inlet 
cleaning, equipment management, and semi-annual calibration. Calibration was performed by multi-
point ammonia gas (0~30 ppb) which was generated by diluting ammonia standard gas (10 ppm) 
with zero air using a mass flow controller. A purity of zero air gas was 99.999%.  

The condition of the equipment was checked through a test before starting the measurement. 
The blank test result using zero gas was 0.25~1.51 ppb, and the detection limit of this method by 
analyzing 5 ppb ammonia gas for 7 times was 0.32~0.69 ppb (Figure 2a). The R2 of the calibration 
curve was 0.9963~0.9995 with high linearity and correlation (Figure 2b).  
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Figure 2. (a) Blank and method detection limit (3σ, 300sec) and (b) Calibration curves of NH3 
measured at 6 monitoring sites. 

In this study, PM2.5, ion components and meteorological parameter were monitored along with 
ammonia. The ionic components were measured using URG-9000D (Thermo) using an ion 
chromatography method. PM2.5 was measured using BAM1020 (Met one), which uses the beta ray 
absorption method. A detailed description of ions and PM2.5 measurement could be referred to many 
previous studies [35,36]. Meteorological data were also used for analysis from the neighboring 
Meteorological Administration [37] except for GJ, because there is automatic weather system by itself. 

3. Results and Discussion 

3.1. Spatial Variation of Ammonia 

Ammonia concentration by region is shown in Table 1. The overall average concentration of 
ammonia was 6.8 ppb with the highest in GJ (11.4 ppb) followed by DJ (9.0 ppb), SE (8.6 ppb), JI (4.5 
ppb), US (4.0 ppb) and BI (2.6 ppb) by region. It is presumed to be the highest because the GJ is in an 
urban area and is also adjacent to an agricultural area, which is a major source of ammonia (Figure 
3). The second highest area were the urban area of DJ and SE, where have high population density 
with high human activities and mobile emission. In addition, the concentration of NOx mainly 
emitted from mobile pollutants was also high at 23.3 ppb and 26.0 ppb in SE and DJ, respectively 
(Table S3). The concentration of BI, the background area, was the lowest because there were no nearby 
emission sources. The average ammonia concentration in JI, another background area, was higher 
than BI. It is presumed that this is influenced by human and agricultural activities due to higher 
population density than BI, as shown in Table S1 and Figure 1. In the case of US, an industrial area, 
where a large-scale petrochemical complex is located, the contribution of ammonia emitted from 
industrial processes was high [38,39]. But the ammonia concentration was relatively lower than the 
other areas. Considering the distribution of ammonia concentration according to the wind direction, 
the concentration tends to be high in the southwesterly wind from industrial complex. However, the 
average concentration is not highly affected by the emission because US site is located in the up-wind 
area of the industrial complex (Figure 3).  

Table 1. Annual average concentrations of NH3 from 2020 in each region. 

Region  
NH3 Conc. (ppb) 

Average Range Count 
Entire 6.8 ± 4.9 0.0 ~ 50.0 44,115 

SE 8.6 ± 3.5 1.1 ~ 32.3 7,121 
DJ 9.0 ± 3.9 0.8 ~ 28.6 8,419 
GJ 11.4 ± 6.5 0.4 ~ 41.6 7,951 
BI 2.6 ± 1.7 0.0 ~ 13.8 7,202 
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JI 4.5 ± 2.6 0.5 ~ 50.0 5,587 
US 4.0 ± 1.6 0.6 ~ 13.3 7,835 

 
 

 
Figure 3. Wind rose and polar plot of NH3 in GJ (up) and US (down). 

Ammonia concentration was compared with the results of other studies and shown in Table 2. 
Ammonia concentrations in urban areas (SE, DJ, GJ) were lower than those in Beijing, China. But they 
were about 3 to 4 times higher than those in Houston, USA. In addition, the ammonia concentration 
in the background areas (BI, JI) was much lower than that in the suburbs of Shanghai, China, and was 
also lower than that in Ontario, Canada. Overall, ammonia concentrations in Korea are higher than 
those in North America and Europe and lower than those of Asian urban areas such as China and 
India. It is important that this study used long-term observations of ammonia with high-resolution 
measurement equipment for a year to obtain more reliable results. 

Table 2. Comparison of atmospheric NH3 concentrations to previous studies. 

Site Type Period Average (ppb) S.D. Reference 
Korea All ‘20 6.8 4.9 This study 

Seoul, Korea Urban ‘20 8.6 3.5 This study 
Daejeon, Korea Urban ‘20 9.0 3.9 This study 
Gwangju, Korea Urban ‘20 11.4 6.5 This study 
Baengnyeong, 

Korea Background ‘20 2.6 1.7 This study 

Jeju, Korea Background ‘20 4.5 2.6 This study 
Ulsan, Korea Industrial ‘20 4.0 1.6 This study 

Seoul, Korea Urban ′10~′11 10.9 4.3 Phan et al. [40] 
Beijing, China Urban ‘15~‘16 18.1 - Pan et al. [41] 

Shanghai, China Urban ′13~′14 6.2 4.6 Wang et al. [42] 
Houston, USA Urban ′10.2~3 2.4 1.2 Gong [43] 
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Houston, USA Urban ′10.8~9 3.1 2.9 Gong [43] 
Barcelona UB, Spain Urban ′11.5~9 2.9 1.3 Pandolfi et al. [44] 
Barcelona CC, Spain Urban ′11.5~6 7.4 2.8 Pandolfi et al. [44] 

Shanghai, China Rural ′13~′14 12.4 9.1 Wang et al. [42] 

Ontario, Canada Rural ′10~′11 4.7  
Zbieranowski and Aherne 

[45] 
Shanghai, China Industrial ′14.1~6 17.6 9 Wang et al. [42] 
Industrial Zone, 

Qatar Industrial ′16.3 24.5 - Alfoldy et al. [46] 

Al Cornish, Qatar Traffic ′16.3 25.0 - Alfoldy et al. [46] 
Madinat Khalifa, 

Qatar Traffic ′16.3 17.9 - Alfoldy et al. [46] 

Delhi, India Traffic ‘13~‘15 19.6 3.5 Sharma et al. [47] 
Fengqiu, China farmland ‘15~‘16 22.1 - Pan et al. [41] 

Luancheng, China farmland ‘15~‘16 25.4 - Pan et al. [41] 
Yucheng, China farmland ‘15~‘16 29.4 - Pan et al. [41] 

   

3.2. Temporal Variation of Ammonia 

3.2.1. Seasonal Variation of Ammonia 

Table 3 shows the ammonia concentration by seasons in each region. During the study period, 
the average ammonia concentration by seasons in all regions was 7.6 ppb and 7.5 ppb in spring and 
summer, respectively, which is about 1.2 times higher than those in winter. The higher concentration 
in warm season is due to the decomposition of nitrogen fertilizers at high temperatures, increasing 
of ammonia emission by volatilization and gas phase conversion of ammonium due to the low 
thermodynamic stability of ammonium nitrate [42,48,49].  

Table 3. Seasonal average concentrations of NH3 in each region. 

Site 
Spring Summer Fall Winter 

Average Range Average Range Average Range Average Range 
Total 7.6±5.0 0.6~37.5 7.5±5.5 0.0~50.0 6.2±4.5 0.0~40.7 6.1±4.5 0.0~36.4 

SE 9.9±3.3 1.9~32.3 8.8±3.5 1.8~22.5 8.4±3.6 3.2~26.8 7.3±3.1 1.1~21.5 
DJ 8.9±3.8 1.1~25.3 10.6±4.1 1.2~28.6 8.3±3.7 0.8~26.3 8.1±3.6 1.3~25.2 
GJ 12.6±6.4 1.3~37.5 12.5±7.5 0.8~41.6 10.4±5.7 1.8~40.7 10.3±6.1 0.4~36.4 

BI 3.5±1.5 0.7~8.4 2.6±1.4 0.0~12.2 1.8±1.4 0.0~6.8 2.3±1.8 0.0~13.8 
JI 5.6±2.1 2.2~16.2 5.7±3.6 0.7~50.0 4.2±1.5 0.8~18.4 2.7±1.3 0.5~8.9 

US 4.1±1.6 0.6~8.7 3.9±1.8 0.8~11.7 4.1±1.5 1.0~13.3 4.1±1.6 0.7~8.7 

By region, BI, SE, GJ, and US showed the highest concentration in spring with 3.5 ppb, 9.9 ppb, 
12.6 ppb, and 4.1 ppb, respectively. It is estimated that this was due to the influence of high 
concentration cases mainly caused by influx or stagnation in spring rather than the effect of 
temperature [3,50,51]. In the case of GJ, it is presumed that ammonia emission characteristics 
according to agricultural activities in nearby areas were also reflected. On the other side, DJ and JI 
show the highest concentrations of 10.6 ppb and 5.7 ppb, respectively, in summer, which is presumed 
to reflect the case of volatilization by high temperature. Overall, the ammonia concentration tended 
to be low in winter, when the temperature was the lowest in most region. But in the case of BI, the 
concentration was also high in winter season as in spring, it is presumed that the concentration was 
influenced by external inflow due to long range transport (Figure S1).  
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3.2.2. Monthly Variation of Ammonia 

The monthly concentration of each region is shown in Figure 4. In SE, concentration is high in 
March (10.5 ppb) and June (11.9 ppb). DJ appeared high in May (10.7 ppb) and June (13.9 ppb), GJ 
showed high concentrations in May (14.9 ppb) and June (17.4 ppb). BI showed high concentrations 
in April (3.7 ppb) and June (3.6 ppb), and JI showed high concentrations in June (6.9 ppb) and July 
(6.9 ppb). Finally, US showed high concentrations in January (4.8 ppb) and June (4.9 ppb) as shown 
in Figure 4.  

Ernst and Massey [52] reported that ammonia volatilization doubled when the temperature 
increased from 7.2 to 15.6°C. In other previous studies, ammonia concentration is known to be 
affected by temperature [48,53]. As a result of the measurement, in June, when the temperature is 
generally high, ammonia concentration tends to the highest. It is assumed that the high temperature 
activates ammonia volatilization by gas phase conversion and decomposition of nitrogen fertilizer. 
However, in July and August, when temperatures were the highest, ammonia concentrations tended 
to be low. It is presumed that there was a wash-out effect due to the overall high rainfall during this 
period as shown in Figure 4. Low summer concentrations of air pollutants due to rainfall were also 
observed in previous studies [3,54]. 

 

* SE (Oct): abnormal data, JI (Feb, Mar): malfunctions 

Figure 4. The monthly variation of atmospheric NH3 concentrations and meteorological parameter 
(temp., RH, rainfall) in each site. 

3.2.3. Temporal Variation of Ammonia 

Figure 5 shows the diurnal variation of ammonia concentration in each region. In urban areas 
such as SE and DJ, ammonia tended to increase in the morning and evening. Seoul and Daejeon are 
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areas highly affected by mobile emission, and according to previous studies, ammonia emissions 
from mobile sources are reported to be high [55–57]. However, the diurnal variation of ammonia and 
NOx, which is mainly emitted from mobile sources, did not match in these two areas. It implies that 
ammonia is more affected by other emission sources, so the influence of mobile emission appears to 
be relatively low. According to the national emission inventory in Korea [32], the contribution of 
ammonia emissions from the sources classified to the others was the highest. The others are 
composed of natural sources, fire, water bodies, and emissions from animals (humans), with the 
highest emissions from human activities [32]. Therefore, it is assumed that ammonia is relatively 
more affected by human activities than mobile emission due to high population densities of SE and 
DJ.  

In the case of GJ, unlike other regions, it showed a single peak trend with the maximum value 
in the morning. Several previous studies [42,58,59] have reported an increase in the morning due to 
the influence of agricultural activities and soil emissions, so it is assumed that ammonia in GJ is also 
greatly affected by agricultural activities. In the background area, BI, there was not a clear diurnal 
variation of ammonia. In JI, the other background area, ammonia was gradually increased from the 
morning and decreased in the evening. It is assumed that the trend of ammonia concentration 
changes according to the diurnal temperature change. In US, the concentration increased from 7 a.m., 
showed the highest concentration (4.4 ppb) at 12 p.m., and then decreased, which is pseudo 
characteristic of the urban area. However, unlike SE and DJ, there was no clear increase in the evening 
hours. In the case of US, the population density and the concentration of NOx, an indicator of mobile 
emission, were lower than those of other urban area. Consequently, it is estimated that US does not 
have a major emission source of ammonia compared to other regions. 

 

Figure 5. The diurnal variations of atmospheric NH3 and NOx in each site. 

3.3. Contribution to Secondary Aerosol Formation of Ammonia 

In order to understand the state of ammonia excess and the importance of ammonia’s role in 
secondary PM formation, the ammonia adjusted gas ratio (AdjGR) was evaluated for SE and GJ, 
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which have relatively high ammonia concentrations. Details about the HNO3 data used in this part 
such as measurement method and data verification are provided in the supplementary material 
(Figure S2). Particulate nitrate exists in equilibrium with ammonia, ammonium and gaseous nitric 
acid. In general, thermodynamic equilibrium in the atmosphere is non-linear, so time-averaged 
concentrations cannot be applied to the equilibrium equation, but Pinder et al. [60] established a 
linear relationship between particulate nitrate, total sulfate (TS), total nitric acid (TN), and total 
ammonia (TA) in winter in the eastern United States, and the equilibrium equation was applied to 
the time average concentration of them. Therefore, the indicator of the ammonia excess state was 
defined as follows using the AdjGR proposed in the previous studies [19,60].  AdjGR                       (1) 

Pinder et al. [60] reported that ammonia is excess when AdjGR > 1. When AdjGR is 2, nitrate is 
reduced by 10% when ammonia is reduced by 20%, and when AdjGR is 4, nitrate is reduced by 5% 
when ammonia is reduced by 20%. Therefore, it has been reported that the larger the AdjGR, the 
smaller the contribution of ammonia to nitrate formation due to ammonia excess condition [19,60–
62].  

During the entire study period, AdjGR showed 11.0 and 20.4 in SE and GJ, respectively. The 
monthly AdjGR were 6.0~6.4 and 7.4~10.5 for SE and GJ in winter (January and February), 
respectively, lower than other seasons even higher than 4 in all periods (Figure 6). As above, it is 
estimated that reduction of ammonia would not effective to restrain the nitrate formation in Korea 
due to ammonia excess condition.  

 

Figure 6. Monthly AdjGR of SE and GJ. 

Additionally, the relative ratio of [NO3-]/[SO42-] to [NH4+]/[SO42-] (simplified as A/S ratio here) 
was analyzed to confirm the preference of the secondary formation of nitrate by ammonia (Figure 7). 
During the periods with high NH3 concentrations, the analysis was conducted on March, when PM2.5 
concentrations were also high for the same areas (SE, GJ) as the AdjGR part above. According to 
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previous studies, ammonia affects the phase distribution of nitric acid to form a particulate and 
contributes to nitrate formation [60]. In addition, it was reported that the state of ammonia excess can 
be estimated using the A/S ratio [19,63,64].  

The average A/S ratios of SE and GJ were 1.94 and 1.58, respectively, higher than 1.5, which is 
threshold for diagnosing the ammonia excess. The A/S ratio by ammonia level of SE was 1.75 when 
ammonia was less than 10 ppb, and it was increased to 2.06 in range of 10~20 ppb ammonia. And it 
was increased to 3.13 with over 20 ppb ammonia concentration. A/S of GJ was also 1.44 when 
ammonia was less than 10 ppb, and it was 1.83 in range of 10~20 ppb. And it was increased to 2.00 
with over 20 ppb ammonia concentration. In both SE and GJ, the A/S ratio tended to increase as the 
ammonia concentration increased. As a result of the A/S ratio for each PM2.5 concentration level, when 
the PM2.5 concentration was high exceeding 35 µg m–3, the A/S ratio of SE and GJ were high at 2.53 
and 2.11, respectively. Therefore, it can be estimated that PM2.5 concentration increases due to nitrate 
formation in the ammonia excess condition. Figure 7 shows cases of high-concentration PM2.5 in SE 
and GJ. In case of increasing the relative concentration of nitrate to sulfate, PM2.5 concentrations also 
tend to rise. In such circumstances, ammonia concentrations showed a tendency to be maintained at 
relatively high levels. 

 
Figure 7. A/S ratio by concentration level of NH3 and PM2.5 in March at SE (up) and GJ (down). 

4. Conclusions 

The average concentration of NH3 by region in Korea was 6.8 ± 4.9 ppb, and GJ near agricultural 
area showed the highest concentration of 11.4 ± 6.5 ppb, about 1.7 times higher than the overall 
average concentration. The concentration of ammonia in DJ and SE located in the urban area was also 
high at 9.0 ± 3.9 ppb and 8.6 ± 3.5 ppb, respectively. On the other hand, BI and JI, where are 
background regions with no major emission sources, resulting in low average concentrations of 2.6 ± 
1.7 ppb and 4.5 ± 2.6 ppb, respectively. US, an industrial area, was expected to be high due to the 
influence of industrial emissions. However, the average concentration was as low as 4.0 ± 1.6 ppb 
because it is in the upwind area of the industrial complex.  

During the study period, the concentration of ammonia by seasons was generally higher in 
spring and summer than in other seasons. In spring, it is judged to be affected by agricultural 
activities, long range transport or local stagnation of air flow by depending on each regional 
characteristic. And in summer, the increase of ammonia emission from waste and manure and the 
partitioning rate of ammonia to gas are increased causing high ammonia concentration. Ammonia 
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concentrations vary over time under the influence of different emission sources such as human 
activities, traffic volume, agricultural activities, and industrial activities in Korea. Concentrations 
increased mainly in the morning and evening in urban areas (SE, DJ) due to human activities, and in 
GJ, which was affected by agricultural activities, concentration increased at dawn. BI, the background 
region, did not show a clear trend. The US in the industrial area showed a low ammonia concentration 
and diurnal variation due to the up-wind location of an industrial complex.  

For SE and GJ, regions with relatively high ammonia concentrations, an analysis of the impact 
of ammonia on secondary PM2.5 formation was conducted. The A/S ratios in March in SE and GJ, 
where ammonia and PM2.5 concentration were high during the study period, were 1.94 and 1.58, 
respectively. Both regions are in a condition of excessive ammonia, and the A/S ratio tended to 
increase with an increase in ammonia or PM2.5 concentration. It is assumed that additional nitrate is 
possibly formed due to sufficient ammonia. The average AdjGR was 11.0 and 20.4 in SE and GJ, 
respectively, which was high in GJ affected by agricultural activities, the main source of ammonia in 
Korea. Even in winter (January and February), which has the lowest AdjGR value, it is 6.0 ~ 6.4 in SE 
and 7.4 ~ 10.5 in GJ, which is greater than 4, so the reduction of ammonia would not be effective to 
restrain the nitrate formation in Korea.  

This study is significant in that it used observation data for all year long, unlike the short-term 
measurements of previous studies. Through the acquisition and analysis of high-resolution data for 
a year, the various level of temporal changes by region could be identified. If long-term data are 
accumulated in the future, highly reliable ammonia characteristic analysis will be possible. In 
addition, it would be able to contribute to improve the chemical model by providing reference data, 
which is necessary for the evaluation of a 3D model simulating the local formation and long-range 
transport of PM2.5. Through this, it will be attributed to establish PM2.5 reduction policies in Northeast 
Asia based on scientific data. 
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