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This study investigated the various temporal (weekly, monthly, and inter-annual) variability of air pollutants (PM10, SO2, NO2, O3, CO) in seven megacities in South Korea (Seoul, Busan, Incheon, Daegu, Gwangju, Daejeon, and Ulsan). We found that the general decreasing trend of PM10, SO2, NO2, and CO. An exceptional pollutant is O3, showing a clear increasing trend consistently in all seven megacities. Seasonally PM10, SO2, NO2, and CO have the highest level in winter due to the large fossil-fuel combustion for the heating demand, but O3 shows the maximum peak in summer related to the intensified photochemistry. Based on the analysis for percentile values of air pollutants, we recognized that some patterns of air pollutants in Korean megacities are overlooked: O3 increase is not perfectly related to the NO2 pattern, somewhat high SO2 in the coastal cities, ambiguous weekly pattern on Monday (as a weekday) and Sunday (as a weekend). Through this comprehensive analysis of multiple air pollutants using the percentile values, the characteristic for various temporal change of air pollutants in Korean megacities can be better understood, and some useful ideas for the air quality control in the urban region can be also excavated.
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INTRODUCTION
Air pollutants have adverse health effects, leading to respiratory and cardiovascular diseases (Xing et al., 2016; Wang et al., 2017). Moreover, they widely influence the ecosystem such as the crop damage (Wang et al., 2017). The air pollution level is also associated with the extent of absorption and scattering of solar radiation, resulted in the change of short-term radiative forcing (Huang et al., 2009; Che et al., 2014). To assess these situations, the analysis of long-term dataset of air pollutants is crucial. In this context, a number of countries basically started to manage the surface networks for the long-term observation of some key air pollutants. For example, Republic of Korea (South Korea) started the measurements of the mass density of particulate matter (PM) with the diameter < 10 μm (PM10), ozone (O3), nitrogen dioxide (NO2), sulfur dioxide (SO2), and carbon monoxide (CO) with some volatile organic compounds (VOCs) from the year 1973 (SS, 2022). These measurements of air pollutants are generally provided through the national data archive, AIRKOREA, for the diagnosis of regional air quality.
Using the multiple datasets in a country range, there have been a number of studies for examining the long-term variation of air pollutants. For South Korea, Yoo et al. (2015) was the representative research showing the spatiotemporal properties of air pollutants in the Korean peninsula. They examined the daily, weekly, and annual concentration distributions of AIRKOREA air pollutants in four land types (residential, commercial, greenbelt, and industrial areas), and found that the levels of PM10 and SO2 were high in industrial areas, NO2 and CO levels were high in commercial areas, and O3 level was high in greenbelt areas. Namely, this study suggested that the local pattern of air pollutants is much affected by the land type. However, the air pollutant pattern is not always identical in a same land type. For example, there were some different patterns of air pollutants among provincial capital cities in China (Xie et al., 2015; Zhao et al., 2016), indicating the necessity of deeper analysis about the air pollutant pattern in the urban area where most of monitoring sites were located. The pattern analysis of urban air pollution will be also helpful idea for the diagnosis of human health, which is vulnerable to the high level of air pollutants (Kim et al., 2011; Lee S. W. et al., 2019).
Thus, here we investigated the various temporal variations of urban air pollutants in the Korean peninsula, using the surface measurement dataset in seven megacities of South Korea where high air pollution is generally found: Seoul, Busan, Incheon, Daegu, Gwangju, Daejeon, and Ulsan. Moreover, the air quality index was calculated based on the level of multiple pollutants for the comprehensive examination of the long-term air quality change. Understanding the local characteristics of air pollution at these megacities will be practically helpful for diagnosing the air pollution damage to the population living in each city, and the analysis of the long-term trend can be used as a reference to identify the degree of air quality improvement in each city. Based on these ideas, effective air pollution mitigation policies can be established for the urban region in South Korea. To get over the limitation of mean pattern analysis, this study also examined the percentile analysis, particularly temporal pattern of 10th and 90th percentile of air pollutant level, implying the characteristic of background and highly polluted conditions.
DATA AND METHODS
The Ministry of Environment in South Korea has established the nationwide surface measurement network for monitoring the level of representative air pollutants such as PM, O3, NO2, SO2, and CO, which are measured by ß-ray absorption method, ultraviolet (UV) photometric method, Chemiluminescent method, pulse UV fluorescence method, and non-dispersive infrared method, respectively (ME·NIER, 2021). Raw measured data from this monitoring network have been inspected and validated by the National Ambient air quality Monitoring Information System (NAMIS), then the final quality-confirmed data were prepared and provided through the AIRKOREA data archive (ME·NIER, 2021; KECO, 2022b). This study analyzed the hourly median value of PM10 (units: μg/m3), O3 (unit: ppb), NO2 (unit: ppb), SO2 (unit: ppb), CO (unit: ppb) from 2002 to 2020 in seven megacities of South Korea where population is higher than at least 1 million: Seoul, Busan, Daegu, Incheon, Gwangju, Dajeon, and Ulsan (KOSIS, 2021) (Supplementary Figure S1). As shown in Figure 1, there are total 120 monitoring sites in these seven megacities (27 for Seoul, 22 for Busan, 14 for Daegu, 21 for Incheon, 9 for Gwangju, 10 for Daejeon, and 17 for Ulsan). The median pattern among all sites in each megacity was basically analyzed in this study. While the local difference definitely exists in each megacity (e.g., Vuong et al., 2022), the analysis based on the median value, not affected by outliers different from mean value, can be a significant signal to show the general pattern of each city.
[image: Figure 1]FIGURE 1 | Location of AIRKOREA urban air quality monitoring stations in seven megacities: Seoul, Busan, Incheon, Daegu, Gwangju, Daejeon, and Ulsan.
PM2.5 data were not considered in this study because of the short monitoring history (started since 2015). While the AIRKOREA performs the quality control/assurance process regularly and releases the quality-confirmed data as mentioned, sometimes there can be ambiguous cases founded by the manual data quality check. For example, we are not sure if the CO levels in Gwangju from February to March 2003 reflects the real situation based on our own assessment of data quality (Supplementary Figure S2). We did not include these cases for our study.
For the purpose to provide the adverse effects of air pollution on human health to the non-expert public, the comprehensive air-quality index (CAI) was designed and widely used in South Korea (ME, 2006; ME·NIER, 2021). CAI is a unitless proxy showing the degree of local air pollution in general. CAI is calculated through several steps, which are described in the AIRKOREA webpage (KECO, 2022a). Based on this guideline, we calculated the CAI using the level of five pollutants (PM10, O3, NO2, SO2, and CO). In brief, the level of each air pollutant is normalized to an individual index, and finally a CAI is determined by the highest index among five normalized indices from normalized PM10, O3, NO2, SO2, and CO. The range of CAI (0–500) was divided into four categories for depicting the degree of air pollution: Good (0–50), Moderate (51–100), Unhealthy (101–250), and Very unhealthy (251–500). As the CAI becomes closer to the Unhealthy category, even a short-term exposure can have a serious and adverse impact on the public regardless of a kind of air pollutants (e.g., Pope et al., 2006; Choi et al., 2018). Since CAI value can be an easy and intuitive information to the non-expert public people, the long-term variation of CAI in South Korea was also examined in this study.
In the analysis for the temporal variability of the regional air pollutants in South Korea, it is necessary to filter out the influence of Asian dust events, which are the natural events happened occasionally. Namely, the effect of Asian dust can screen other meaningful signals of regional air pollution associated with a number of urban activities. South Korea is frequently impacted by the long-range transported Asian dust (Tsai and Chen, 2006; Lee, 2014; Ghim et al., 2017). Thus, the Asian dust days were generally excluded for the spatiotemporal analysis of PM (Ghim et al., 2015). We also did not use air pollutant data for the days of Asian dust, which was determined according to visual observations and instrumental observations by the Korea Meteorological Administration. The number of Asian dust days in each city is summarized in Supplementary Table S1.
Long-term trend analysis was performed based on the linear regression method. The trend value is estimated using Eq. 1 where x is year, y is the level of each air pollutants, and n means 19 years (from 2002 to 2020). For each trend, the significance test was also conducted based on p value from the Student’s t-test. We obtain the t value from t test (Eq. 2, where b is the slope from the linear regression method, μ is the specified mean, and σ is the standard deviation), then p value can be finally achieved from the t distribution table. All trend values and significant test results (p values and determination of significance) were summarized in Supplementary Tables S2–S8.
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RESULT AND DISCUSSION
Overall pattern of air pollutants in megacities
At first, we examined the patterns of PM10, O3, NO2, SO2, and CO in seven megacities during whole measurement period (2002–2020) using the median value (Table 1). PM10 is generally higher in Seoul, Busan, Incheon, and Daegu compared to PM10 in Gwangju, Daejeon, and Ulsan. NO2, typically related to the traffic amounts (Park et al., 2021b), shows similar pattern to PM10 pattern. O3 pattern is reverse to the NO2 pattern, supporting the previous findings that the ozone production in Korean peninsula is chemically located in the VOC-limited regime (Kim et al., 2018; Bae et al., 2020). SO2 level is highest in Busan, Incheon, and Ulsan that are harbor regions, showing that the ship-plume still much degrades the air quality in the industrialized megacities near the coast (Chen et al., 2017; Sorte et al., 2020). This simple median pattern analysis let us know the differences among the seven targeted megacities, and necessity to develop the multiple policies matching to each individual situation suitably.
TABLE 1 | Median concentrations of PM10 (μg m−3), O3 (ppb), NO2 (ppb), SO2 (ppb), and CO (ppb) in the study areas.
[image: Table 1]We then investigated the monthly variation of air pollutants using median values. Figure 2 shows the monthly median of PM10, O3, NO2, SO2, and CO in seven megacities. Mainly there is large contrast between the winter (December, January, and February, hereafter DJF) and summer (June, July, and August, hereafter JJA) season; The level of air pollutants is generally high in winter but low in summer, except O3 and SO2 in Busan and Ulsan. These air pollutants (PM10, NO2, O3, and CO) are mainly emitted from the fuel combustion and relevant processes, which is typically high in the cold season (i.e., winter) due to the large heating demand (Masiol et al., 2014; Zhang and Cao, 2015). Lower level in summer is contributed by the wash-out effect in the rainy season (Kim et al., 2014; Luo et al., 2014) and the strong vertical mixing in the deepened boundary layer due to the large surface heating (Su et al., 2018). In spring (March, April, and May, hereafter MAM), the monthly pattern of aerosol is a little different from that of gaseous pollutants. The maximum of aerosol mass density (PM10) occurs in spring (Figure 2A), implying that the long-range transport of mineral dust particle largely enhances the median level of regional aerosol loading although we excluded serious Asian dust event days as mentioned.
[image: Figure 2]FIGURE 2 | Monthly variations of median level (A) PM10 (μg m−3), (B) O3 (ppb), (C) NO2 (ppb), (D) SO2 (ppb), and (E) CO (ppb) in seven megacities, South Korea. Monthly median was estimated in the period from 2002 to 2020.
In contrast to PM10, NO2, O3, and CO, the O3 level shows the reverse seasonal pattern: high in summer but low in winter (Figure 2B). Since the O3 production is strongly affected by the photochemical processes, the amount of O3 increases rapidly in summer when the solar radiation is intensified (Seo et al., 2014; Zhao et al., 2016). One more thing to underline is the exceptional monthly pattern of SO2 in Busan and Ulsan (Figure 2D). It is well known that the ship plume is one of dominant sources of anthropogenic SO2 (Yang et al., 2016), and our analysis revealed same result: higher SO2 in coastal megacities (Ulsan, Busan, and Incheon). Also, these coastal cities have a large industrial area, therefore the high SO2 emission is also expected from the manufacturing and industrial processes (Choi et al., 2020). The unique summer peak of SO2 in Ulsan located in the eastern coast (Figure 1) seems associated with the emission of local industrial area (Vuong et al., 2022) where the southeastern seasonal-wind is prevailing in summer (Clarke et al., 2014), resulted in the inland accumulation of emitted air pollutants. Higher SO2 in summer, Busan (nearby Ulsan) can be explained in a similar way. Incheon does not show a summer SO2 peak by the southeastern wind due to the location (western coast of Korean peninsula).
Additionally, we investigated the mean pattern of each day of the week (Figure 3), which is associated with the weekend effect (e.g., decrease of anthropogenic activity). In general, air pollution analysis based on the day of the week is conducted to see how much the anthropogenic emission from the urban activity degrades the local air quality (Xia et al., 2008; Chen et al., 2015). We found that PM10 and NO2 in Korean megacities show the clear difference between the weekend (Saturday and Sunday) and weekday (other days except the weekend): 10% higher on weekdays than weekends (Figures 3A,C). This characteristic in Korean megacities is similar to the weekly pattern in other urban area (Gong et al., 2007; Stavrakou et al., 2020). As shown in the monthly variation, weekly pattern of O3 is also opposite to that of NO2: higher in the weekend and lower in the weekdays (Figure 3B). Considering that both aerosol and ozone are harmful to the respiratory health, weekend is also not a period of safety for residents having the respiratory symptom, especially asthma patients who are seriously vulnerable to the high O3 (Li et al., 2019). SO2 also shows some weekday-weekend difference but its quantity is quite smaller than PM10 and NO2 (Figure 3D) because most of fuel utilized in South Korea was already much desulfurized (Kim and Lee, 2018). CO does not have a significant weekday-weekend difference (Figure 3E) due to its long lifetime (Yoo et al., 2015). Typically, the weekday-weekend difference of air pollution becomes larger as the urban region has higher pollution (Huryn and Gough, 2014) or lower greenish area (Elansky et al., 2020), which can be confirmed here by the larger weekday-weekend difference in higher populated megacities (i.e., Seoul).
[image: Figure 3]FIGURE 3 | Weekly variations of median level (A) PM10 (μg m−3), (B) O3 (ppb), (C) NO2 (ppb), (D) SO2 (ppb), and (E) CO (ppb) in seven megacities, South Korea. Weekly median was estimated in the period from 2002 to 2020.
Another interesting feature is the difference of air pollution level among each day of week. As known, weekday-weekend difference of urban air pollution has been examined in the world (Marr and Harley, 2002; Almeida et al., 2006). We generally define the “weekday” as the period from Monday to Friday, and the “weekend” as the period from Saturday and Sunday. But it seems that Monday in weekday and Saturday in weekend are in the sort of transition regime. For example, PM10 and NO2 on Saturday is not small as shown on Sunday, and those on Monday is not high as shown in other weekdays (Tuesday to Thursday) (Figures 3A,C). In other words, it is hard to categorize Monday as the weekday and Saturday as the weekend, whereas Tuesday to Friday have a consistent pattern of air pollution as the weekday and Sunday clearly shows the property of weekend. This feature probably comes from the life and working style in South Korean megacities. Recently, Monday and Saturday seem the moving day of urban people in South Korea: Travel to their suburban residence area on Saturday and return to the working place on Monday. For the proper application of these situation to the weekly variation of urban air pollutants in South Korea, the social activity pattern will be more investigated for the weekday and weekend separately. So far, it looks better to define the weekday based on the period from Tuesday to Friday and the weekend based on Sunday for the weekday-weekend difference of air pollutants.
Long-term trend of air pollutants in megacities
After the analysis of general pattern, we investigated the long-term trend of PM10, O3, NO2, SO2, and CO in seven megacities, South Korea. In this work, we basically analyzed the trend of median (50th percentile) value, and also compare the trend of 10th and 90th percentile values, which typically describe the background and high polluted air condition (Yoon et al., 2016). We performed the long-term trend analysis of annual percentiles first then carried on the analysis for the monthly and day of week percentiles.
The trends of annual 10th, 50th (median), and 90th percentile for PM10, O3, NO2, SO2, and CO in seven megacities were compared as shown in Figure 4; Time-series were provided in Supplementary Figures S3–S5. PM10 trend is consistently negative in all seven megacities, and the magnitude is the largest for the 90th percentile trends, implying the decrease of serious haze cases. Trends of annual NO2 percentiles are also consistently decreasing and the magnitude is large for the 90th percentile, similar to trends of PM10. Decreasing trend of both PM10 and NO2 is the strongest in Seoul and becomes weaker as the city population (Supplementary Figure S1) is getting lower. It seems that the effort to reduce air pollutants emission in highly populated megacities works for the steady improvement of Korean urban air quality. There are some exceptions that are increasing trend of 90th percentiles of NO2 in Daejeon and Ulsan, but these do not hurt the finding above because of its small and insignificant magnitude.
[image: Figure 4]FIGURE 4 | Long-term (2002-2020) trends of PM10 (μg m−3/year), O3 (ppb/year), NO2 (ppb/year), SO2 (ppb/year), and CO (ppbl/year) using 10th, 50th (median), and 90th percentile levels in seven megacities, South Korea.
SO2 also shows the decreasing trend but the pattern is a little different: larger decrease in less-populated megacities. Seoul and Busan even have increasing trend of SO2 when 10th percentiles were analyzed, implying that the control of manufacturing activities and industrial processes, the main sources of SO2 emission (Choi et al., 2020), in large megacities of South Korea is still significantly monitored. Despite the small magnitude of this increase, increasing trends of background SO2 cannot be easily neglected in these high populated megacities (Supplementary Figure S1). CO trend is generally all negative, consistent with well-known recent CO decrease in other Asian regions (Liu et al., 2019; Zhang et al., 2020).
In contrast, O3 level becomes worsened. O3 trends are consistently increasing in all megacities, and the magnitude is the largest for the 90th percentile trends. Different from PM10 and NO2 trends, the increasing trend is not proportional to the city population. These features suggest that cases of high O3 pollution have significantly contributed to the deterioration of urban air quality in South Korea, and this situation is not simply related to the level of other air pollutants or the scale of megacities. While the O3 increase in the whole Korean peninsula has been reported (Yoo et al., 2015; Yeo and Kim, 2021), the main influencing factor is still not understood clearly. There were some trials to explain the O3 increase in South Korea based on the meteorological effect (Seo et al., 2014), land use pattern (Yoo et al., 2015), and local emission effect (Shin et al., 2012; Yeo and Kim, 2021). The contribution of transboundary transport was also discussed (Oh et al., 2010; Choi et al., 2014). There is also a possibility that the photochemical production of ozone is getting larger by the increasing pattern of insolation and temperature in the Korean peninsula (Seo et al., 2014). In addition, the existence of stratospheric ozone intrusion may be associated with the O3 increasing trend by considering the consistent O3 increase in all seven megacities and the report of high ozone level above the boundary layer (Crawford et al., 2021).
Next, the long-term trend of air pollutants was investigated for each month. The difference of monthly trends between summer and winter is the first impression of this analysis, except CO (Figure 5). PM10 in seven megacities have a large decreasing trend in summer, but this decrease is not clearly shown in winter (Figure 5A). The decreasing trend of wintertime PM10 can be weakened by the long-term increase of stagnant condition in East Asia (Lee et al., 2020) because the stagnant air condition facilitates the high loading of local airborne aerosols, as recent studies indicated the anti-relationship between PM10 and wind speed (Kim et al., 2017). Considering that the high PM10 in Korean megacities generally happens in winter (Figure 2), the massive effort looks still required to avoid the threat of aerosol pollution to the public health in winter. In summer, aerosol pollution in the Korean peninsula usually relates to the large condensation and coagulation of particles (hygroscopic growth) under the stagnant air condition (Koo et al., 2016; Eck et al., 2020). Thus, the large negative trend in summer is explained by the situation that the stagnant air condition in summer is getting weaker, supported by the previous findings (Lee et al., 2020; Cho et al., 2021). The decrease of PM10 in spring is associated with the weaker Asian dust events recently (Lee et al., 2015; Zong et al., 2021).
[image: Figure 5]FIGURE 5 | Long-term (2002-2020) trends of (A) monthly median PM10 (μg m−3/year), (B) O3 (ppb/year), (C) NO2 (ppb/year), (D) SO2 (ppb/year), and (E) CO (ppb/year) levels in seven megacities, South Korea.
While the signal is less obvious, the monthly pattern of long-tern NO2 trends looks similar to that of PM10 (Figure 5C): larger decreasing in spring and summer, but almost no trend in winter. Reversely, O3 trend is largely positive in summer but small in winter (Figure 5B). Focusing on the O3 trend in Seoul and Busan, we found both large decreasing NO2 and increasing O3, similar to their anti-relationship associated with the NOx titration as shown in Figures 2, 3. In Gwangju, however, NO2 decreasing rate is very small, but O3 increasing rate is still quite large for all months. This is the difficult part to understand the ozone pattern in South Korea; Compared to the trends of other air pollutants, O3 increasing trend is very consistent in all seven megacities regardless of regional difference. The reason is not clear at this present moment, but the influence of larger scale forcing may be resulted in this consistent and significant O3 increase. Future research will be significantly requested for better understanding of O3 trend in Korean megacities.
Although SO2 mean pattern is analogous to the NO2 mean pattern (Figures 2, 3), monthly variation of SO2 trend is a little different: Larger negative trend in winter. Decreasing SO2 in cold winter season means that the environmental policy for SO2 sources has been working well, which is good news to the domestic air quality. In addition, recent large SO2 reduction in China (Sun et al., 2018; Bhardwaj et al., 2019) can be related to the large decrease of wintertime SO2 in South Korea. Summertime SO2 also has the decreasing trend but its magnitude is smaller than wintertime. The irregular pattern in summer is the small SO2 increasing trend in Seoul and Busan, which are two main megacities in South Korea. Considering the increasing trend of 10th percentile SO2 levels in Seoul and Busan (Figure 4), there may exist the increase of background SO2 level in summer for Seoul and Busan, which is not well understood yet. CO trend does not depict the meaningful monthly variation. All seven megacities have clear decreasing trends of CO in all months.
For deeper analyses of median trends in each month, we also compared the trends of 10th and 90th percentile of air pollutants (Supplementary Figures S6, S7). One main finding is that the magnitude of long-term trends become more obvious if 90th percentile values are considered, but less significant with 10th percentile values. In other words, 90th percentile values more significantly illustrate decreasing trends of PM10, NO2, SO2, and CO, and increasing trend of O3 in all months, meaning that the change (i.e., improvement or degradation) of high polluted condition (meaning of 90th percentile values of air pollutants) is a dominant determining factor of long-term trends. This finding supports the previous studies addressing the necessity to control the high polluted condition mainly for better air quality (Park et al., 2021a). If the direction of trends (i.e., increase or decrease) is not identical in accordance with the choice of percentiles, the trend analysis should be performed more carefully. This feature was found in SO2 trend pattern; 10th percentiles of SO2 in Seoul and Busan show the consistent increasing trend, but 90th percentiles show the decreasing trends in all months. In other words, high SO2 cases in Seoul and Busan is getting lesser, but the background SO2 level is slightly increasing. This opposite pattern reveals the complex characteristics of sulfur pollution in the urban region. We do not clearly figure out this difference at this present moment, but anyhow, at least we can recognize the necessity of percentile trend analysis, providing the additional important information in detail.
Finally, we performed the analysis of trends in each day of week. This analysis enables us to check if there is a different trend of urban air pollution between the weekday and weekend period. Although the median trend of air pollutants between weekday and weekend periods is not much different (Figure 6), an interesting feature can be found; decreasing (increasing) trends tend to be stronger (weaker) in the middle of weekdays, but weaker (stronger) in the weekend. Considering that the higher concentration of air pollutants was usually detected in the middle of weekday as reported in some previous studies (e.g., Jin et al., 2005; Gong et al., 2007), urban activities degrading the air quality (e.g., manufacturing and industrial process) looks to be well controlled in South Korea.
[image: Figure 6]FIGURE 6 | For each day of week, long-term (2002–2020) trends of median (A) PM10 (μgm−3/year), (B) O3 (ppb/year), (C) NO2 (ppb/year), (D) SO2 (ppb/year), and (E) CO (ppb/year) levels in seven megacities, South Korea.
Trends of 10th and 90th percentiles are rather different from the median trend patterns; They are opposite between Saturday and Sunday (Supplementary Figures S8, S9). Decrease of 10th and 90th PM10 and NO2 percentiles is rather clear on Saturday but not on Sunday, in general. In contrast, decrease of 10th and 90th SO2 and CO percentiles is strong in Sunday, but weaker in Saturday. Considering that SO2 and CO tend to be more emitted from the fossil fuel combustion rather than the emission of aerosol (PM10) and NO2, we guess that fuel combustion-related industrial activities and manufacturing process may be still active on Saturday, resulted in weak decrease of SO2 and CO. On Sunday, SO2 and CO can be diminished but PM10 and NO2 cannot have a large decrease if industrial activities are really ceased much but private activities are large enough. But this is just conjecture and the reason to induce this Saturday-Sunday difference is not clearly understood yet. Further study will be strongly required for better interpretation.
CAI patterns in Korean megacities
Lastly, we assessed the mean pattern and long-term variation of air quality in Korean megacities based on CAI values estimated by the combined evaluation of PM10, O3, NO2, SO2, and CO used in this study. As mentioned in chapter 3.1, there are four grades of CAI: Good (CAI from 0 to 50), Moderate (CAI from 51 to 100), Unhealthy (CAI from 101 to 250), and Very unhealthy (CAI > 250). Fortunately, there was no case classified in “Very unhealthy” in our study period. Thus, we examined how many cases were categorized into “Good,” “Moderate,” and “Unhealthy” grades, and how their frequencies have varied (Figure 7).
[image: Figure 7]FIGURE 7 | During the research period (2002–2020), frequency of CAI grades (CAI “good” for 0-50, CAI “moderate for 51–100, and CAI “unhealthy” for 101–250) in multiple time scale: (A) monthly frequency, (B) frequency in each day of week, and (C) annual frequency in seven megacities, South Korea.
The monthly variation of CAI frequencies (Figure 7A) shows that the frequency of “Unhealthy” is the highest in winter (DJF) when the aerosol and its precursor species is largely emitted and accumulated. Reversely, the frequency of “Good” is generally high in summer (JJA). But there is the large difference among seven megacities; Daejeon and Gwangju show higher, but Busan and Incheon show relatively lower frequency of “Good” grade. In every year of South Korea, the rainy season (called Jangma) occurs from late June to middle of August. Therefore, the air pollutants are much washed out (Kim et al., 2014; Yoo et al., 2014), resulted in high number of “Good” grade. Nevertheless, we can see a weird difference of “Good” grade among seven cities. An interesting feature here is the lower number of “Good” grade in Busan, Incheon, and Ulsan that are located in the coastal region, and these megacities usually have a large number of visitors who enjoy the summer vacation. Probably the anthropogenic emission from these visitors’ activities and accompanying high traffic can disturb the improvement of local air quality. When CAI frequencies were compared among days of week (Figure 7B), there are not many significant features. The only obvious pattern is the weekday-weekend difference of “Unhealthy” frequency, which is about ∼5% at maximum. Here the difference between Saturday and Sunday, and the difference between Monday and other weekdays was also found, as discussed with Figure 3.
In terms of the long-term trends of CAI (Figure 7C), the number of “Moderate” grade is most frequent every year in all seven cities, and its annual variation is consistent from 2002 to 2020, meaning that the normal condition has been well maintained. The number of “Unhealthy” grade is the least in Korean megacities. Different from “Moderate” grade, the number of “Good” and “Unhealthy” shows long-term change: increase of “Good” cases but decrease of “Unhealthy” cases. Specifically, the number of “Good” generally becomes higher, particularly in high-populated megacities (Seoul, Busan, Incheon, and Daegu). In contrast, “Unhealthy” cases tend to decrease, particularly Seoul and Incheon. These results well describe the steady improvement of air quality in Korean megacities during recent ∼20 years. For example, the frequency of “Unhealthy” days in Seoul is higher than “Good” days in 2002, but this pattern becomes totally opposite in 2020. As examined so far, it seems that the decreasing pattern of PM10 and NO2 dominantly leads the advanced air quality in Korean megacities. Nevertheless, Korean megacities still experience ∼5% “Unhealthy” air quality condition in a year. These air quality conditions are determined by the high ozone level that is the only air pollutants showing the increasing trend at this present moment. Korean government will definitely conduct a dense preparation to avoid the health damage from the ozone pollution (Hwang et al., 2016) in the future.
SUMMARY AND CONCLUSION
This study investigated several temporal (inter-annual, monthly, and weekly variation) patterns of air pollutants (PM10, O3, NO2, SO2, and CO) in seven megacities in South Korea. Most of air pollutants fortunately show the long-term decrease, but O3 only has the strong increasing trend, meaning that the control of ozone pollution is the urgent issue to mitigate the future urban air pollution in South Korea. From a seasonal point of view, wintertime air pollution is still most serious in Korean cities. Considering the weaker monsoon effect can exacerbate the air pollution over the Korean peninsula and East Asia (Jeong and Park, 2017; Zou et al., 2017), the stronger reduction of local emission is required in the Korean megacities. Also, our analysis of weekly pattern suggested the air quality on Monday and Saturday seems located in the transition between the weekday and weekend. Since the weekly transportation between urban and suburban area becomes invigorative due to the enlargement of megacity area, we may need to examine the air quality in these transition days of week separately from the typical weekday and weekend period. One more point that we would underline in this study is the usefulness of percentile analysis, enabling us to assess the temporal variation of urban air quality in the background and high-polluted condition. We believe that the percentile analysis provides the meaningful idea additionally for the urban air quality diagnosis, not found in the mean-pattern based analysis. Some deeper analyses should be continued with the usage of social information related to the urban activity (e.g., traffic amount, power sources, etc.).
The number and size of megacity is continuously increasing in a global scale, and more people will live in the urban area. Although the governmental policy is prepared for whole country, this is why the environmental policy for the urban region is usually considered more significantly. In spite of recent findings for the large influence of long-range transboundary transport (Lee S. et al., 2019; Lee et al., 2021), synoptic meteorology (Bae et al., 2021; Ku et al., 2021), and climate variability (Jeong et al., 2018; Kim et al., 2021) to the air quality in South Korea, basic tactics to reduce the urban air pollution still lie on the control of local emission and anthropogenic activity. We confirmed this effect based on the COVID-19 period, showing the air quality enhancement by smaller anthropogenic activities (Koo et al., 2020; Park et al., 2021b). The analysis for temporal properties of air pollutants reveals which efforts are urgently requested. Based on this study, we can discover some unwatched features of air quality in Korean megacities; The ozone pollution is consistently serious in all seven megacities for a long time regardless of the local level of NO2, the attention to the SO2 pollution looks still needed for the coastal cities, and air quality on Saturday is not quite clean different from the typical expectation. We hope that these findings will be useful in the policy making processes for the improvement of air quality in Korean megacities.
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