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Abstract

:

The study analyzed temporal variations of Ozone Monitoring Instrument (OMI)-observed NO2 columns, interregional correlation, and comparison between NO2 columns and NOx emissions during the period from 2006 to 2015. Regarding the trend of the NO2 columns, the linear lines were classified into four groups: (1) ‘upward and downward’ over six defined geographic regions in central-east Asia; (2) ‘downward’ over Guangzhou, Japan, and Taiwan; (3) ‘stagnant’ over South Korea; and (4) ‘upward’ over North Korea, Mongolia, Qinghai, and Northwestern Pacific ocean. In particular, the levels of NO2 columns in 2015 returned to those in 2006 over most of the polluted regions in China. Quantitatively, their relative changes in 2015 compared to 2006 were approximately 10%. From the interregional correlation analysis, it was found that unlike positive relationships between the polluted areas, the different variations of monthly NO2 columns led to negative relationships in Mongolia and Qinghai. Regarding the comparison between NO2 columns and NOx emission, the NOx emissions from the Copernicus Atmosphere Monitoring Service (CAMS) and Clean Air Policy Support System (CAPSS) inventories did not follow the year-to-year variations of NO2 columns over the polluted regions. In addition, the weekly effect was only clearly shown in South Korea, Japan, and Taiwan, indicating that the amounts of NOx emissions are significantly contributed to by the transportation sector.
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1. Introduction


As a precursor of ozone and secondary inorganic aerosol, nitrogen oxides (NOx = NO2 + NO) play a crucial role in atmospheric chemistry. NOx is primarily emitted from fossil fuel combustion processes related to energy consumption [1,2], as well as naturally from microbiological activities in soil, lightning, and wildland fires [3,4].



The spatial distribution of satellite observed NO2 columns is usually similar to those of NOx emissions because NO2 is a proxy indicator for NOx and NOx has a relatively short chemical lifetime, particularly in summer. As a result, tropospheric NO2 columns observed from satellite sensors such as the Global Ozone Monitoring Experiment (GOME), Scanning Imaging Absorption Spectrometer for Atmospheric Cartography (SCIAMACHY), Ozone Monitoring Instrument (OMI), and GOME-II have been widely used to evaluate the bottom-up NOx emissions on regional and global scales [5,6,7,8,9], to explore unknown sources of NOx emissions [10,11], to infer surface NOx emission and NO2 concentration [12,13,14,15,16,17,18], to monitor the local transports of NOx molecules [19], and to provide initial and boundary conditions of NO2 for improving the accuracy of the air quality forecasting [20,21]. For example, Majid et al. and McLinden et al. identified NOx source regions from oil and shale gas activities in the US and Canada using OMI-observed NO2 columns [10,11]. Mijling and van der A developed the Daily Emission estimates Constrained by Satellite Observations (DECSO) algorithm for fast updates of NOx emissions on a 0.25-degree resolution using daily OMI and GOME-II observed data [16]. From the algorithm, they have provided the monthly top-down NOx emissions over East China from 2007 to 2017 as a part of the ‘GlobEmission’ project [22].



Many studies conducted a long-term analysis of tropospheric NO2 columns to understand weekly and monthly cycles and year-to-year variation of NOx emissions on the urban and global scales [23,24,25,26,27,28,29,30,31]. Beirle et al. [23] analyzed the GOME-retrieved NO2 columns to investigate the weekly cycle of NO2 in the US, Europe, East Asia, and Middle East Asia. The weekly effect (or Sunday effect) better represents lower NO2 columns on weekends than those on weekdays because energy consumption is expected to be reduced at weekends [23,32]. From the analysis, they found that the weekly cycle of tropospheric NO2 columns was usually observed in the industrialized regions and cities in the US, Europe, and Japan, whereas no weekly pattern was seen in China. In the long-term analysis of NO2 columns, de Foy et al. [33] demonstrated that there was a rapid decrease in the NO2 columns over most regions of China after increases from 2005 to 2011. Therefore, they concluded that China exceeded the NOx reduction goals of its twelfth five-year plan. Such a recent rapid decrease in the NO2 columns over China was also reported by several investigators [18,34,35]. However, these studies of the recent reduction in NO2 columns were based on the urban or national scales. Therefore, particularly on a local/regional scale, comprehensive investigations considering the above analyses of the NO2 columns for long periods are required to provide detailed information on its temporal variations.



In this study, the objective is to examine the year-to-year, monthly, and weekly changes of tropospheric NO2 columns, focusing on the fourteen regions on the regional scale (refer to Section 2.3). For the analysis, the satellite-observed NO2 columns from the KNMI/Dutch OMI NO2 (DOMINO) product during the periods from 2006 to 2015 were utilized. Also, the bottom-up NOx emissions from the Copernicus Atmosphere Monitoring Service (CAMS) database during the same period were analyzed. The manuscript was outlined as follows. The satellite observation and emissions database were described in Section 2.1 and Section 2.2, respectively. In Section 3, the temporal variations of NO2 columns were extensively discussed in conjunction with those of bottom-up NOx emissions. The summary and conclusion are presented in Section 4.




2. Experiments


2.1. OMI Retrieved NO2 Columns


The OMI instrument onboard the NASA/EOS-Aura satellite was launched on July 2004 in a sun-synchronous orbit, crossing the equator at 13:45 local time [36]. The OMI instrument measures the solar backscatter in the ultraviolet and visible spectral range from 270 to 500 nm with its resolution of ~0.5 nm. It has provided global information on the aerosol and ozone as well as their precursors (NO2, SO2, and HCHO) with a spatial resolution of 13 km × 24 km at the nadir. In this study, the daily products from KNMI/DOMINO v2.0 algorithm was utilized to analyze the spatial and temporal variations of tropospheric NO2 columns during the period between January 2006 and December 2015 [37,38]. The daily data were obtained from the Tropospheric Emission Monitoring Internet Service (TEMIS) [39].



The tropospheric NO2 columns (unit: molecules cm−2) are the sum of atmospheric NO2 integrated from the surface of the Earth to the tropopause (approximate 10 km in mid-latitude regions). The retrieval of the tropospheric NO2 column proceeds in three steps. Details of the algorithm are fully described in the study of Boersma et al. [38,40]. Here, the procedure was briefly introduced. First, OMI-observed NO2 slant columns were determined by spectral fitting from the Differential Optical Absorption Spectroscopy (DOAS) technique [41]. Second, the stratospheric contributions were calculated from the data assimilation of OMI-observed NO2 slant columns into the global Chemistry Transport Model (TM4) simulations. The stratospheric contributions were then subtracted from the total NO2 slant columns. Last, the tropospheric NO2 columns were converted from the tropospheric NO2 slant columns using the tropospheric air mass factor (AMF) calculated by the Doubling Adding KNMI (DAK) radiative transfer model simulation [42] with inputs of solar zenith angle, cloud information, surface albedo, and NO2 vertical profiles. The uncertainty in the tropospheric NO2 columns from the DOMINO v2.0 algorithm, caused mainly by the AMF calculation was 1.0 × 1015 molecules cm−2 with a relative error of 25% [38].



For more consistent trend analysis, the observed pixels were considered only for the rows 6–23 because of the known row anomaly issue [35,43]. Besides, the observed pixels contaminated by bright surface albedo (larger than 0.3) and clouds (cloud radiance fraction larger than 50%) were not involved in the analysis [38]. Filtering some pixels due to cloud interferences is particularly important in East Asia, where heavy aerosol pollution often occurs since the scattering and absorption by aerosols affects atmospheric radiances as well as NO2 retrieval [38,44]. Each data were then re-gridded into a regular 0.25° × 0.25° grid on a daily basis because Duncan et al. demonstrated that only high-resolved (<0.3°) data of tropospheric NO2 columns properly explain the changes in energy consumption and various emissions sources in a megacity like Seoul [34].




2.2. Bottom-Up NOx Emissions


For the comparison with tropospheric NO2 columns, the anthropogenic NOx emissions of CAMS (Copernicus Atmosphere Monitoring Service) inventory on a global scale (i.e., CAMS-GLOB-ANT v3.1) were obtained from the ECCAD website [45]. Also, the Clean Air Policy Support System (CAPSS) data [46] were used for South Korea. The global database for 2000–2019 is publicly available. The original version of CAMS-GLOB-ANT v2.1 did not consider the recent decrease in the tropospheric NO2 columns over China after the year 2011–2012. Cranier et al. updated and reflected this feature on the database of CAMS-GLOB-ANT v2.3 by replacing version 2.1 with data from MEIC (Multi-resolution Emission Inventory) 1.3 for China [47,48]. Unfortunately, version 2.3 is not available on ECCAD website, but v3.1 is available. Therefore, the study used the CAMS-GLOB-ANT v3.1 (hereafter, CAMS) for the analysis.




2.3. Target Areas


For the monthly and year-to-year analysis of tropospheric NO2 columns, fourteen analysis regions were defined in Figure 1a, taking NOx emission fluxes into account. Figure 1b presented the spatial pattern of NOx emission fluxes obtained from the CAMS inventory for the year 2010 [48].



The high NOx emissions fluxes exceeding ~1 Gg year−1 at each grid were found over the several mega-cities of China, South Korea, and Japan, whereas the remotely clean regions such as Mongolia, the western part of China, some parts of Russia, and the Northwest Pacific ocean have small emission fluxes. Thus, two groups were classified according to the strength of the NOx emission fluxes. For relatively high NOx emission fluxes, eleven regions (i.e., polluted regions) were as follow: (i) Central East China (CEC), (ii) Shanghai (SH), (iii) Wuhan (WH), (iv) Xian (XN), (v) Chongqing and Chengdu (CC), (vi) Guangzhou (GZ), (vii) Shenyang (SY), (viii) Taiwan (TW), (ix) North Korea (NK), (x) South Korea (SK), and (xi) Japan (JP). These areas are highly populated in East Asia. In contrast, three regions were selected for a remotely clean atmosphere. There are as follows: (i) Mongolia (MG), (ii) Qinghai (QH), and (iii) Northwestern Pacific Ocean (NWP).





3. Results and Discussions


Figure 2a–d represents the spatial distributions of the averaged tropospheric NO2 columns (hereafter, denoted as Ω) during the periods of ten years for 2006–2015 and two years for 2006 (actually, refer to 2006–2007), 2010 (2010–2011), and 2014 (2014–2015), respectively. As shown in Figure 1b and Figure 2, the spatial distributions of the 10-year and 2-year averaged Ω were generally consistent with those of NOx emissions, indicating that the OMI sensor well captured the emission hot-spots in the regions of CEC, SH, GZ, WH, XN, CC, SY, SK, and JP. In the analysis, the tropospheric NO2 columns were increased by 19% from 2006 to 2010, whereas those were decreased by 6% from 2010 to 2014 over the entire domain. In other words, the levels of the NO2 columns in 2014 returned to approximately those in 2006, particularly over central China. The study further focused on the features of year-to-year, monthly, and weekly variations of Ω in the 14 regions.



3.1. Trend and Monthly Variations of Tropospheric NO2 Columns


The variations of monthly averaged Ω denoted as black open circles in the left panel of Figure 3 and Figure S1 (in the supplementary materials), showed cyclical patterns over most of the regions. Several investigators reported such clear cycles of Ω in East Asia e.g., references [28,30,49,50]. The variations in Ω are related to several issues of the atmospheric chemical mechanism (e.g., NOx chemical losses), the (anthropogenic, biogenic, and natural) NOx emissions, and meteorological factors [14,15,31].



For example, as shown in the left panel of Figure 3, Ω increase during the cold seasons owing to fuel consumption for heating [51]. Also, low Ω are caused by the active photochemical removals of atmospheric NOx via the reactions with OH radicals during the warm seasons [14,31]. The irregular cycle of Ω partly found over NK is possibly related to insufficient electricity supplies and in-active energy consumption due to the economic instability in North Korea [52]. Moreover, because of some uncertainty of NO2 retrieval [38], the low absolute signal of NO2 columns in North Korea can contribute such an irregular pattern, which was confirmed over NWP.



The 12-month moving averages calculated from the monthly mean Ω were also plotted, as thick green lines in Figure 3. The moving average approach minimizes the random fluctuations (e.g., for NK in Figure S1) and removes a monthly effect in a long-term dataset. From the analysis of the 12-month moving averages, the variations of the NO2 columns were classified into the following four trends: (i) upward and downward trend; (ii) downward trend; (iii) stagnant trend; (iv) upward trend. Table 1 (and Table S1) summarized the (percent) increasing or decreasing rates over the fourteen regions. Over CEC, SH, XN, WH, SY, and CC, the ‘upward and downward’ trends were observed. The gradual increases in Ω were captured until the year around 2011 or 2012 apart from the periods of the global economic recession, 2008 Olympic Games in Beijing, and World Expo 2010 in Shanghai [53,54,55]. After the turning point, the moving averages declined sharply. For example, over CEC, the tropospheric NO2 columns increased at the rate of 0.75 ± 0.08 × 1015 molecules cm−2 year−1 (or 7.22 ± 0.82% year−1; data mean ± confident level of 95%) from June 2006 to November 2012 and then decreased at the rate of (−2.10 ± 0.13) × 1015 molecules cm−2 year−1 (or −20.29 ± 1.25% year−1) from November 2012 to June 2015. For SH, the NO2 column showed growth of (0.50 ± 0.11) × 1015 molecules cm−2 year−1 (or 5.25 ± 1.11% year−1) from June 2006 to January 2011 and decline of (−0.64 ± 0.07) × 1015 molecules cm−2 year−1 (or −6.78 ± 0.79% year−1) from January 2011 to June 2015. Such recent decreases in Ω over these regions were also reported previously in other studies [28,35]. For the second group, the ‘downward’ trends were observed over GZ, JP, and TW throughout the entire periods. Here, the peak in Ω would be before 2006 at least. The NO2 columns decreased at the rates of −1.6–−2.7% year−1, which were slower than those shown in other studies [26,56]. Itahashi et al. and Cui et al. reported the declines of −4.6% year−1 (from 2005 to 2008) and −3.3 ± 0.3% year− (from 2005 to 2013) over Japan and the Pearl River Delta, respectively. Also, Lee et al. [57] reported the rate of (−0.09 ± 0.01) × 1015 molecules cm−2 year−1 from 2005 to 2015 in Taiwan, which is a sharper decline than this result of (−0.05 ± 0.01) × 1015 molecules cm−2 year−1 over TW. The slight differences may be due to a different time window and base year for the different spatial regions.



Thirdly, the tropospheric NO2 columns increased at the slowest rate of 1.12 ± 0.40% year−1 ((0.06 ± 0.02) × 1015 molecules cm−2 year−1) over SK. Despite the slow growth, the trend was defined as stagnation because the NO2 columns seemed to be repeatedly downward-stagnant-upward moving, leading to a low correlation coefficient (R2 = 0.23). Itahashi et al. also reported such constant variation in Ω calculated and observed from the chemistry transport model and OMI sensor over SK [56]. For the last group, the ‘upward’ trends were shown over NK, MG, QH, and NWP, where Ω were relatively low. The atmospheric levels of Ω over MG, QH, and NWP (e.g., less than 1.0 × 1015 molecules cm−2) can be considered, as background levels in East Asia. The growths of Ω were (0.06 ± 0.01) × 1015 molecules cm−2 year−1 (2.74 ± 0.61% year−1) over NK, (0.02 ± 0.002) × 1015 molecules cm−2 year−1 (3.99 ± 0.30% year−1) over MG, (0.02 ± 0.002) × 1015 molecules cm−2 year−1 (4.07 ± 0.17% year−1) over QH, and (0.01 ± 0.001) × 1015 molecules cm−2 year−1 (1.81 ± 0.51% year−1) over NWP. As shown in Figure 3 and Figure S1, the 12-month moving averages were close to the linear regression line, particularly for MG and QH (R2 = 0.87 and 0.96, respectively).



In this study, the interregional correlation analysis was conducted using the monthly averaged NO2 columns. Figure 4 represents a matrix of correlation coefficients between two regions during the decade. The similarity in parameters such as NOx emissions (e.g., fraction by emission sectors), transports from neighboring areas, and photochemical regime by season determines the strength of a linear relationship between two regions. In this study, their correlation coefficients (R) between the polluted regions ranged from 0.94 to 0.71, indicating a strong positive linear relationship. For example, the largest one was between WH and XN. However, there were some moderate (positive linear) relationships found from interregional CC-JP, CC-TW, CC-GZ, and JP-WH, where coefficients ranged from 0.59 to 0.68 in the specified order. The irregular cycle of monthly Ω over CC during 2006–2010 (shown in Figure S1) can lead to these types of low correlations. Also, the trends of NO2 columns over JP, TW, and GZ, which were downward trends and were somewhat different from those over CC, have an impact on the correlation. Thus, as shown in Figure 4, the correlation coefficients between CC and other regions were slightly smaller than the others.



There are other positive linear relationships of moderate strength between NK and other polluted regions (except for SK), which ranged from 0.56 to 0.69. As discussed, insufficient electricity and inactive energy consumption are possibly related to the low correlation coefficient in North Korea, which were indirectly confirmed by the night-light images from satellite observation [52,58]. The analysis also showed lower correlations from NWP with each polluted region because NOx over the ocean is irregularly emitted from marine diesel engines and supplied by occasional long-range transports from inland [59,60].



On the other hand, there were moderate negative linear relationships (bluish color in Figure 4) for MG and QH, indicating that the monthly variations of Ω are absolutely the opposite of those over the polluted regions. The fact was found in Figure 5, showing the monthly variations of the tropospheric NO2 columns normalized to the 10-year average. Thus, Ω over MG and QH were high during the warm seasons and were low during the cold seasons in Figure 5, unlike those over the polluted regions. As intensively discussed in other studies [8,9,14,15,31], the low levels of atmospheric NO2 during the warm seasons are caused by the active NOx destruction through the reaction of NO2+OH+M→HNO3 in the urban polluted regions. In contrast, the biogenic soil NOx emissions can lead to the high levels of Ω over the rural areas (e.g., MG and QH) because microbiological activity in soil is active during the warm seasons [61,62,63,64]. Recently, Han et al. reported from their modeling study that atmospheric NO2 decomposed thermally from Peroxyacetyl Nitrates (PANs) is also a crucial contributor to the high NO2 (by up to 51%) during the warm seasons in the remote continental regions of Mongolia [31].




3.2. Year-to-Year Variations of Tropospheric NO2 Columns with Bottom-Up NOx Emissions


To figure out an increase or decrease in the recent Ω and to compare with the bottom-up NOx emissions, annual Ω were calculated using the monthly data. Annual averages can be a useful indicator to infer the long-term trends and validate the magnitudes of bottom-up NOx emission fluxes [27,65,66,67]. Figure S2 shows year-to-year variations of relative changes in Ω from 2006, which are similar to trends of moving averages in the right panel of Figure 3 (also, refer to annual variations of Ω in Figure S3). The negative relative changes in 2015 were observed over GZ (−24.45%), JP (−20.72%), SH (−8.63%), and TW (−8.13%). As reported in other studies [34,68,69], the policy and technical efforts on local emission control gave rise to such a decrease in Ω over these areas. Also, SH in Group I shown in Table 1 was the only region which shifted from positive to negative relative differences. In contrast, there were positive relative changes in 2015, particularly over MG, QH, NWP, and NK, which ranged from 18.20% to 46.96%. Some other regions in China showed an increase in Ω within 10%, indicating that NOx emissions for 2015 roughly returned to the magnitudes for 2006 after reaching their peaks between 2011 and 2013.



The study also analyzed the spatial distributions of NO2 columns for the years of 2006, 2011, and 2015. The year of 2011 was selected as a peak year despite some differences between regions. Figure 6 showed the spatial distribution of differences in Ω over East Asia among three reference years. Here, dark blue and dark red indicates an increase and decrease in NO2 columns, respectively. As can also be expected from Figure S2, the Ω over East Asia increased from 2006 to 2011 and then decreased from 2011 to 2015. Eventually, the levels of Ω in 2015 reached approximately levels in 2006. It is an ‘upward and downward’ trend for the entire domain. In addition, an increase or decrease in Ω can vary depending on the size of the analysis areas. For example, unlike the CEC region, the Ω in Beijing continued to decrease. In other words, unlike CEC belonging to Group I, Beijing in the urban scale analysis is rather close to the Group II defined in Table 1. As similar to those in GZ, TW, and JP in Figure S2, Figure 6 showed clear drops in NO2 columns in the cities of Hong Kong, Taipei, Tokyo, and Osaka. The reductions of Ω in the urban scales are in line with those of previous studies [33,34].



One more interesting finding was a distinct contrast between Hebei and Shandong provinces, as shown in CEC of Figure 6c. The positive sign around Shandong province canceled out the negative sign around Hebei province and Beijing. Such spatially different sign of ΔΩ = (Ω2015 – Ω2006) in Hebei and Shandong can be associated with the disparities implementing new emission regulations for power plants and more stringent emissions standards for vehicles in China [27,68]. The new emissions regulations planned in 2012 required that thermal power plants be upgraded or equipped with low NOx combustion technologies and flue gas denitrification (e.g., selective (non-)selective catalytic reduction). The facilities affected by this were particularly concentrated in the BTH (Beijing, Tianjin, and Hebei), Yangtze River Delta (Shanghai, Jiangsu, and Zhejiang), and Pearl River Delta (Guangdong) [27].



Despite a nonlinear relationship between NOx and NO2 in the atmosphere, this study compared the year-to-year variations of NOx emission of CAMS and CAPSS inventories with those of Ω because the satellite observed NO2 column is as a proxy for surface NOx emissions. Figure 7 and Figure S4 showed the year-to-year variations of NOx emissions and NO2 columns normalized to those in 2006 during a decade. The comparison between the two variables exhibited a good correlation coefficient (R > 0.7) in several regions of CC, SY, JP, TW, QH, and MG, indicating that the year-to-year variations of the bottom-up NOx emission from the CAMS were similar to those of Ω. This finding is consistent with those from previous studies for (western) China, Japan, and Taiwan [26,27,56,57]. However, the results over most of the other regions (e.g., CEC, SH, GZ, WH, and XN) showed lower correlation coefficients regardless of the degree of pollution. It is likely that considering the emissions data without considering the recent reduction since ~2011 in China causes these low correlations. The analysis showed that the largest sector of the power generation in CEC and SH decreased by 10% and 16%, respectively, but increases in the industrial process sector offset such decreases. As shown in Figure 7, the bottom-up NOx emissions have declined in CEC and SH regions since 2011, but only marginally.



Interestingly, NO2 columns showed an inverse correlation with NOx emissions in the GZ, NK, and SK regions. In North Korea, the use of biofuel increased due to the sharp declines in coal supply since 2010 [70]. However, biological fuels were not possibly reflected in the NOx emission inventory, which led to the inverse correlation between two variables. Besides, biofuels are known to produce more air pollutants than coal and petroleum, generating the same amount of heat [70].



Overall, unlike expectations, the NOx emissions of CMAS and CAPSS inventories do not seem to adequately reflect the annual changes in Ω over many analysis regions in China, South Korea, and North Korea. Also, there is still room for improvement in the trends of NOx emission inventories.




3.3. Weekly Variations of Tropospheric NO2 Columns


The weekend effect means that the use of fossil fuels is reduced due to weak industrial and human activities during the weekend, thereby leading to low levels of air pollutants on the weekend. Beirle et al. first discussed the weekend effect of Ω in some cities of the US, Europe, and Japan using the satellite data from the GOME sensor for 1996–2001 [23]. They showed that Ω on Sunday is 25–50% small, compared with those on weekdays in these countries. This study also investigated the weekly cycles of Ω over the 14 regions in East Asia. Based on the analysis, it can provide valuable information on the weekly temporal allocation of NOx emission for the input of 3D-CTM in East Asia.



Figure 8 represents the weekly cycles of Ω normalized to the averaged Ω during a decade from 2006 to 2015 by region grouped to a similar level of variation. As shown in Figure 8a,b, the data points were distributed close to 1, indicating that there are no weekly changes in Ω in CC, QH, NWP, CEC, MG, and SY. Similarly, in WH, SH, GZ, and XN (in Figure 8c,d), Ω seem to be slightly lower on the weekend, but the normalized ratios are in the range between 0.9 and 1.1, without significant differences from the weekday. Again, from the analysis, it revealed that there is no weekly effect for several regions in China. According to the study of Beirle et al. [23], the absence of the weekend effect in China pointed out that energy production and industrial activities operating throughout the week contributes significantly to the Chinese NOx emissions. To confirm this fact, Table 2 showed each contribution of NOx emissions by sector. The analysis of the CAMS emissions showed that 72–86% of the total anthropogenic NOx is emitted mainly from power generations and industrial processes in the selected regions in China.



On the other hand, Figure 8e displayed the clear weekly cycles in SK, JP, and TW, showing low and high Ω on the weekend and the workdays, respectively. The result was also consistent with previous studies [23,71]. Therefore, as expected from the clear weekly cycle, the NOx emissions in SK, JP, and TW can be affected significantly by the transportation sector. As shown in Table 2, its contribution (i.e., 20–48%) in SK, JP, and TW was much higher than those in several polluted regions of China.



In the NK regions, it is interesting that the level of Ω was rather high on Saturday (see Figure 8f). Weekly analysis for each year (from 2006 to 2015) also showed a consistent result. As an alternative of deficient coal, the increased use of biofuels for cooking and heating may be partly attributed to the unexpected weekly variation in North Korea, along with the lifestyle of North Koreans [63]. However, it was difficult to draw a firm conclusion due to the lack of reliable information and limited studies available for North Korea. Further investigations are required.



The relative differences between two NO2 columns on the weekend (ΩWKND) and the weekday (ΩWKDY) were calculated using the Equation (1) to quantify the weekend effect in East Asia.




    Relative   Difference    =   (  Ω  W K N D   −  Ω  W K D Y   )    Ω  W K D Y     × 100 ,   



(1)





Figure 9 showed the spatial distributions of the relative differences over East Asia. Here, the bluish color represents the weekend effect (or lower Ω on the weekend). The reddish color over several regions of China can be attributed to energy production and industrial activities throughout the week, as previously discussed. However, the reddish color in NWP would be differently made by NOx sources from irregular ship emissions (refer to Table 2). Also, time lag during transport of NOx plume from inland via a westerly wind (~1 day, particularly, in winter) can hamper the relative difference. As shown in Figure 9, the dark blue was distributed mainly in SK and JP. In the analysis, NO2 columns were 5.1%, 5.6%, and 15.1% lower on the weekend in SK, TW, and JP, respectively. These relative differences were quite smaller than those (approximately −25–−50%) in the cities of the US and Europe [23,72,73] because of the larger size of the target areas in this study. In the urban scale analysis, the (negative) relative differences in the megacities of Taipei (−18.1%), Seoul (−19.9%), Busan (−27.3%), Osaka (−32.1%), and Tokyo (−33.4%) were closer to those in the cities of the US and Europe. Considering data only on Sunday for the weekend effect, the relative differences in the magnitude would be much higher. For other cities, the relative differences were −2.8% in Shanghai, −3.7% in Hong Kong, −12.0% in Chengdu, and −14.2% in Chongqing, which is a slight weekend effect. However, over Beijing (1.1%) and Tianjin (0.1%), positive relative differences were found.





4. Summaries and Conclusions


In the study, temporal analysis of tropospheric NO2 columns was carried out over fourteen areas based on a regional scale in East Asia using the OMI-observed data during the period from 2006 to 2015. The monthly variations of the NO2 columns governed by the combined issues of NOx emissions, chemical mechanism, and meteorological fields showed a cyclical pattern over most of the analysis regions. The 12-month moving averages from these monthly Ω were calculated to analyze the trends of Ω over East Asia. The 12-month moving averages were close to the linear trend lines, with good correlation coefficients over most of the analysis regions. The trends were classified into four groups: (i) upward and downward; (ii) downward; (iii) stagnant; (iv) upward trends. First, the ‘upward and downward’ trend was from CEC, SH, XN, WH, SY, and CC. After the maximum of Ω around the year of 2011–2012, the moving averages declined sharply. For example, over CEC, the Ω increased at the rate of 0.75(±0.08) × 1015 molecules cm−2 year−1 from June 2006 to November 2012 and then decreased at the rate of −2.10(±0.13) × 1015 molecules cm−2 year−1 from November 2012 to June 2015. Second, the ‘downward’ trend was observed over GZ, JP, and TW. The Ω decreased at the rates of (−0.05(±0.01)–−0.16(±0.01)) × 1015 molecules cm−2 year−1 over these regions. Third, the ‘stagnant’ trend was shown over SK. Fourth, the ‘upward’ trend was shown over NK, MG, QH, and NWP. The growth of Ω was (0.01(±0.001)–0.06(±0.01)) × 1015 molecules cm−2 year−1. Overall, the levels of tropospheric NO2 columns in 2015 returned to the magnitudes in 2006 over most of the polluted regions in China. From the annual data analysis, the relative change of NO2 columns in 2015 compared to those in 2006 were approximately 10% for most of the regions in China.



The monthly averaged Ω was utilized to investigate the interregional correlation. The analysis can provide useful information on similarities in NOx emission by sector or atmospheric photochemistry by season between two analysis regions. The investigation showed strong positive linear relationships (0.94 >R > 0.71) between most of the polluted areas, including CEC and SH, and moderate positive linear one (0.69 > R > 0.56) found between CC and other regions of JP, TW, and GZ. On the other hand, the different variations of NO2 columns led to negative relationships in MG and QH.



The variations of Ω were compared with those of bottom-up NOx emissions from the CAMS and CAPSS inventories because NO2 column is a proxy for NOx emissions. The NO2 columns were strongly correlated to NOx emissions over CC, SY, JP, TW, QH, and MG (R > 0.7), whereas the comparison showed low correlation coefficients over most other regions. The low correlations were caused by emission data without considering the recent reduction in NOx emissions after ~2011 in China. From the comparison study, the NOx emissions from the CAMS and CAPSS inventories do not appear to follow the annual changes in Ω over CEC, SH, GZ, SK, WH, XN, and NK.



In the investigation on the weekly cycle of Ω, no significant weekly effects were observed in most regions of China. This indicates that industrial activities throughout the week contribute significantly to the Chinese NOx emissions. In the budget analysis of the CAMS NOx inventory, the contribution was 72–86% from power generation and industrial processes over the Chinese regions. On the other hand, the weekly effect was clearly shown in SK, JP, and TW, which is in line with other previous studies. Also, the result indicates that NOx emissions over these regions were significantly affected by the transportation sector. The contributions were 48%, 20%, and 40% over SK, JP, and TW, respectively. Moreover, a characteristic feature was found over NK showing high levels of NO2 columns on Saturday.



Overall, from the analysis of the OMI-retrieved tropospheric NO2 columns, the results of temporal variations can be useful information for validation of NOx emissions inventory (e.g., CAMS and CAPSS) to improve the accuracy of the air quality forecasting. In the future, if a geostationary satellite such as Geostationary Environment Monitoring Spectrometer (GEMS) [74] is successfully launched and operated, improved spatio-temporal resolution data will be provided to enable more sophisticated analysis of NO2 columns over Asia.
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Figure 1. (a) Fourteen analysis regions and mega-cities in this study and (b) spatial distributions of NOx emissions (0.1° × 0.1°) from the Copernicus Atmosphere Monitoring Service (CAMS) emission inventory (unit: Gg year−1). 
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Figure 2. (a) Tropospheric NO2 columns 10-year averaged (a) from 2006 to 2015, and 2-year averages for (b) 2006, (c) 2010, and (d) 2014 (unit: 1015 molec. cm−2). 
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Figure 3. Left panel represents the monthly variations of tropospheric NO2 columns (1015 molecules cm−2) over (a) Central East China (CEC), (c) Shanghai (SH), (e) Guangzhou (GZ), (g) Japan (JP), (i) South Korea (SK), and (k) North Korea (NK). Gray error bars in the left panel are 1-σ standard deviations. Here, green circle lines represent the 12-month moving averages. Red and blue lines represent the increase and/or decrease trends, respectively, which are calculated from the 12-month moving averages. The right panel represents relative changes (%) in NO2 columns from 2006 over (b) Central East China (CEC), (d) Shanghai (SH), (f) Guangzhou (GZ), (h) Japan (JP), (j) South Korea (SK), and (l) North Korea (NK). Others are as in the left panel except for the y-axis. 
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Figure 4. Matrix view of the interregional correlations for monthly Ω between fourteen regions. Colors represent the correlation coefficients (R). Correlation rages between −1 and 1. Correlation close to 1 (or −1) indicates a more positive (or negative) relationship between the Ω over two regions. Correlation of 0 means no linear relationship. Coefficients from 0 to 0.3 (or from 0 to −0.3) indicate a week linear relationship. Coefficients from 0.3 to 0.7 (or from −0.3 to −0.7) indicate a moderate linear relationship. Coefficients from 0.7 to 1.0 (or from −0.7 to −1.0) indicate a strong linear relationship. 
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Figure 5. Monthly variations of Ω normalized to 10-year average for each (a) CEC and SH, (b) WH, XN, SY, and CC, (c) JP, GZ, and TW, (d) SK, and (e) NK, MG, QH, and NWP. Vertical bars represent 1-σ standard deviation. 
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Figure 6. Spatial distributions of NO2 column differences (a) between 2011 and 2006, (b) between 2015 and 2011, and (c) 2015 and 2006. 
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Figure 7. Year-to-year variations of NOx emissions (blue and green bars for CAMS and CAPSS, respectively) and NO2 columns (red circles) normalized to those in 2006 for (a) CEC, (b) SH, (c) JP, (d) GZ, (e) SK, and (f) MG. 
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Figure 8. Weekly cycles of Ω normalized to 10-year averaged Ω for (a) CC, QH, and NWP, (b) CEC, MG, and SY, (c) WH and SH, (d) GZ and XN, (e) SK, JP, and TW, and (f) NK. Vertical bars represent 1-σ standard deviation. Gray shaded areas represent the weekend. 
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Figure 9. Spatial map of the relative differences between the NO2 columns on the weekend (ΩWKND) and weekday (ΩWKDY) during the period 2006–2015. The blue and red numbers given in the figure represent the relative differences for the analysis regions. 
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Table 1. Increasing or decreasing rates based on the 12-month moving averages.
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Groups

	
Regions

	
Increasing or Decreasing Rates 1

(×1015 Molecules cm−2 year−1)

	
Remark

(Turning Point)






	
I. Upward and downward trend

	
CEC

	
0.75 ± 0.08 (R2 = 0.80)

	
−2.10 ± 0.13 (R2 = 0.97)2

	
Nov. 2012




	
SH

	
0.50 ± 0.11 (R2 = 0.62)

	
−0.64 ± 0.07 (R2 = 0.85)

	
Jan. 2011




	
WH

	
0.52 ± 0.08 (R2 = 0.72)

	
−0.54 ± 0.09 (R2 = 0.77)

	
Jun. 2011




	
XN

	
0.40 ± 0.07 (R2 = 0.68)

	
−0.64 ± 0.04 (R2 = 0.96)

	
Aug. 2011




	
SY

	
0.29 ± 0.04 (R2 = 0.77)

	
−0.14 ± 0.05 (R2 = 0.38)

	
Aug. 2011




	
CC

	
0.20 ± 0.02 (R2 = 0.79)

	
−0.50 ± 0.09 (R2 = 0.85)

	
May 2013




	
II. Downward trend

	
GZ

	
-

	
−0.16 ± 0.03 (R2 = 0.58)

	
-




	
JP

	
-

	
−0.09 ± 0.01 (R2 = 0.73)

	
-




	
TW

	
-

	
−0.05 ± 0.01 (R2 = 0.49)

	
-




	
III. Stagnant trend

	
SK

	
0.06 ± 0.02 (R2 = 0.23)

	
-

	
-




	
IV. Upward trend

	
NK

	
0.06 ± 0.01 (R2 = 0.43)

	
-

	
-




	
MG

	
0.02 ± 0.002 (R2 = 0.87)

	
-

	
-




	
QH

	
0.02 ± 0.002 (R2 = 0.96)

	
-

	
-




	
NWP

	
0.01 ± 0.001 (R2 = 0.31)

	
-

	
-








1 data mean ± confident level of 95%; 2 Correlation coefficient (R2) between the 12-month moving averages and linear trend line.
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