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Abstract

:

Nitrogen dioxide (NO2) and sulfur dioxide (SO2) are important atmospheric trace gases for determining air quality, human health, climate change, and ecological conditions both regionally and globally. In this study, the Ozone Monitoring Instrument (OMI), total column nitrogen dioxide (NO2), and sulfur dioxide (SO2) were used from 2005 to 2020 to identify pollution hotspots and potential source areas responsible for air pollution in Jiangsu Province. The study investigated the spatiotemporal distribution and variability of NO2 and SO2, the SO2/NO2 ratio, and their trends, and potential source contribution function (PSCF) analysis was performed to identify potential source areas. The spatial distributions showed higher values (>0.60 DU) of annual mean NO2 and SO2 for most cities of Jiangsu Province except for Yancheng City (<0.50 DU). The seasonal analyses showed the highest NO2 and SO2 in winter, followed by spring, autumn, and summer. Coal-fire-based room heating and stable meteorological conditions during the cold season may cause higher NO2 and SO2 in winter. Notably, the occurrence frequency of NO2 and SO2 of >1.2 was highest in winter, which varied between 9.14~32.46% for NO2 and 7.84~21.67% for SO2, indicating a high level of pollution across Jiangsu Province. The high SO2/NO2 ratio (>0.60) indicated that industry is the dominant source, with significant annual and seasonal variations. Trends in NO2 and SO2 were calculated for 2005–2020, 2006–2010 (when China introduced strict air pollution control policies during the 11th Five Year Plan (FYP)), 2011–2015 (during the 12th FYP), and 2013–2017 (the Action Plan of Air Pollution Prevention and Control (APPC-AC)). Annually, decreasing trends in NO2 were more prominent during the 12th FYP period (2011–2015: −0.024~−0.052 DU/year) than in the APPC-AC period (2013–2017: −0.007~−0.043 DU/year) and 2005–2020 (−0.002 to −0.012 DU/year). However, no prevention and control policies for NO2 were included during the 11th FYP period (2006–2010), resulting in an increasing trend in NO2 (0.015 to 0.031) observed throughout the study area. Furthermore, the implementation of China’s strict air pollution control policies caused a larger decrease in SO2 (per year) during the 12th FYP period (−0.002~−0.075 DU/year) than in the 11th FYP period (−0.014~−0.071 DU/year), the APPC-AC period (−0.007~−0.043 DU/year), and 2005–2020 (−0.015~−0.032 DU/year). PSCF analysis indicated that the air quality of Jiangsu Province is mainly influenced by local pollution sources.
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1. Introduction


China’s rapid socio-economic development, industrialization, and urbanization have caused several severe environmental problems, including terrible air pollution [1,2,3]. Air pollutants are broadly categorized into two types, aerosol pollutants (as measured by aerosol optical depth (AOD) and particulate matter (PM)) and gaseous pollutants. PM is of significant concern to society and government due to its adverse health effects (e.g., cardiovascular and respiratory diseases) and environmental problems (e.g., smog that reduces atmospheric visibility) [4,5]. Gaseous pollutants (e.g., sulfur dioxide: SO2; nitrogen dioxide: NO2; and ozone: O3) attract attention due to their significant effects on human health (e.g., asthma and cancer) and the atmospheric environment (e.g., deteriorating vegetation and forests, and global warming) [6,7,8].



The most important trace gases are NO2 and SO2, which play a significant role in the troposphere, resulting in several urban environmental pollution problems, such as acid rain, haze, and photochemical smog [9,10,11,12]. Kajino et al. [13] reported that secondary nitrate and sulfate particulates, formed by oxidation, affect the climate and radiative budget. In addition, they are responsible for the formation of acid rain, decreased crop production, and ecological damage [14,15]. NO2 is produced from anthropogenic emissions (e.g., industrial burning of fossil fuels: coal, oil and gas, vehicle exhaust, biomass burning, and electricity production) and natural sources (soils through the decomposition process of nitrates and lightning) [16,17,18,19]. SO2 is also produced from anthropogenic sources (e.g., burning of coal and oil fuels and the refinement of sulfide ores) as well as natural ones (intentional biomass burning and volcanic eruptions) [20,21]. The effect of NO2 and SO2 on human health and plants is well recognized. Motivated by these considerations, several researchers have investigated these two gaseous pollutants using ground and satellite observations [20,21,22,23,24,25,26].



Ground-based measurements can provide a correct and reliable picture of gaseous pollutants, offering insights into their temporal distributions and their effect on the climate and human health [20,23]. However, the ground-based stations have limited spatial distribution and sparse observations. Satellite-based remote sensing allows observation of long-term gaseous pollutants (e.g., NO2 and SO2) on national, regional, and global scales, overcoming the limitations of ground-based measurements in providing near-real-time (NRT) measurements with low-to-high spatial resolutions. The satellite-based observations also allow the study of long-distance transportation of NO2 and SO2 [27] and the contributions from different sources [28,29]. Several satellite sensors, such as the Global Ozone Monitoring Instrument (GOME) [30,31], the Scanning Imaging Absorption spectrometer for Atmospheric CHartographY (SCIAMACHY) [32], GOME-2 [33,34], the Ozone Monitoring Instrument (OMI) [35,36], and the TROPOspheric Monitoring Instrument (TROPOMI) [37], have been designed to get accurate information about atmospheric pollutants. Krotkov et al. [21] and Levelt et al. [38] reported that OMI is the most commonly used sensor, with high spatial (13 km × 24 km, at nadir) and temporal (98.8 min) resolutions. Levelt et al. [38] also reported extensive use of OMI sensors for monitoring air quality (e.g., NO2, SO2, aerosols, and HCHO), detection of ozone (O3), volcanoes, and solar radiation. Damiani et al. [39] evaluated OMI-, GOME-, and SCIAMACHY-based ozone against ground-based ozone over the Arctic regions and found good agreement between satellite and ground measurements. Krotkov et al. [21] studied changes in OMI-based NO2 and SO2 pollution over the United States, Asia, and Europe from 2005 to 2015 and found both increasing and decreasing trends in NO2 and SO2, depending on the region. Celarier [40] evaluated OMI-based NO2 with ground-based measurements and found correlations between 0.8 and 0.9 on a global scale. Penn and Holloway [41] evaluated GOME- and OMI-based NO2 over the United States and reported consistent correlations with surface measurements (GOME: 0.61 and OMI: 0.59). Lamsal et al. [42] evaluated NO2 trends based on the ground measurement and the OMI-based tropospheric NO2 vertical column density (VCD) over the United States. Haq et al. [22] studied spatiotemporal distributions and variations of OMI-based NO2 and its trends over South Asia from 2004 to 2015.



Several earlier studies have also investigated and validated the spatiotemporal distribution and variability of OMI-based NO2 and SO2 and their trends over China [20,23,43,44,45,46,47,48,49,50]. For example, Wang et al. [49] validated both OMI- and TROPOMI-based NO2 against MAX-DOAS over China and found correlations above 0.8 and 0.95 for daily and monthly scales, respectively. In addition, Zheng et al. [23] evaluated OMI-based NO2 and SO2 against surface measurements over Inner Mongolia and found correlations of 0.897 and 0.696 for NO2 and SO2, respectively. Wang et al. [50] validated OMI, GOME-2A, and GOME-2B tropospheric NO2 and SO2 against MAX-DOAS products from 2011 to 2014, and found an R2 of 0.73, 0.33, and 0.20 for OMI, GOME-2A, and GOME-2B, respectively, over Wuxi, China. Apart from these, Li et al. [47] investigated OMI-based SO2 over China from 2005 to 2007 and reported significant reductions of SO2 from Chinese power plants. Li et al. [48] re-investigated the OMI-based SO2 in 2017 and found a 75% reduction since 2007. Liu et al. [44] studied both OMI and emission inventory-based NO2 over China and reported a decrease in column NO2 of 32% from 2011 to 2015. In 2017, Liu et al. [45] again studied the trend in NO2 emitted from power plants across China and reported a 52% increase during 2005–2011 and a 21% decrease during 2011–2015. Van der A et al. [43] calculated NO2 and SO2 trends and used these to evaluate the effectiveness of the air quality policy in China. Zhang et al. [20] investigated the spatiotemporal distribution and variability of OMI-based NO2 and SO2 and calculated their trends from 2005 to 2014 over Henan Province of China. Cui et al. [46] found a rapid increase in NO2 over western China and Inner Mongolia from 2005 to 2013. Song et al. [51] studied the temporal distribution of air pollution (e.g., CO, NO2, SO2, PM2.5, and PM10) using surface data and investigated their relationships with meteorological parameters in Jiangsu Province, China, from 2013 to 2017. They did not present any spatial distribution, variations, or trends in CO, NO2, SO2, PM2.5, and PM10, which is a limitation of their study. Spatial distributions help to better understand air pollution scenarios; what is occurring in air pollution and where it is happening. With this in mind, the present study considered Aura-OMI-retrieved NO2 and SO2 products to identify their hotspots (e.g., spatial distributions, variations, and temporal changes) and to locate their sources using the potential source contribution functions (PSCF) analysis over Jiangsu Province.



In 2016, Yale University published the Environmental Performance Index (EPI) report, which ranked China as of last in the world, just before Bangladesh, based on air quality assessment [52,53]. Jiangsu Province is an economically developed province in eastern China, having dense metropolises and large rural areas, with urban constructions, high traffic volumes, industrial production, and crop residue burning, which all add significant amounts of pollutants into the atmosphere, resulting in noticeable air pollution in the province [1]. This province is located between the northern and southern parts of China, in a region known as the climate transition zone. It is also located between the Yangtse River Delta and the BTH, where air pollution occurs frequently. According to Jiangsu’s Environmental Status Bulletin (2012–2015), the 13 cities of Jiangsu Province did not reach the national air quality standard. Therefore, a study related to identifying NO2 and SO2 pollution hotspots and sources in Jiangsu Province of China is necessary. To the best of our knowledge, not a single study has identified pollution hotspots using long-term (2005–2020) NO2 and SO2 data as well as their main sources at a local scale in Jiangsu Province of China. The present study has two main objectives: (1) to study long-term spatiotemporal distributions and variations of NO2 and SO2, including their ratio, and trends and (2) to identify their potential source areas using the potential source contribution function (PSCF). This study provides insight into the interaction’s atmospheric gaseous pollutants in order to understand air quality issues at the city level.




2. Materials and Methods


2.1. Study Area


China is the largest country among all the Asian countries and has the largest population globally. The country has different administrative boundaries, such as 2 administrative regions (Hong Kong and Macau), 4 municipalities (Chongqing, Beijing, Shanghai, and Tianjin), 5 autonomous regions, and 23 provinces. Jiangsu Province, a fully developed region, is known for its unique cultural, economic, and political activities. The province is located between 116°18′–121°57′ E and 30°45′–35°20′ N and has an area of 102,600 km2. Jiangsu Province is located in eastern China and covers most of the Yangtse River Delta (YRD). Jiangsu Province is agriculturally highly productive, which results in its high population density (with a total population of around 80 million). Since the economic reforms of 1990, Jiangsu Province has become a hotspot for its economic development, ranking the province at the top in per capita GDP. The province is home to some of the world’s leading exporters of chemicals, electronic equipment, and textiles companies, located in its 13 major cities (Figure 1).



Most areas of Jiangsu Province have a humid continental climate. The annual mean temperature varies from 13 °C to 16 °C. The 16-year (2005–2020) precipitation data were downloaded from the Global Precipitation Measurement (GPM: GPM_3IMERGM_06; https://giovanni.gsfc.nasa.gov/; accessed on 15 March 2021), and we found that the annual mean precipitation varies from 936.52 mm/year to 1576.51 mm/year. The amounts of seasonal precipitation (mm/season) are about 144.16 for winter, 215.47 for spring, 607.46 for summer, and 233.79 for autumn. The province has four distinct seasons: December to February for winter, March to May for spring, June to August for summer, and September to November for autumn. The winter monthly average temperature varies from −1 °C to 4 °C, and the summer monthly average temperature is between 26 °C and 29 °C. Heavy rainfalls are recorded in spring and summer, and typhoons bring rainstorms during late summer and autumn.




2.2. OMI Data


The Ozone Monitoring Instrument (OMI), flies on the Aura sun-synchronous satellite, tracking at 705 km altitude, and was launched on 15 July 2004. Its crossing time is about 01:45 p.m. (local time). It is a hyperspectral sensor that measures the reflected radiation from the earth–atmosphere system using wavelengths of 250–500 (nm), with daily global coverage at a spatial resolution of 13 × 25 km at nadir. The OMI sensor uses an algorithm of OMAERUV to retrieve absorbing aerosol optical depth (AAOD, 388 nm), the ultraviolet aerosol index (UVAI), the AOD, and the SSA [54,55,56]. This sensor also provides atmospheric trace gases (e.g., O3, NO2, and SO2) [21,57,58,59,60,61,62]. In this study, long-term (2005−2020) OMAERUV version 3, level 3 daily cloud-screened (cloud fraction < 30%) total column NO2 (OMNO2d) and SO2 (cloud radiance fraction < 0.2, OMSO2e) products at a spatial resolution of 0.25° × 0.25° were used.




2.3. Research Methodology


The following methodology was adopted to identify NO2 and SO2 (DU) pollution hotspots and their potential source areas in Jiangsu Province:




	
The daily OMI-based NO2 and SO2 data were averaged to seasonal and annual scales. For annual and seasonal analysis, point data for 13 cities and the entire Jiangsu Province were extracted using the city-level shapefile.



	
The Mann–Kendal test was used to calculate trends, while Sen’s slope method was used to derive the magnitudes of NO2 and SO2 trends. The following steps were used to calculate trends:








If    x 1   ,       x   2   ,       x   3    ……    x i    represent n data points where    x i    represents the data point at time i, then the Mann–Kendall statistic and Sen’s slope (S, Equations (1) and (2)) is given by [63,64]


  S =   ∑   k = 1   n − 1     ∑   i = k + 1  n  sign  (   x i  −  x k   )   



(1)




where


  sign  (   x i  −  x k   )  =  {      1 ,     if    (   x i  −  x k   )  > 0       0 ,     if    (   x i  −  x k   )  = 0       − 1 ,     if    (   x i  −  x k   )  < 0        



(2)







The probability associated with  S  and the sample size, n, were calculated to quantify the significance of NO2 and SO2 trends based on the normalized statistics (Z, Equation (3)):


  Z =  {        S − 1     VAR  ( S )      ,     if   S > 0                               0 ,     if   S = 0         S − 1     VAR  ( S )      ,     if   S < 0        



(3)







At the 95% significance level, the null hypothesis of no trend is rejected if    | Z |   > 1   . 96   .



Sen’s slope [65] method was applied to derive the slope as a measure of change per unit time (Equation (4)):


     Q ′  =    x    t ′   −  x t       t ′  − t    



(4)




where      Q ′   = slope between data points    x    t ′     and    x t   ,    x    t ′     = data measurement at a time     t ′  , and    x t    = data measurement at time   t .  



Sen’s estimator of the slope is acquired based on the median slope


      Q =    Q ′   [  N + 1 / 2  ]                     if   N   is   odd          =  (      Q ′    [  N / 2  ]    +     Q ′    [   (  N + 2  )  / 2  ]     )  / 2        if   N   is   even         



(5)




where  N  is the number of calculated slopes.



	
The Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model from the US National Oceanic and Atmospheric Administration (NOAA) [66] is a complete dispersion, transport, and chemical transformation model. This HYSPLIT model has been used to discover the sources of air masses using back-trajectory analysis [67], and PSCF analysis represents the potential sources of gaseous pollutants impacting China’s air quality. In this study, 72 h HYSPLIT back trajectories at 500 m above ground level (AGL) were calculated for every hour at seasonal scales from 2014 to 2020 using the Global Data Assimilation System (GDAS)-based meteorological data with a spatial resolution of 1° × 1° (link: ftp://arlftp.arlhq.noaa.gov/pub/archives/gdas1, accessed date: 25 July 2021). Begum et al. [68] reported that 500 m height is suitable for representing pollution as it is the representative height of the mixed layer. MeteoInfo TrajStat software [69] in conjunction with HYSPLIT and MATLAB were used to compute the back-trajectory clustering and investigate the origins of gaseous pollutants (NO2 and SO2) in Jiangsu Province. The typical lifetime of NO2 (SO2) is around 6 h (15 h) in summer and 21 h (65 h) in winter [70,71]; therefore, in this study, PSCF analysis was based on 72 h back trajectory from the HYSPLIT model combining with hourly surface measurements. The PSCF analysis used hourly surface-based NO2 and SO2 concentrations over a grid size of 0.5 × 0.5 degrees. Furthermore, the study used 1 hourly MEP-based surface NO2 and SO2 data from 91 sites in 13 cities of Jiangsu Province (link: http://106.37.208.233:20035/, accessed date: 25 July 2021). The PSCF value was calculated based on the assumption that the trajectory endpoint is located within a grid cell (i, j), and the trajectory was assumed to collect pollutants emitted from different pocket emission sources within that cell (i, j). The PSCF value can be explained as a conditional probability that defines the potential contributions of a grid cell to the high NO2 and SO2 loadings at the receptor sites. The value of the PSCF for the ijth grid cell is calculated based on the following Equation (6):


  PSCF =    m  ij      n  ij      



(6)




where nij is the number of endpoints that fall or pass through the ijth cell and mij defines the number of endpoints in the ijth cell having a concentration higher than an arbitrarily set criterion of the 75 percentile. For the two pollutants NO2 and SO2, the thresholds were 46.875 µg/m3 and 20.143 µg/m3, respectively. To reduce the uncertainty of the PSCF that resulted from small nij, an arbitrary weight function (Wi,j) is multiplied into the PSCF (Equation (7)):


   W  i , j   =  {      if    n  ij   > 3    n     ¯  → 1.00       if   1.5    n     ¯  <  n  ij   ≤ 3    n     ¯  → 0.70       if      n     ¯  <  n  ij   ≤ 1.5    n     ¯    → 0.42         if      n  ij   ≤    n     ¯  → 0.15        



(7)










Here, n = average number of endpoints, which is calculated for each cell that has at least one endpoint. Hence, the weighted PSCF (WPSCF) is computed using Equation (8):


  WPSCF =      W    i , j     ×  PSCF     (  i , j  )   



(8)







Several studies [1,62,68,69] have also used the above-mentioned methods in air quality data analysis.





3. Results and Discussion


3.1. Spatial Distributions of NO2 and SO2


Fossil fuel combustion, industrial emissions, automobile emissions, biomass burning, natural lightning, and soil microbe emissions are the main sources of NO2 [16,17,62,72]. In contrast, volcanoes, coal, oil and gas, and smelters are the major contributors to anthropogenic SO2 emissions [72]. Figure 2 shows the annual and seasonal spatial distribution of OMI-based NO2 and SO2 in Jiangsu Province from 2005 to 2020. The spatial distributions of annual mean NO2 and SO2 were high (>0.60 DU) in most cities of Jiangsu Province except for Yancheng City (<0.50 DU). For the 13 studied cities, the 16-year city-level annual mean NO2 concentration was highest in Wuxi (0.78 ± 0.09 DU) and lowest in Yancheng (0.46 ± 0.05 DU) (Table 1). In contrast, the annual mean SO2 was highest in Xuzhou (0.63 ± 0.16) and lowermost in Yancheng (0.48 ± 0.08 DU) (Table 1). Notably, the NO2 and SO2 values for 13 cities were close to each other, indicating the existence of significant gaseous pollutant emissions in Jiangsu Province (NO2 = 0.58 ± 0.06 DU and SO2 = 0.56 ± 0.11 DU), which are strongly impacted by the intense anthropogenic emissions, resulting in high NO2 and SO2. High NO2 pollution is attributed to the dense population and unsustainable anthropogenic emissions from mobile sources [73]. Song et al. [51] reported that the cities of southern Jiangsu (e.g., Changzhou, Nanjing, Suzhou, Wuxi, and Zhenjiang) are host to many industries and have high traffic volumes, resulting in high NO2 and SO2 over these cities. A significant increase in industrial development and traffic over eastern China is another important reason for increasing NO2 [74,75]. Li et al. [76] reported that industry was the top source of NO2 emission (39%) in China in 2010, followed by power plants (32%), traffic (25%), and residential activities (4%). Apart from these, Luo et al. [59] reported that long-term exposure to NO2 is responsible for significant increases in China’s respiratory and cardiovascular mortality rates. In addition, Dahiya and Myllyvirta [72] reported that China is the third-largest emitter in the world due to having the highest number of coal-fired power plants (total number of coal-fired plants = 86). The coal-fired industry (steel), power plants, and manufacturing companies are located mainly in Changzhou–Wuxi (SO2 emission in 2018: 47 kilotons/year), Tangshan–Xuzhou (31 kilotons/year), and Nanjing (24 kilotons/year) [72].



Seasonally, spatial NO2 and SO2 (DU) were highest in winter followed by spring, autumn, and summer (Figure 2), in line with the findings of three earlier studies over different parts of China [77], including 10 background and rural sites in China [78], Henan Province [20], Inner Mongolia [23], and Shanghai and Chongming Eco-Island [79], China. In winter, the hotspots of NO2 and SO2 (DU) were observed in most parts of Jiangsu Province except for Yancheng City, as indicated by high values of NO2 and SO2 (>0.75 DU). Perhaps coal-fired room heating and stable meteorological conditions during the winter season are responsible for high NO2 and SO2 in the study area [20]. In addition, Zhang et al. [20] reported that the cold weather in winter could result in limited radical formation with less NOx washing out from the atmosphere. In spring, the spatial hotspots of NO2 and SO2 were observed in most cities of Jiangsu Province, as indicated by high values of NO2 and SO2 (0.60~0.90 DU). Similar patterns were also noticed during the autumn. Plenty of precipitation in summer might contribute significantly to the low concentration of NO2 and SO2 throughout Jiangsu Province, in line with the findings of Zheng et al. [23] in Inner Mongolia. Feng et al. [80] reported that the wet deposition of precipitation substantially decreases the pollutants in the atmosphere. Remarkably, all the 13 studied cities had higher NO2 (DU) in winter (0.66~1.05), followed by autumn (0.42~0.81), spring (0.45~0.83), and summer (0.29~0.45), while SO2 concentrations were also higher in winter (0.61~0.85) than in spring (0.54~0.69), autumn (0.45~0.65), and summer (0.28~0.46) (Table 1).




3.2. Frequency Distributions of NO2 and SO2


Figure 3 represents the annual and seasonal frequency distribution of OMI-based total column NO2 and SO2 (DU) based on daily datasets for 13 cities of Jiangsu Province from 2005 to 2020. During the study period, at an annual scale, the bin of 0.0–0.15 for NO2 and SO2, signifying low pollution levels, showed an occurrence frequency for NO2 of <1.67% and for SO2 of <10.82% throughout the 13 cities of Jiangsu Province (Figure 3). NO2 and SO2 occurrence frequencies substantially increased to the 0.30−0.45 bin and then gradually decreasing from the 0.45–0.60 bin, reaching their lowest in the 1.05−1.20 bin. In particular, the occurrence frequencies of the 0.30 ≤ NO2 < 0.45 bin were comparatively highest in Huaian (31.25%) and lowest in Wuxi, whereas the occurrence frequencies of 0.30 ≤ SO2 < 0.45 were relatively highest in Yancheng (21.99%) and lowest in Taizhou. Moreover, the occurrence frequencies of the 0.40 ≤ NO2 < 0.60 bin were somewhat higher in Nanjing (19.26%) and reached their lowest in Yancheng. The same bin for SO2 had its highest occurrence frequency in Yangzhou (16.88%) and lowest in Wuxi. The 0.3–0.45 and 0.45–0.60 bins were well occupied, indicating a moderate level of pollution for the 13 cities of Jiangsu Province. For the 1.05−1.20 bin, the occurrence frequency of NO2 was highest in Suzhou (7.27%) and lowest in Yancheng, whereas SO2 was somewhat highest in Wuxi (5.56%) and lowest in Yancheng, indicating a high level of pollution throughout the study area.



Seasonally, the 0.30–0.45 bin exhibited the highest NO2 and SO2 occurrence frequencies in summer and the lowest in winter (Figure 3). Particularly in summer, for the 0.30–0.45 bin, the occurrence frequency of NO2 was highest in Zhenjiang (54.09%) and lowest in Suqian, whereas SO2 was highest in Suzhou and Zhenjiang (25%) and reached its lowest in Yancheng. For the same bin in the winter, the occurrence frequency of NO2 was comparatively highest in Yancheng (18.85%) and lowest in Wuxi, whereas SO2 showed its highest in Yancheng (20.37%) and lowest in Nanjing. The significant anthropogenic emissions in China, including coal burning for room heating in winter, along with favorable meteorological conditions, are possibly responsible for the high level of pollutions [81,82]. Furthermore, the 0.45–0.60 bin showed the highest occurrence frequencies of NO2 and SO2 in spring and the lowest in summer (Figure 3). For the 0.45−0.60 bin in the spring, the occurrence frequency of NO2 was highest in Suqian (20.32%) and lowest in Suzhou, whereas SO2 was highest in Huaian (19.51%) and lowest in Zhenjiang. Similarly, in summer, the occurrence frequency of NO2 was highest in Suzhou (26.21%) and lowest in Huaian, while SO2 showed its highest frequency in Zhenjiang (12.50%) and lowest in Lianyungang. Notably, in winter, a high level of pollution was identified, as indicated by the >1.2 bin, accounting for the occurrence frequency of NO2 of <32.46% and SO2 of <21.67% for the 13 cities of Jiangsu Province.




3.3. Ratio of SO2/NO2 Indicator for Pollution Level


The SO2/NO2 ratio was used to examine the sources of air pollutants (mobile sources such as traffic emissions and point sources such as industrial activities) [83], as well as to evaluate the performance of the fuel gas desulfurization (FGD) device [20]. It was also used to detect the major contributors to air pollution in Jiangsu Province. A high SO2/NO2 ratio (>0.60) indicates significant contributions from point sources, while a low ratio (0.04~0.12) signifies more contributions from mobile sources [83,84]. High values of the SO2/NO2 ratio (>0.60) suggest that the source of NO2 and SO2 pollutants were primarily from industry during the period of 2005−2020 (Figure 4). Significant annual and seasonal variations in SO2/NO2 ratios were observed in 13 cities of Jiangsu Province (Figure 5). In addition, the SO2/NO2 ratio peaked for a few specific years in the summer season, which may be due to less precipitation, resulting in the weakened rate of oxidation and wet deposition [23]. The SO2/NO2 ratio was located at >1 from 2005 to 2007 due to having uncontrolled NO2 and SO2 emissions from industry, and the ratio gradually decreased from 2008 after installation of the FGD device in the industry in 2007 (Figure 5). For the 13 studied cities, the 16-year city-level annual mean SO2/NO2 ratio was highest in Lianyungang and Yancheng (1.04) and lowest in Suzhou and Wuxi (0.78) (Figure 5 and Table S1). Moreover, the city-level significantly high correlations (r = 0.64~0.75) between NO2 and SO2 indicate that the source of NO2 and SO2 pollutants were from industrial activities (Table S2). Interestingly, the SO2/NO2 ratio values and correlation for the 13 cities of Jiangsu Province were remarkably close to one another, indicating the significant contributions from industrial activities to NO2 and SO2 emissions in Jiangsu Province (ratio = 0.97 and r = 0.78). These results suggest that industrial activities contribute to high SO2 pollution over Lianyungang, Yancheng, Xuzhou, Huaian, and Suqian, perhaps due to the high-sulfur coals used [85]. The installation of the FGD device in the industry in 2007 reduced SO2 emissions, resulting in manifestly lower concentrations in SO2 relative to NO2 over Jiangsu Province and the Yangzhou, Taizhou, Nanjing Nantong, Zhenjiang, Changzhou, Suzhou, and Wuxi cities. Li et al. [47] reported that the widespread installation of FGD devices in Chinese power plants was responsible for decreasing SO2 emissions. Seasonally, the values of the SO2/NO2 ratio were highest in spring (0.83~1.22), followed by summer (0.88~1.15), autumn (0.74~1.10), and winter (0.68~0.95), in 13 cities of Jiangsu Province (Figure 4 and Figure 5 and Table S1). In spring, the SO2/NO2 ratio was highest in Lianyungang (1.22) and reached its lowest in Suzhou and Wuxi (0.83). In summer, it was highest in Xuzhou (1.15) and lowest in Nantong (0.88) (Table S1). In autumn, the SO2/NO2 ratio reached its highest in Huaian (1.11) and lowest in Wuxi (0.74), while in winter, it was highest in Yancheng (0.95) and lowest in Suzhou (0.68).




3.4. NO2 and SO2 Trends


To get a clear understanding of changes in OMI-based total column NO2 and SO2 (DU), their spatial and city-level trends at annual and seasonal timescales were calculated for the 13 cities of Jiangsu Province. Trends in NO2 and SO2 concentrations were calculated for 2005–2020, 2006–2010 (when China introduced strict air pollution control policies during the 11th Five Year Plan (FYP)), 2011–2015 (during the 12th FYP), and 2013–2017 (Action Plan of Air Pollution Prevention and Control (APPC-AC)); see Figure 6, Figure 7, Figure 8 and Figure 9 and Tables S3 and S4. The black dot (.) indicates tests of significance for NO2 and SO2 trends at a 95% confidence level. It is evident from Figure 6, Figure 7, Figure 8 and Figure 9 and Tables S3 and S4 that not all cities have statistically significant trends. A noticeable spatial contrast in NO2 and SO2 trends (increasing and decreasing) was noticed during different periods (Figure 6 and Figure 8). Notably, annually, decreasing trends in NO2 (DU/year) were higher in magnitude for 2011–2015 (−0.024~−0.052) than in 2013-2017 (−0.007~−0.043), with the highest in Wuxi and the lowest in Yancheng (Figure 7). In contrast, increasing trends in NO2 (0.015 to 0.031 per year) were seen during the 11th FYP period (2006–2010), with the highest in Nantong and the lowest in Suzhou. The stronger negative trends during 2011–2015 and 2013–2017 relative to the positive trends in 2006-2010 led to an overall decreasing trend in NO2 (DU/year) during 2005 to 2020 (−0.002 to −0.012) throughout Jiangsu Province, except for Lianyungang (0.0003; Figure 7). The decreasing trend was highest in Suzhou and lowest in Suqian and Yancheng. As for the annual trends, NO2 showed decreasing trends during 2005−2020, 2011−2015, and 2013−2017 and increasing trends in 2006–2010 for all seasons in 13 cities of Jiangsu Province (Table S3).



Furthermore, decreasing trends in SO2 (DU/year) were higher during 2011–2015 (−0.002~−0.075) than in 2006–2010 (−0.014~−0.071), 2013–2017 (−0.007~−0.043), and 2005–2020 (−0.015~−0.032) for the 13 studied cities (Figure 9). In particular, during 2005–2020, the decreasing trend in SO2 was highest in Xuzhou and lowest in Huaian and Yancheng, while during 2006–2010, the decreasing trend in SO2 was highest in Lianyungang and lowest in Huaian. During 2011–2015, the decreasing trend in SO2 peaked in Lianyungang and was weakest in Yangzhou. During 2013–2017, the decreasing trend in SO2 was highest in Xuzhou and lowest in Yancheng. Seasonally, decreasing trends in SO2 (DU/year) were more prominent during 2005–2020 for all seasons than in 2006–2010, 2011–2015, and 2013–2017 (Table S3). Several reasons are responsible for both increasing and decreasing trends in NO2 and SO2 during the study periods. For example, the implementation of desulfurization projects in coal-fired power plants started from the 11th FYP period (2006–2010) and continued for the 12th FYP (2011–2015) and APPC-AC (2013–2017) periods [47,86], resulting in decreasing trends in SO2 during the study period. In contrast, there was no control policy implemented for reducing NO2 emissions during the 11th FYP period (2006–2010) [86], resulting in increased NO2 in that period, which is also visible in our study (see Figure 6 and Figure 7). The implementation of denitration projects of coal-fired power plants started from the 12th FYP period (2011–2015), resulting in a substantial reduction in NO2, which is evident in our study (see Figure 6 and Figure 7). Apart from these, de Gouw et al. [87] reported a significant reduction in CO2, NO2, and SO2 emissions due to installation of the combined cycle technology in Chinese coal-fired power plants and major industrial sectors. Zhao et al. [88] found a significantly larger reduction in NO2 emissions in China during the 12th FYP period than during the 11th FYP period. According to the China Air Quality Management Assessment Report, a 6.7% reduction in NO2 emission was estimated during 2013–2014 [89]. Gao et al. [90] reported that China’s strict air pollution control policy cut 10% of national SO2 emissions by 2010.




3.5. Source Identification of NO2 and SO2 Using PSCF Analysis


We used PSCF analysis, based on 72 h back trajectories obtained from the HYSPLIT model and surface measurements, to identify the potential source areas of NO2 and SO2 pollutants in Jiangsu Province. We conducted the HYSPLIT back-trajectory analysis for the period of 2014–2020, in which trajectories from all sites were used to compute a single PSCF for each air pollutant that presented the overall potential sources with all measurement sites treated as a whole. The results of the PSCF analysis are exhibited by seasons in Figure 10. In winter, high values of the PSCF (>0.5) were found in different parts of China, such as Anhui, Hebei, Henan, Hubei, Hunan, Jiangsu (cities of Nanjing, Changzhou, Suzhou, Wuxi, and Xuzhou), Jiangxi, Shandong, Shanxi, and Zhejiang, which are the potential source areas of NO2 and SO2 pollutants (Figure 10). PSCF values from 0.0 to 0.50 were found throughout China and in neighboring countries (e.g., Bangladesh, Kazakhstan, Mongolia, India, Nepal, Russia, and Tajikistan), and these were identified as moderate sources of NO2 and SO2. These results suggest that the local sources influence the wintertime air quality of Jiangsu Province much more significantly than do pollutants transported from outside. In spring, a high PSCF > 0.35 indicates that the potential source areas of NO2 and SO2 pollutants are located in Jiangsu and neighboring provinces (e.g., Anhui, Hubei, Hunan, Jiangxi, Shandong, and Zhejiang). In contrast, lower PSCF values (0.0~0.35) indicate other source areas of NO2 and SO2 pollutants located inside China and neighboring countries (e.g., Bangladesh, Kazakhstan, Mongolia, India, Nepal, Russia, and Tajikistan). This suggests that local sources also impact the springtime air quality of Jiangsu Province, along with outside sources, but contributions from local sources are lower than in winter. In summer, PSCF values (0.0~0.25) identify the potential sources of NO2 and SO2 pollutants across eastern China and outside of China (Mongolia, Russia), suggesting Jiangsu’s air quality is affected by both local and remote sources, but pollution levels are lower than in winter and spring. In autumn, a high PSCF (>0.4) identified the potential source areas of NO2 and SO2 pollutants in most parts of China (e.g., Anhui, Hubei, Hunan, Jiangxi, Shandong, and Zhejiang). PSCF (<0.40) values were lower throughout China and in neighboring countries (e.g., Bangladesh, Kazakhstan, Mongolia, India, Nepal, Russia, and Tajikistan) in autumn. This suggests that the autumn air quality of Jiangsu Province is significantly impacted by local sources more than by outside sources but that local sources are spatially weaker than in winter. Overall, we conclude that the air quality of Jiangsu Province is seriously impacted by local sources but also influenced by pollution transported from more distant regional source areas.





4. Conclusions


We examined long-term (2005–2020) spatiotemporal distributions and variations of NO2 and SO2 pollution and their ratio, trends, and sources (using PSCF analysis) in Jiangsu Province. Our major findings are as follows:




	
The hotspots of NO2 and SO2 (DU) were found in most cities of Jiangsu Province, as indicated by high values of NO2 and SO2 (>0.60 DU). Long-term (2005–2020) city-level annual mean NO2 showed its highest value in Wuxi and SO2 in Xuzhou due to the dominance of local anthropogenic activities over these regions. However, both NO2 and SO2 found their lowest levels in Yancheng City.



	
Seasonally, both NO2 and SO2 showed their highest values in winter due to increased anthropogenic emission activities (coal-based burning for room heating in the cold season) and stable atmospheric conditions (stagnant conditions and a shallower boundary layer). In contrast, both NO2 and SO2 were lowest in summer due to heavy precipitation, which washes out the pollution from the atmosphere.



	
The occurrence frequencies of NO2 and SO2 were relatively common for the 0.3–0.6 bins. Notably, the high level of pollution across Jiangsu Province was identified by the NO2 and SO2 > 1.2 bin, and the occurrence frequency of NO2 and SO2 was highest in winter than in other seasons.



	
High SO2/NO2 ratio values (>0.60) indicate industry as the dominant source, with significant annual and seasonal fluctuations. The long-term (2005–2020) SO2/NO2 ratio showed its highest in Lianyungang and Yancheng (1.04) and lowest in Suzhou and Wuxi (0.78), suggesting that industrial activities contribute to high SO2 pollution due to the use of high-sulfur coals. Seasonally, the SO2/NO2 ratio was highest in spring (0.83~1.22), followed by summer (0.88~1.15), autumn (0.74~1.10), and winter (0.69~0.95).



	
Annually, NO2 showed decreasing trends (DU/year) at a larger magnitude during 2011-2015 (−0.024~−0.052) compared to 2013-2017 (−0.007~−0.043) and 2005–2020 (−0.002 to −0.012) and increasing trends during 2006–2010 (0.015 to 0.031). NO2 also showed decreasing trends during 2005–2020, 2011–2015, and 2013–2017 and an increasing trend in 2006–2010 for all seasons.



	
Decreasing trends in SO2 (DU/year) were more prominent during 2011–2015 (−0.002~−0.075) than in 2006–2010 (−0.014~−0.071), 2013–2017 (−0.007~−0.043), and 2005–2020 (−0.015~−0.032). As with the annual trends, decreasing trends in SO2 were also evident in all seasons.



	
PSCF analysis indicated that Jiangsu’s air quality is strongly affected by anthropogenic sources located inside China, with some contributions from neighboring countries (e.g., Bangladesh, Kazakhstan, Mongolia, India, Nepal, Russia, and Tajikistan).








Overall, this study facilitates understanding the level of SO2 and NO2 pollutions and can be considered as an environment supportive document for Jiangsu Province in China.
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Figure 1. Map of NDVI for Jiangsu Province, China, with major cities. The background image reveals the multi-year (2005−2020) averages of MODIS NDVI, with arid surfaces (NDVI < 0.2), lighter or sparse vegetation (0.2 < NDVI < 0.4), moderate vegetation (0.4 < NDVI < 0.5), and dark vegetation (NDVI > 0.5). 
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Figure 2. Annual and seasonal spatial distribution of OMI-retrieved NO2 (DU) and SO2 (DU) over Jiangsu Province from 2005 to 2020. 
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Figure 3. Annual and seasonal frequency distributions of OMI-retrieved total column NO2 (DU) and SO2 (DU) in 13 cities of Jiangsu Province from 2005 to 2020. 
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Figure 4. Annual and seasonal spatial distribution of the SO2/NO2 ratio, obtained from OMI, in 13 cities of Jiangsu Province from 2005 to 2020. 
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Figure 5. Annual and seasonal variations in the SO2/NO2 ratio, obtained from OMI, in 13 cities of Jiangsu Province from 2005 to 2020. 
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Figure 6. Annual and seasonal spatial trends in OMI-based total column NO2 (DU/year) for the periods of 2005−2020, 2006−2010, 2011−2015, and 2013−2017 in Jiangsu Province. The dot (.) indicates significance at a 95% confidence level. 






Figure 6. Annual and seasonal spatial trends in OMI-based total column NO2 (DU/year) for the periods of 2005−2020, 2006−2010, 2011−2015, and 2013−2017 in Jiangsu Province. The dot (.) indicates significance at a 95% confidence level.



[image: Remotesensing 13 03742 g006]







[image: Remotesensing 13 03742 g007 550] 





Figure 7. Trends in NO2 (DU/year) for the periods of 2005−2020, 2006−2010, 2011−2015, and 2013−2017 in 13 cities of Jiangsu Province. The red color indicates an increasing trend, and the blue color indicates a decreasing trend in NO2. The asterisk (*) indicates significance. 
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Figure 8. Annual and seasonal spatial trends in OMI-based total column SO2 (DU/year) for the periods of 2005−2020, 2006−2010, 2011−2015, and 2013−2017 in Jiangsu Province. The dot (.) indicates significance at a 95% confidence level. 






Figure 8. Annual and seasonal spatial trends in OMI-based total column SO2 (DU/year) for the periods of 2005−2020, 2006−2010, 2011−2015, and 2013−2017 in Jiangsu Province. The dot (.) indicates significance at a 95% confidence level.



[image: Remotesensing 13 03742 g008]







[image: Remotesensing 13 03742 g009 550] 





Figure 9. Trends in SO2 (DU/year) for the periods of 2005−2020, 2006−2010, 2011−2015, and 2013−2017 in 13 cities of Jiangsu Province. The red color indicates an increasing trend, and the blue color indicates a decreasing trend in SO2. The asterisk (*) indicates significance. 
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Figure 10. Source identification of NO2 and SO2 using the PSCF from 2014 to 2020 at annual and seasonal timescales in Jiangsu Province. 
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Table 1. The city-averaged seasonal and annual mean NO2 and SO2 (±STD) (DU) obtained from OMI from 2005 to 2020 in 13 cities of Jiangsu Province.
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Annual

	
Winter

	
Spring

	
Summer

	
Autumn




	
NO2

	
SO2

	
NO2

	
SO2

	
NO2

	
SO2

	
NO2

	
SO2

	
NO2

	
SO2






	
Nanjing

	
0.64 ± 0.08

	
0.58 ± 0.11

	
0.92 ± 0.14

	
0.75 ± 0.17

	
0.63 ± 0.10

	
0.60 ± 0.14

	
0.35 ± 0.04

	
0.37 ± 0.12

	
0.66 ± 0.07

	
0.60 ± 0.17




	
Wuxi

	
0.78 ± 0.09

	
0.61 ± 0.15

	
1.05 ± 0.13

	
0.72 ± 0.21

	
0.82 ± 0.10

	
0.68 ± 0.19

	
0.44 ± 0.05

	
0.42 ± 0.14

	
0.81 ± 0.09

	
0.60 ± 0.18




	
Xuzhou

	
0.61 ± 0.07

	
0.63 ± 0.16

	
0.92 ± 0.15

	
0.85 ± 0.25

	
0.54 ± 0.08

	
0.64 ± 0.19

	
0.33 ± 0.02

	
0.38 ± 0.12

	
0.64 ± 0.07

	
0.65 ± 0.24




	
Changzhou

	
0.71 ± 0.08

	
0.57 ± 0.13

	
0.99 ± 0.14

	
0.70 ± 0.18

	
0.73 ± 0.12

	
0.61 ± 0.16

	
0.39 ± 0.04

	
0.35 ± 0.08

	
0.75 ± 0.09

	
0.60 ± 0.18




	
Suzhou

	
0.78 ± 0.08

	
0.61 ± 0.15

	
1.04 ± 0.16

	
0.71 ± 0.20

	
0.83 ± 0.10

	
0.69 ± 0.19

	
0.45 ± 0.04

	
0.43 ± 0.15

	
0.80 ± 0.07

	
0.62 ± 0.17




	
Nantong

	
0.57 ± 0.06

	
0.51 ± 0.10

	
0.73 ± 0.12

	
0.61 ± 0.13

	
0.62 ± 0.08

	
0.61 ± 0.16

	
0.42 ± 0.04

	
0.37 ± 0.15

	
0.52 ± 0.07

	
0.46 ± 0.10




	
Lianyungang

	
0.54 ± 0.05

	
0.56 ± 0.13

	
0.82 ± 0.11

	
0.77 ± 0.18

	
0.51 ± 0.07

	
0.62 ± 0.17

	
0.31 ± 0.02

	
0.29 ± 0.09

	
0.53 ± 0.06

	
0.54 ± 0.17




	
Huaian

	
0.50 ± 0.05

	
0.51 ± 0.09

	
0.75 ± 0.11

	
0.69 ± 0.14

	
0.47 ± 0.07

	
0.55 ± 0.15

	
0.29 ± 0.01

	
0.28 ± 0.05

	
0.47 ± 0.04

	
0.52 ± 0.13




	
Yancheng

	
0.46 ± 0.05

	
0.48 ± 0.08

	
0.66 ± 0.11

	
0.63 ± 0.12

	
0.45 ± 0.07

	
0.54 ± 0.13

	
0.30 ± 0.01

	
0.28 ± 0.06

	
0.42 ± 0.05

	
0.45 ± 0.09




	
Yangzhou

	
0.58 ± 0.06

	
0.56 ± 0.12

	
0.82 ± 0.11

	
0.75 ± 0.21

	
0.60 ± 0.09

	
0.62 ± 0.18

	
0.36 ± 0.04

	
0.32 ± 0.07

	
0.54 ± 0.06

	
0.53 ± 0.15




	
Zhenjiang

	
0.71 ± 0.09

	
0.62 ± 0.13

	
0.97 ± 0.14

	
0.74 ± 0.18

	
0.73 ± 0.12

	
0.65 ± 0.17

	
0.42 ± 0.05

	
0.46 ± 0.12

	
0.73 ± 0.09

	
0.61 ± 0.17




	
Taizhou

	
0.58 ± 0.07

	
0.55 ± 0.12

	
0.80 ± 0.12

	
0.70 ± 0.17

	
0.61 ± 0.09

	
0.62 ± 0.16

	
0.38 ± 0.03

	
0.37 ± 0.11

	
0.55 ± 0.06

	
0.52 ± 0.15




	
Suqian

	
0.52 ± 0.06

	
0.53 ± 0.10

	
0.79 ± 0.13

	
0.70 ± 0.18

	
0.47 ± 0.07

	
0.56 ± 0.15

	
0.29 ± 0.02

	
0.32 ± 0.10

	
0.51 ± 0.04

	
0.55 ± 0.17




	
Jiangsu Province

	
0.58 ± 0.06

	
0.56 ± 0.11

	
0.83 ± 0.12

	
0.75 ± 0.16

	
0.56 ± 0.08

	
0.60 ± 0.15

	
0.34 ± 0.02

	
0.33 ± 0.06

	
0.58 ± 0.05

	
0.54 ± 0.14
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