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Abstract

:

Understanding the response of tropospheric ozone (O3) to nitrogen dioxide (NO2) change is important for local O3 control. The relationship between O3 and NO2 at county scale in China has been extensively studied using models, but there is a lack of results from direct measurements. In this study, we used measurements of O3, NO2 and meteorological conditions from a dense network in the Yangtze River Delta (YRD), and satellite observed formaldehyde (HCHO) and NO2 column densities for the analysis of O3 variabilities and its relationship to NO2. As a result, severe O3 pollution occurred mainly in Shanghai city, southern Jiangsu and northern Zhejiang provinces in YRD during April–September. In addition, meteorological conditions could explain 54% the diurnal O3 variation over YRD. During April–September 2015–2021, O3 showed a significant positive relationship (r = 0.61 ± 0.10) with NO2 after removing the impact from meteorological conditions. However, the relationship could be reversed with NO2 concentration change. Our result suggested that the controllable O3 related to NO2 change is up to 100 μg·m−3 in megacities over Shanghai and northern Zhejiang province. The O3 is much more sensitive to the NO2 reduction in megacities than surrounding areas. Our results evaluate the different impacts of NO2 changes on O3 formation, which provides explanation for the simultaneously alleviated O3 pollution and reduced NO2 in 2020 in Shanghai and northern Zhejiang, as well as the increased O3 in most counties before 2019 with reduced NO2 during October–March. The driving mechanism as revealed from this study for O3 and NO2 will be valuable for the O3 abatement through NO2 reduction at sub-county scale over YRD in China.
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1. Introduction


Tropospheric ozone (O3), an important greenhouse gas and secondary air pollutant in the atmosphere, is harmful to human health and terrestrial ecosystems [1,2,3]. Because of its damage to plant tissue and the sharp drop in crop and wood production, it deserves attention from farmers, scientists and the public [4]. In the Yangtze River Delta (YRD) of eastern China, this kind of concern is increasing [5], because it continues to increase despite a series of clean-air regulations since 2013. As we know, tropospheric O3 is mainly formed through complicated photochemical reactions of volatile organic compounds (VOCs) and nitrogen oxides (NOx) [6]. The large-scale surface extreme ozone pollution in YRD could also be aggravated by local production, downward and regional transport aggravated [7]. The more complex driving mechanisms of O3 formation, compared with those of primary pollutants from anthropogenic emissions for the mixed impacts from meteorological conditions and the precursor proportion variation [8], limit the effectiveness of O3 abatement strategies. Therefore, understanding the spatio-temporal variation of O3 pollution, its relationship to the meteorological conditions and its precursors’ variation is important for O3 abatement plan.



Meteorological conditions (such as relative humility (RH), air temperature (AT) and sunshine duration (SD), etc.), through affecting the chemical reaction rates, emission rates (e.g., biogenic VOCs) and precursors deposition (e.g., NOx dissolved in precipitation), become important factors for ground-level O3 formation [9,10]. Due to its regional variability, the meteorological effect on O3 pollution should be considered in different regions [11]. For example, the dominant meteorological factors for northern, eastern and southern China are AT, SD and RH, respectively [8]. In YRD, the co-pollution of O3 was found to occur under meteorological conditions of strong radiation, higher surface air temperature and lower wind speed [12,13]. As a result, understanding the relationship between O3 and its precursors, after removing the meteorological effects, is important to come up with measures for alleviating the O3 pollution [6].



The increased anthropogenic emissions of O3 precursors are the primary sources of tropospheric O3 pollution [14]. Therefore, reducing human-emitted NOx and VOCs is a crucial process for O3 abatement [15]. However, ground-level O3 response to its precursor variation was found to be nonlinear, complicated by a series of photochemical reactions [16]. According to the sensitivity of O3 to its precursors, the photochemical regime can be divided into three categories: VOC-limited, NOx-limited and mixed sensitive [17]. It indicates that the effectiveness of O3 control may require the reduction of different precursors’ emissions. It was also found that emission reduction with reasonable control ratios of NOx and VOCs were effective for decreasing both PM2.5 and O3 in the YRD [18]. Moreover, the photochemical regime could vary with the ratio of NOx and VOCs in the atmosphere, which changes in time and space [19]. In addition to anthropogenic emissions, biogenic VOCs (BVOCs) could also be important O3 precursors within the cities [20]. Therefore, it is of great significance to understand the sensitivity of O3 to its precursor substances at a finer scale for the effective prevention of O3 pollution [21]. However, the controllable amounts of O3 to its precursor’s reduction and its sensitivity to the precursors change at county-scale are still unclear especially over the YRD, where dense urban agglomeration is located.



The changing meteorological conditions and the distribution of NOx related to different human activities have significant effects on the spatial heterogeneity of O3 pollution. Previous studies of ground-level O3 pollution in China mainly used the data from national ambient stations [8,22], which are sparse and unevenly distributed in space and therefore limits a finer analysis of O3 pollution and its causes. A larger number of regional sites for monitoring O3 could provide more information for understanding the local O3 variations and the driving mechanism of its response to the change of meteorological conditions and precursor emissions [23]. In this study, we aim to use measurements of O3, NO2 and the meteorological conditions from a dense network over YRD, combined with satellite observations, for understanding O3 abatement strategies through the analysis of O3 variabilities and its relationship with meteorological conditions and ground-level NO2.




2. Materials and Methods


2.1. Study Area


The Yangtze River Delta (YRD), including the city of Shanghai, and the provinces of Jiangsu, Zhejiang and Anhui in eastern China, is one of the largest urban agglomeration in the world (Figure 1). It belongs to a humid subtropical climate zone, which is characterized by hot, humid summers, and cool to mild winters. O3 pollution occurred repeatedly mainly in the warm season (April–September) over the past several years [15]. There are several megacities with more than 9.0 million residents in YRD, which contribute significantly to the anthropogenic emissions of O3 precursors [24].



In order to better understand the spatial difference of O3 pollution, regions of different geography over the Zhejiang province are also divided and selected for the regional O3 variation analysis. Those include Northern Zhejiang Plain (NZP), Western Zhejiang Mountain (WZM), Central Zhejiang Basin (CZB), Southern Zhejiang Mountain (SZM) and Eastern Zhejiang Coast (EZC) (Figure 1a). The main land cover in these regions is different, which indicates that different human and natural activities affect the O3 formation.




2.2. The Dense Network for Measuring Ground-Level O3, Its Precursors and Meteorological Conditions


Hourly O3, its precursors and meteorological conditions from 2015 to 2021 are measured by dense network shown in Figure 1b. The significance of the dense network is twofold: (1) It includes both 252 meteorological stations (blue points) and 412 ambient stations (red and green points); (2) There are not only normally used national but also 196 regional ambient stations. The increased measurements from regional ambient stations make it possible for the O3 pollution analysis on a county scale. The data quality control for the monitoring was carried out according to the national standard HJ/T193-2013. Furthermore, invalid observations with missing measurements were screened before analysis to ensure high data quality for all data pairs. We used all valid measurements from the dense network for the analysis of O3 variabilities and its relationship to meteorological conditions and precursors over the YRD. An 8 h running average was applied to the hourly O3 measurements. Daily maximum 8 h average (MDA8) value was used for comparison with China’s air quality standard for O3: 160 μg·m−3 [25]. The maximum value of all sites’ measurements inside each county, and the mean value of all counties’ maximum value are adopted for the evaluation at county or local scales, respectively. Hourly NO2, an effective proxy for NOx, in each station was used for the precursor analysis.



Hourly meteorological measurements were also archived by the Zhejiang Meteorological Bureau and used in this study. The distribution of national meteorological stations is shown in Figure 1b. Sunshine duration (SD), 2 m air temperature (AT) and relative humidity (RH) from 2015–2021 were used. For each O3 observation station, the meteorological data nearest to the station were collected.




2.3. Ozone’s Precursors Observed by TROPOMI


TROPOMI is a hyperspectral nadir-viewing imager aboard the Sentinel-5 Precursor (S5P) satellite that was launched on 13 October 2017 by European Space Agency (van Geffen et al., 2020). It observes various air pollutants at 13:30 local time each day with a high spatial resolution of 7 × 3.5 km2 (5.5 × 3.5 km2 after 6 August 2019). Tropospheric formaldehyde (HCHO) and nitrogen dioxide (NO2) column densities, which are proxies for VOCs and NOx, respectively, observed by TROPOMI from 1 June 2018 to 31 December 2021 were used for the analysis of O3 sensitivity to precursors [26] in this study. Good quality (qa_value > 0.75) data were collected after filtration of cloud scenes, errors and problems [27]. Daily HCHO and NO2, collected from google earth engine [28] and resampled to 3.5 × 3.5 km, were used for the sensitivity analysis of O3 to its precursor’s reduction in this study.




2.4. Driving Mechanism Analysis of Meteorological Conditions and Ozone’s Precursors


The method of moving window average was used for calculating the diurnal variation of SD/AT/RH. In addition, we divided daily O3 concentration to be 32 levels (<30, 30–32, …, 178–180, >180 μg·m−3), and the corresponding SD/AT/RH in each level were averaged. In the driving analysis, we made a series of correlation and regression analysis. Firstly, we use the Spearman Rank correlation method and t-test to analyze the correlation between ozone and meteorological conditions. Before the correlation analysis, we tested the normal distribution of datasets. Secondly, according to the related results, single/multiple linear regression analysis between O3 and the meteorological conditions were conducted. Thirdly, O3 residuals (ΔO3), which are obtained by subtracting the multiple linear regression results from daily ground-level O3, were used for correlation analysis with the precursor. The F-test and t-test were used for significant testing for the multiple linear regression and fitted coefficients, respectively.



Ground-level NO2, one of the most important anthropogenic emissions of O3 precursors, was used for the driving mechanism analysis. First, Pearson correlation coefficient and t-test were used for identifying the relationship between ΔO3 and NO2. Second, regressions of linear, exponential and logarithmic functions, were applied to ΔO3 and NO2, separately. The root mean square error (RMSE) and coefficient of determination (R2) were used for evaluating the fitting reliability. Third, the optimal fitting would be used for calculating the controllable amount of O3 and its variation gradient related to the NO2 reduction. In the end, we present the O3 variations and gradient response to NO2 change at sub-county scale in YRD.




2.5. Sensitivity Analysis of Ozone to Its Precursor’s Reduction


Satellite observed HCHO/NO2 ratios (HNR, <1.0, 1.0–2.0 and >2.0) were widely used for identifying the VOC-limited, NOx-limited and mixed sensitive regimes in previous studies [29]. In particular, the ΔO3 might show significantly positive/negative relation with the NO2 in the driving mechanism analysis over some megacities. The relationship varies with the O3 formation condition of meteorology and precursors change at local scales. In this study, the TROPOMI observed daily HNR in each ambient station was used for the sensitivity analysis.



First, data pairs of ground-level ΔO3 and NO2 at 13:00 to 14:00 local time, and the corresponding HNR during the April–September and October–March was classified. Second, an initial threshold of HNR was then generated from 1.0 to 5.0 for April–September and 2 to 0 for October–March with a setting gradient (0.01 here). The Pearson correlation coefficient (r) and t-test (p) was calculated using data pairs of ΔO3 and NO2 in different part as separated by the threshold. Third, the opposite relevance and significance in different part would be used for screening the threshold. The discriminant conditions of r > 0.2 and p < 0.05, indicating significant correlation, were applied here. In the end, the threshold was generated for each city or county, and compared with satellite observed daily HNR for the O3 abatement plan from NO2 reduction.





3. Results and Discussion


3.1. Sub-County Scale Ozone Pollution from the Dense Measurements


During 2015–2021, megacities in YRD, especially for regions of Shanghai, northern Zhejiang and southern Jiangsu provinces, suffered high O3 pollution (exceeding the threshold of 160 μg·m−3) for more than 36 days per year (Figure 2a). Counties in southern Zhejiang and Anhui provinces were less affected by O3 pollution. In 2020, with emissions reduction due to COVID-19 [30], O3 pollution was relieved in most counties, especially for those in northern Zhejiang and Shanghai (Figure 2b), but it remained severe in some counties of southern Jiangsu province.



The spatial connectivity of the mitigation and presence of O3 pollution could be affected by atmospheric transportation. Although O3 is a short-lived trace gas, typically hours in polluted urban regions, its lifetime in the free troposphere is of the order of several weeks [31], sufficiently long for it to be transported over regional scales [32]. As a results, O3 variation is still partly driven by horizontal and vertical atmospheric transport. In addition, O3 precursors could be transported over megacities in YRD, which could affect the local O3 variation [33]. Atmospheric transported anthropogenic and biogenic emissions of VOCs could partly contribute to the O3 enhancement of megacities over YRD during April–September. It was found that plenty of BVOCs molecules could be transported from the county of Fuyang in Zhejiang to Shanghai, which resulted in the gradual rise of O3 in Shanghai [5]. In addition, local O3 could also be affected by the transported air from the nearby upwind areas [15]. Model simulations also showed that atmospheric transport can regulate the regional interactions of ozone pollution in China, and YRD can export large amounts of ozone to the surrounding areas [34]. That supports the results that some counties with little precursor emissions in YRD show similar pollution and mitigation as megacities nearby.



In this temporal variation analysis (Figure 3), we selected four capital cities of provinces in YRD and the selected regions (Figure 1a) of Zhejiang province as case studies. In megacities or urban regions, O3 concentration could vary from 50 μg·m−3 in winter to more than 100 μg·m−3 in summer, and high O3 concentration and pollution were mainly concentrated in April–September. The pollution days in April–September are 8.11 ± 2.05/1.59 ± 1.32 d·mon−1 in megacities/regions, which is more than 8 times that in October–March (0.66 ± 0.41/0.18 ± 0.16 d·mon−1). O3 pollution occurred mainly before 2019 and dropped sharply in 2020, with a drop of 40.43% in megacities (from 9.22 ± 2.45 d·mon−1 in 2019 to 5.49 ± 1.12 d·mon−1 in 2020). This kind of sharp change of O3 could be related to COVID-caused emissions reduction [35]. However, there are also some differences in the variations, such as the decrease of O3 concentration in Hangzhou/NZP during April–September but increase in October–March. There is a possibility that NO2 reduction could promote the O3 enhancement during winter time [36]. As a result, understanding the driving mechanism of O3 formation is important for interpreting these different variations in space and time as described above. Although O3 is a short-lived trace gas, typically hours in polluted urban regions, its lifetime in the free troposphere is of the order of several weeks [31], sufficiently long for it to be transported over regional scales [32]. As a result, O3 variation is still partly driven by horizontal and vertical atmospheric transport. Just like the spatial connect of O3 pollution (Figure 2) and O3 precursor’s ratios, O3 precursors could be transported over megacities in YRD, which could affect the local O3 variation [33]. Atmospheric transported anthropogenic and biogenic emissions of VOCs could partly contribute to the O3 enhancement of megacities over YRD during April–September. It was found that plenty of BVOCs molecules could be transported from the county of Fuyang in Zhejiang to Shanghai, which resulted in the gradual rise of O3 in Shanghai [5]. In addition, local O3 could also be affected by the transported air from the nearby upwind areas [15]. Model simulations also showed that atmospheric transport can regulate the regional interactions of ozone pollution in China, and YRD can export large amounts of ozone to the surrounding areas [34]. That supports the results that some counties with little precursor emissions in YRD show similar pollution and mitigation as megacities nearby. However, quantitative research of the contribution from atmospheric transportation to O3 pollution over the YRD needs further study.




3.2. Driving Mechanism Analysis of O3 Variation with Meteorological Conditions and Ground-Level NO2


For all megacities, the daily variation of ground-level O3 shows a significant positive correlation with AT and SD, and negative correlation with RH (Figure 4). It also shows that the O3 variation that affected by the rainy season has a pattern of rise-fall-rise (Figure A1). Results from multiple linear regression (Table 1) show that the AT, RH and SD could explain up to 54% of the diurnal O3 variation over these capital cities (R2 = 0.54 ± 0.09, Sig-F < 0.01), which is higher than single of temperature (40%) as shown in Liu et al. [8]. The contribution from SD and AT is similar (3.44 ± 1.09 and 2.98 ± 0.21), which is significantly stronger than that of RH (−0.79 ± 0.19).



O3 residuals (ΔO3), related to the impact from its precursors [6], could be derived by removing the fitting result from multiple regression with meteorological conditions. During April–September, ΔO3 is significantly positive correlated with NO2 variation (0.62 ± 0.12) in the four capital cities (Figure 5a–d and Table 2), which indicates the effectiveness of NO2 reduction to the O3 abatement. However, the correlation is different, with significant negative in Hangzhou and Nanjing, positive in Shanghai and no correlation in Hefei, during October–March (Figure 5e–h). These could give some explanation for the sharp decrease of O3 during April–September but increase during October–March in 2020 [37]. It also shows the different sensitivity in different time and space.



The change of the correlation between ΔO3 and NO2, which indicates the different effectiveness of NO2 reduction to O3 control, is critical for the design of effective O3 abatement plan [38]. Firstly, the correlation could be significantly different during April–September and October–March in some megacities, which is consistent with differences in the control of major precursors during different periods [39]. Secondly, the correlation between ΔO3 and NO2 could reverse with the NO2 increase during April–September (Figure 5), which may indicate the NOx-limited regime could change with precursor ratios changing as shown in previous studies [29]. Thirdly, in the exponential fitting between ΔO3 and NO2 during April–September, the NO2 concentration causing the relationship reverse over these capital cities is different. That could be caused by the different background proportion of O3 precursors over these cities [40]. Fourthly, during October–March, the correlation usually cannot be reversed with NO2 change, which partly supports the result that most cities seem to be VOC-limited regime [41]. That is also can be explained with the decisive effect from the high NOx and low VOCs over the period (Figure A2a). Finally, the O3 concentration enhancement during COVID-19 for the NOx reduction during winter period has been widely researched [30,36], but the benefits from NOx reduction on O3 abatement during April–September were not discussed adequately before. Therefore, the correlation between ΔO3 and NO2 and its change during April–September should be paid more attention and studied further.



According to the ΔO3-NO2 variation shown in Figure 5 and statistics in Table 2, the correlation between ΔO3 and NO2 does not seem to be totally linear. The exponential function fitting, with mean RMSE of 20.71 and R2 of 0.26, is better than that of linear and logarithmic function. The exponential fitting line applied in this study is also shown in Figure 5. Results show that the correlation could be reversed with NO2 increase. It could be caused by the proportion change in precursors with NO2 variation. In addition, we define the differences between the highest and lowest values from the fitted ΔO3 with NO2 variation as the controllable O3 related to the NO2 change. This controllable O3 is significantly different in time and space, which could vary from 6.70 μg·m−3 in Hefei during October–March to 96.31 μg·m−3 in Hangzhou during April–September. The controllable O3 is much larger during April–September (70.64 ± 25.46 μg·m−3) compared with that in October–March (22.36 ± 11.77 μg·m−3).



The controllable O3 could be approaching 100 μg·m−3 during April–September over some counties in Shanghai, Hangzhou and Ningbo cities, which is much larger than that during October–March (Figure 6). This clearly suggests that the O3 abatement strategies should be mainly conducted during April–September in almost of these counties. During April–September, the most controllable area is mainly distributed in counties over Shanghai, the northern Zhejiang plain, and the eastern Zhejiang coast, especially for the cities of Shanghai, Hangzhou, Ningbo and Wenzhou. Differences exist when compared with the O3 pollution shown in Figure 2a where there are some counties with severe O3 pollution but with weak controllable O3 related to NO2 changes, such as those around Suzhou and Nanjing. Those counties were also found to not be significantly alleviated in 2020 (Figure 2b) [38]. These results indicate that the severe O3 pollution in regions with high controllable O3 might be easier to be alleviated. However, the control strategies for the remaining regions will need further study.




3.3. Sensitivity of the O3 to NO2 Reduction Inferred from Dense Measurements and Satellite Observations


HCHO/NO2 ratio (HNR) thresholds from Sentinel-5P of the capital cities could be extracted by the sensitivity analysis method (Section 2.5) as shown in Figure 7. Thresholds varies in different periods and cities, which indicate that the sensitivity of O3 related to NO2 reduction varies with the proportion change in precursors. The HNR threshold of NO2 during April–September ranges from 1.45 to 2.85 for the selected capital cities, which is consistent with the threshold of 2.0 for NOx-limited regime in previous studies [5]. However, the sensitivity varies during October–March, with positive correlation in Shanghai and negative correlation in Hangzhou and Hefei. Thresholds of significant negative correlation in Hangzhou and Nanjing is 0.65 and 0.85, which is lower than the threshold of 1.0 for VOC-limited regime.



Amplitudes of atmospheric NO2 and O3 are different in these megacities, which contributes to the different ΔO3 gradient. During April–September, the gradient of ΔO3/NO2 is −0.006 x+ 0.65 in Nanjing and −0.111 x+ 6.17 in Shanghai with 38.73 ± 34.63 and 36.35 ± 30.06 μg·m−3 being the NO2 change, respectively (Table 3). Therefore, it could be more efficient for O3 pollution mitigation in Shanghai than Nanjing with similar NO2 reduction. In addition, the relationship between ΔO3 and NO2 could be reversed with the change of local NO2 concentration, and the critical values of NO2 leading to the change could range from 55.73 (Shanghai) to 107.48 (Nanjing) μg·m−3. Compared to the NO2 range, it could be the reverse in Shanghai, Hangzhou and Hefei, but not in Nanjing. The positive correlation could explain more than (85.9 ± 14.0) % of the NO2 variation for these capital cities. During October–March, the main correlation could be negative in these capital cities, and that could explain (71.1 ± 40.5) % of the NO2 variation.



During the main pollution period (April–September), the HCHO/NO2 ratio (HNR) thresholds in megacities are usually lower than surrounding areas (Figure 8a). That could be related to the high NO2 concentration caused by high emissions from intensive human activities such as traffic [8]. Compared with land cover in Figure 1a, values of satellite observed HNR were high in city and plain, and low in mountain areas (Figure 8b). According to the results from Figure 8a,b, NO2 reduction could be available for the O3 mitigation in most areas except for some intermediate zones such as Suzhou city. This result is consistent with the COVID-19 caused O3 variation in 2020 when the NO2 reduction contributes to the significant decrease in cities of Shanghai and Hangzhou but not in Suzhou. Therefore, the sub-county scale HNR sensitivity and satellite observed HNR could provide important implications for the O3 abatement plan through the reduction of NO2.



Satellite-observed HNR was widely used for the sensitivity analysis of the response of O3 to its precursor’s variation [38,42]. The sensitivity differences shown in this study are consistent with results from previous studies that NOx-limited regimes dominate in most regions and VOC-limited regimes are distributed in some urban and suburban areas [38,43]. Thresholds of HNR mainly range from 1.0 to 3.0 during April–September and lower than 1.0 during October to March, indicating NOx-limited and VOC-limited regimes, respectively, which is consistent with the sensitivity results before [29]. The different gradient of ΔO3/NO2 over these cities during April–September contributing to the different benefits of O3 reduction during COVID-19 was also shown in Yin et al. [35]. Compared with the sensitivity results of O3 to NO2 change, the NOx pollution and its reduction mainly occurred during October–March before 2019 (Figure A2b), which should be the VOC-limited regime period. Those could explain why the NO2 reduction during that period could aggravate the O3 pollution [44]. Most areas verified to be NOx-limited regimes in YRD during summertime could also be found in Li et al. [45]. Furthermore, effects from ΔO3 calculation with meteorological conditions regression and short-term (2018–2021) observations from satellite on the sensitivity analysis have not been evaluated in this study.





4. Conclusions


In this study, we used measurements of O3, its precursors and meteorological conditions from a dense ground-based network for mapping the O3 pollution variability at sub-county scale over the urban agglomeration in YRD of eastern China. O3 daily variation and its relationship with meteorological conditions are quantified. On this basis, we analyzed the driving mechanism and sensitivity of the O3 pollution related to ground-level NO2 change based on the multi-year measurements from the dense ground-based network, combined with satellite observations. The main findings are as follows:




	(1)

	
Megacities in YRD, especially for regions in the city of Shanghai and the provinces of northern Zhejiang and southern Jiangsu, suffer severe O3 pollutions with more than 36 days per year. The most polluted period is during April–September. The pollution level was significantly reduced in most counties due to COVID-related emission reduction in 2020.




	(2)

	
Meteorological conditions (AT, RH and SD) could explain up to 54% of the diurnal O3 variation over these capital cities. After subtracting the fitting results of meteorological conditions, the derived ΔO3 shows significantly positive (0.61 ± 0.10) correlation with NO2 variation during April–September.




	(3)

	
Through NO2 reduction, the corresponding controllable O3 is much larger during April–September (70.64 ± 25.46 μg·m−3) compared with that during October–March (22.36 ± 11.77 μg·m−3). The related change in O3 could be approaching to 100 μg·m−3 during April–September over some counties in Shanghai, Hangzhou and Ningbo cities.




	(4)

	
O3–NO2 relationship varies in time and space with HCHO/NO2 (HNR) ratio and NO2 change. The NO2 concentration for the relationship reverse (from positive to negative) varies in cities that is from 55.73 μg·m−3 in Shanghai to 107.48 μg·m−3 in Nanjing.









These findings explained the O3 pollution variation in YRD during 2015–2021, which provide important implications for the O3 abatement plan through reducing NO2 at sub-county scale in YRD. However, there are still some remaining issues that need further study, such as the qualification of the effect of atmospheric transportation on O3 pollution with model simulations, and the NO2 concentration for the transition in correlation between ΔO3 and NO2 for the long term of O3 abatement.
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Figure A1. Daily variation of O3 and meteorological conditions, including air temperature (AT), relative humility (RH), and sunshine duration (SD) over the four capital cities (a) Shanghai, (b) Nanjing, (c) Hangzhou, (d) Hefei in the Yangtze River Delta. 
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Figure A2. (a) Satellite observed Daily HCHO and NO2 column densities, and (b) ground-level yearly NO2 variation from dense measurements over the over the four capital cities (blue: Shanghai, black: Nanjing, red: Hangzhou, green: Hefei) in the Yangtze River Delta. 
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Figure 1. (a) Geographical map and land cover, (b) dense network of ambient and meteorological stations over the Yangtze River Delta used in this study. Megacities with residents more than 9.0 million in 2021 are shown with a red/black circle. Selected regions of different land cover are highlighted with black lines (a). Regional ambient stations for O3 measurements are mainly distributed in Zhejiang province (b). 
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Figure 2. Spatial distribution of O3 pollution in (a) 2015–2021 and (b) 2020 over each county generated with the measurements from the dense ambient stations over the Yangtze River Delta. Megacities with residents more than 9.0 million in 2021 shown with black circle. The separated regions of Zhejiang province are highlighted with black lines. 
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Figure 3. Megacities’ and regional monthly variation (a,d) from 2015 to 2021, and yearly variation during (b,e) April–September and (c,f) October–March of mean O3 concentration and pollution days per month. One standard deviation of O3 concentration is shown as a shadow of the corresponding color. Regions of NZP, WZM, CZB, SZM and EZC were divided in Section 2.1 and Figure 1. 
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Figure 4. Relationship between various levels of daily O3 and air temperature (AT: black), sunshine duration (SD: red) or relative humility (RH: blue) over four capital cities (a) Shanghai, (b) Nanjing, (c) Hangzhou, (d) Hefei in the Yangtze River Delta. 
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Figure 5. Data pairs of ΔO3 and NO2 concentration during (a–d) April–September and (e–h) October–March over four capital cities (a,e): Shanghai; (b,f): Nanjing; (c,g): Hangzhou; (d,h): Hefei in the Yangtze River Delta. ΔO3 is ozone concentration after removing the fitting results from multiple linear regression with meteorological conditions. 
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Figure 6. Controllable O3 related to NO2 adjustment during (a) April–September and (b) October–March in sub-county scale over the Yangtze River Delta. 
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Figure 7. Separation for the relationship between ΔO3 and NO2 concentration by HCHO/NO2 ratio (HNR) from Sentinel-5P measurements during April–September (top panel) and October–March (bottom panel) over four capital cities (a,e) Shanghai; (b,f) Nanjing; (c,g) Hangzhou; (d,h) Hefei in the Yangtze River Delta. 
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Figure 8. (a) Sub-county scale HCHO/NO2 ratio (HNR) thresholds from dense measurements and (b) Sentinel 5P observed mean values of HNR during April–September over YRD. 
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Table 1. Statistics of multiple linear regression for daily O3 and meteorological conditions.
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	Samples
	a0
	a1
	a2
	a3
	R2
	RMSE
	Sig-F





	Shanghai
	1067
	114.00
	3.19
	−1.08
	2.24
	0.42
	34.36
	1.2 × 10−15



	Nanjing
	2086
	76.80
	3.09
	−0.66
	3.97
	0.61
	30.74
	0



	Hangzhou
	2099
	75.21
	2.95
	−0.71
	4.67
	0.59
	33.38
	0



	Hefei
	1737
	80.19
	2.70
	−0.71
	2.87
	0.59
	28.51
	0



	Statistic
	-
	86.55 ± 18.42
	2.98 ± 0.21
	−0.79 ± 0.19
	3.44 ± 1.09
	0.55 ± 0.09
	31.75 ± 2.64
	-







Notes: Equation = a0 + a1·AT + a2·RH + a3·SD; Sig-F is result of F-test.
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Table 2. Statistics of the relationship, multiple regression of linear, exponential and logarithmic functions between ΔO3 and NO2, and the controllable O3 related to NO2 adjustment.
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Function Fitting

	
Shanghai

	
Nanjing

	
Hangzhou

	
Hefei

	
Abs-Mean




	
Region-Count

	
a-330

	
e-511

	
b-365

	
f-567

	
c-441

	
g-746

	
d-266

	
h-378






	
r

	
0.58

	
0.20

	
0.53

	
−0.30

	
0.80

	
−0.38

	
0.58

	
−0.10

	
-




	
p

	
<0.01

	
<0.01

	
<0.01

	
<0.01

	
<0.01

	
<0.01

	
<0.01

	
0.05

	
-




	
y = a·x + b

	
RMSE

	
26.88

	
26.18

	
16.69

	
19.16

	
21.09

	
18.89

	
23.34

	
19.34

	
21.45




	
R2

	
0.34

	
0.05

	
0.29

	
0.08

	
0.58

	
0.14

	
0.33

	
0.01

	
0.23




	
y = a·x2 + b·x + c

	
RMSE

	
24.25

	
25.53

	
16.61

	
19.15

	
19.10

	
18.88

	
22.85

	
19.33

	
20.71




	
R2

	
0.46

	
0.09

	
0.29

	
0.08

	
0.66

	
0.14

	
0.36

	
0.01

	
0.26




	
y = a·log(b·x) + c

	
RMSE

	
25.29

	
25.74

	
16.80

	
19.92

	
20.00

	
19.04

	
23.00

	
19.33

	
21.14




	
R2

	
0.42

	
0.08

	
0.28

	
0.00

	
0.63

	
0.13

	
0.35

	
0.01

	
0.24




	
Controllable O3

	
86.19

	
33.09

	
40.17

	
20.19

	
96.31

	
29.46

	
59.87

	
6.70

	
-
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Table 3. HCHO/NO2 ratio (HNR) thresholds, relationships between ΔO3 and NO2 (μg·m−3) and ΔO3 variation rate to NO2 change with measurements from the dense network and Sentinel-5P observations over four capital cities in the Yangtze River Delta.






Table 3. HCHO/NO2 ratio (HNR) thresholds, relationships between ΔO3 and NO2 (μg·m−3) and ΔO3 variation rate to NO2 change with measurements from the dense network and Sentinel-5P observations over four capital cities in the Yangtze River Delta.





	
City

	
Shanghai

	
Nanjing

	
Hangzhou

	
Hefei




	
Period

	
April–September

	
October–March

	
April–September

	
October–March

	
April–September

	
October–March

	
April–September

	
October–March






	
HNR

	
>1.45

	
>1.85

	
>1.85

	
<0.25

	
>1.85

	
<0.65

	
>2.85

	
<0.85




	
r

	
0.56

	
0.31

	
0.29

	
−0.23

	
0.64

	
−0.24

	
0.68

	
−0.16




	
p

	
<0.01

	
<0.01

	
<0.01

	
0.07

	
<0.01

	
<0.01

	
<0.01

	
0.02




	
NO2 range

	
36.35 ± 30.06

	
45.75 ± 48.18

	
38.73 ± 34.63

	
46.83 ± 45.82

	
41.02 ± 33.74

	
50.23 ± 45.94

	
45.88 ± 37.53

	
54.21 ± 50.00




	
ΔO3/NO2

	
−0.111x + 6.17

	
−0.018x + 1.48

	
−0.006x + 0.65

	
−0.009x + 0.18

	
−0.054x + 3.77

	
−0.006x + 0.07

	
−0.060x + 3.58

	
−0.002x − 0.20




	
Trans-NO2

	
55.73

	
82.99

	
107.48

	
19.63

	
70.34

	
10.70

	
59.38

	
−129.59








Notes: x represents NO2 concentration; NO2 range = Mean ± 2 × Standard Deviation.
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