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Surface ozone concentrations in the Yangtze River Delta (YRD) region in China have shown a significant increase with the dramatic reduction of anthropogenic nitrogen oxide (NOx) emissions since 2013. As the nonlinearity between ozone and its precursors (i.e., NOx and volatile organic compounds (VOCs)) varies greatly in time and space, we quantify the monthly changes of surface ozone with the co-control of NOx and VOCs anthropogenic emissions in the YRD region from May to October 2017 by using the GEOS-Chem model. Model evaluations show that the GEOS-Chem model exhibits good performance to simulate ozone concentrations in the region. For May–September 2017, most areas in the YRD region are under a transitional regime, but the regions with high anthropogenic emissions including Shanghai and southern Jiangsu are under a VOCs-limited regime. In October, basically, the entire YRD region is under a VOCs-limited regime. Generally, reducing VOCs emissions only is the most effective method for ozone control in the YRD. Nanjing is under a VOCs-limited regime in May, June, September, and October, and under a transition regime from July to August. The VOCs/NOx emission reduction ratio of 1:1 is effective for ozone mitigation in Nanjing (Shanghai) in May, June, and September (for May–September); the corresponding ratio is 2:1 in October. Hangzhou belongs to a transitional regime from May to September and is under a VOCs-limited regime in October. Reducing NOx emissions only would control ozone in Hangzhou from May to September, while the VOCs/NOx emission reduction ratio of 1:1 is favorable to reduce ozone concentrations in October. During high pollution days on July 22–27, 2017, the three cities belong to a transitional regime and reducing NOx emissions only is generally the most effective way to control high ozone pollution. GEOS-Chem tagged ozone simulation shows that ozone problem in the region is caused by the joint effect of local generation and regional and long-distance transport. Local generation (19.0–50.7%) is generally the largest contributor to monthly mean ozone concentrations in Jiangsu and Shanghai, Zhejiang, and central eastern China; the contribution of ozone from regions outside the YRD is larger in spring and autumn (42–76.0%) than in summer (23.3–51.8%). Since the annual VOCs (NOx) anthropogenic emissions in the region have shown a decline by 8% (11%) from 2017 to 2020 and would continue to reduce by 10% (10%) by 2025 according to the Chinese government requirement, the growth of ozone would be stopped in the YRD for May–September but likely to continue in October. Our study thus would provide a scientific base for guiding the effective emission reduction strategies to control ozone pollution in the YRD region.
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HIGHLIGHTS

• Yangtze River Delta is changing from a VOCs-limited regime to a transition regime.
• VOCs emission reduction is the key to control ozone pollution in the YRD region.
• Ozone decreases effectively with VOCs/NOx emission reduction ratio larger than 1:1.
• Regional transport is a larger contributor to ozone in spring and fall than in summer.
INTRODUCTION
Ozone is the main component of photochemical smog, mainly generated by the reaction of volatile organic compounds (VOCs) and nitrogen oxides (NOx) in the sunlight (NRC, 1991). Because of its strong oxidative capacity and the formation of OH radicals, ozone pollution enhances the oxidation of the background atmosphere (Seinfeld and Pandis, 1998). The ground-level ozone is considered as an air pollutant as it can severely harm public health and damage the ecosystem (Krupa and Manning, 1988; Bell et al., 2006).
With the rapid development of economics and the fast process of industrialization and urbanization in China, ozone pollution is becoming more and more severe in recent years. Yangtze River Delta (YRD) located on the east coast of China is one of the most economically developed and densely populated regions in China. The ozone pollution in the YRD region is thus particularly serious and ozone concentrations measured by the China National Environmental Monitoring Center have increased significantly since 2013 (e.g., Lu et al., 2018; Lu et al., 2020; Li M et al., 2021). A report on the Ministry of Ecology and Environment of China (https://www.mee.gov.cn/hjzl/sthjzk/zghjzkgb/) showed that the 90th percentile of daily maximum 8 h average (MDA8) ozone concentrations reached 152 μg m−3 in the YRD region in 2020 and that the number of days with ozone as the primary pollutant accounted for 50.7% of all the polluted days. Nanjing, Shanghai, and Hangzhou are economically developed cities in the YRD region; ozone pollution problem of these cities has attracted much public attention (e.g., An et al., 2015; Gao et al., 2017; Li K et al., 2017).
VOCs and NOx are important precursors of ozone, the emissions of which are major factors influencing ozone concentration (Ding et al., 2019; Yu et al., 2019). Anthropogenic emissions in China have shown dramatic changes in the recent 2 decades due to rapid economic growth and urbanization as well as energy structure changes and strict emission controls (Wu et al., 2016; Liu et al., 2017; Wang et al., 2019; Liang et al., 2020). In 2013, Chinese government put forward “Air Pollution Prevention and Control Action Plan” (APPCAP, http://www.gov.cn/zhengce/content/2013-09/13/content_4561.htm) and implemented strict emission control measures to reduce anthropogenic emissions for 2013–2017. NOx anthropogenic emissions have decreased by 19.1% from 2013 to 2017 and continue to decline after 2017 (Liu et al., 2017; Zheng et al., 2018; Zheng et al., 2021). Different from NOx emissions, VOCs anthropogenic emissions remain stable for 2013–2017, but begin to decline after 2017 (Ma et al., 2019; Zheng et al., 2018; Zheng et al., 2021). Previous studies (e.g., Xue et al., 2014; An et al., 2015; Gao et al., 2017) have shown that the reduction of NOx anthropogenic emissions could not effectively alleviate ozone pollution in the YRD region, largely due to the strong nonlinear relationship between ozone and its precursors (e.g., Li K et al., 2017; Lu H et al., 2019; Xu et al., 2021).
Chemical transport models (CTM) are widely used to determine ozone sensitivity to its precursors (e.g., Kanaya et al., 2009; Wang et al., 2019; Wei et al., 2019). Based on sensitivity simulations, exploring the changes on ozone concentrations under different VOCs/NOx emission reduction ratios is useful for formulating appropriate and effective ozone reduction strategies (e.g., Wang et al., 2019; Wang et al., 2020; Su et al., 2021). Previous studies have shown that the YRD region was generally under a VOCs-limited regime or a transitional regime (e.g., Wang et al., 2019; Li L et al., 2021; Yang et al., 2021). The VOCs/NOx anthropogenic emission reduction ratio larger than 2:1 was generally effective to control ozone concentrations in the YRD region (e.g., Wang et al., 2019; Wang et al., 2020). Due to the significant reduction of NOx anthropogenic emissions from 2013, the sensitivity of ozone to its precursors is changing dramatically which would significantly affect ozone control strategies.
Ozone has a lifetime of several days to weeks in the free troposphere (Lin et al., 2008). Ozone pollution is thus not only related to local source emissions of ozone precursors but also influenced by regional transport (Zheng et al., 2010; Gong et al., 2020). By using a tagged ozone simulation in GEOS-Chem, Gong et al. (2020) found that ozone transport from central eastern China contributed 36% to the enhanced daily mean ozone concentrations during the persistent ozone pollution episodes in North China in May–July of 2014–2018. Based on the ozone source apportionment technology of WRF/CMAx, Li L et al. (2019) found that regional transport was a significant source of ozone in urban regions in the YRD region and contributed 38.7–111.1 μg m−3 to daily average MDA8 ozone concentrations in May, August, and October of 2015.
To our knowledge, previous studies on ozone–NOx–VOCs sensitivity and ozone control strategies have largely focused on the whole summer season, a certain month, or high ozone pollution days (e.g., Xu et al., 2017; Li K et al., 2017; Wang et al., 2020; Zhang et al., 2020). Due to the strong nonlinearity between ozone and its precursors in time and space, it is thus necessary to systematically analyze the ozone–NOx–VOCs sensitivity and control strategies of NOx and VOCs anthropogenic emissions for different months, different cities, and high pollution days to guide the effective ozone mitigation in the YRD region. In this study, we aim to quantify the changes of surface ozone with the control of NOx and VOCs anthropogenic emissions at different reduction ratios in the YRD region (28.2°N∼34.5°N, 115.8°E∼123.4°E) using the GEOS-Chem CTM. We mainly focus on three big cities (Nanjing, Shanghai, and Hangzhou) in the region from May to October in 2017, the final year of implementation of the APPCAP action plan. To explore the reasons for the differences in monthly sensitivity of ozone–NOx–VOCs, we further quantify the ozone contributions from different regions to monthly mean surface ozone concentrations in the YRD region using the GEOS-Chem tagged ozone technique. We introduce the observation data and the sensitivity simulations of the GEOS-Chem model in Section 2. We evaluate model results with observation data from the China National Environmental Monitoring Center in Section 3. In Section 4, we evaluate the ozone–NOx–VOCs sensitivity in the YRD region and the changes in ozone concentrations with the reduction of NOx and VOCs anthropogenic emissions. In Section 5, we quantify the contributions of ozone from different regions to surface ozone concentrations in the YRD region. We conclude in Section 6.
METHODS
Observations
In this study, we obtain the observations of hourly ozone concentrations for May–October 2017 from the China National Environmental Monitoring Center (http://106.37.208.233:20035/). There are 10 monitoring sites in Shanghai, 11 in Hangzhou, and 9 in Nanjing. The sampling measurements and techniques comply with the Chinese national ambient air quality monitoring technical regulations HJ/T193-2005. According to ambient air quality standard GB 3095-2012, the MDA8 ozone concentrations are calculated if at least 6 hourly averages are recorded in every 8 h and more than 14 8-hour averages are available from 8:00 to 24:00 local time.
Model Description and Simulations
The GEOS-Chem global CTM is driven by assimilated meteorological data from the Goddard Earth Observing System (GEOS) of the NASA Global Modeling and Assimilation Office (GMAO) (Bey et al., 2001). Here, we use GEOS-Chem version 11-01 (http://wiki.geos-chem.org/GEOS-Chem_v11-01) driven by MERRA-2 meteorological data with spatial horizontal resolutions of 2 × 2.5 ° globally and 0.5 × 0.625 ° nested over Southeastern Asia (11°S∼55°N, 60°E∼150°E), reduced 47 vertical levels from the surface to 0.01 h Pa, and a temporal resolution of 1 h.
We conduct full-chemistry NOx–Ox–Hydrocarbon-aerosol model simulations. We use the Linoz scheme for ozone production in the stratosphere (McLinden et al., 2000) and the nonlocal planetary boundary layer (PBL) mixing scheme for vertical mixing of air tracers in the PBL (Holtslag and Boville, 1993; Lin and McElroy, 2010). Dry deposition is calculated based on the resistance-in-series scheme (Wesely, 1989). The wet deposition for water-soluble aerosols and gas is described by Liu et al. (2001) and Amos et al. (2012).
The Harvard–NASA Emission Component (HEMCO) is used to process emissions in the GEOS-Chem model (Keller et al., 2014). Global anthropogenic emissions are from the Emissions Database for Global Atmospheric Research (EDGAR). The Global anthropogenic VOCs emissions are from the REanalysis of TROpospheric chemical composition (RETRO) inventory, but C2H6 and C3H8 are overwritten by the emission inventory developed by Xiao et al. (2008). The regional anthropogenic emissions are taken from the European Monitoring and Evaluation Project (EMEP) for Europe (Auvray and Bey, 2005), the Big Bend Regional Aerosol and Visibility Observational emission inventory (BRAVO) for Mexico (Kuhns et al., 2005), the Canadian Criteria Air Contaminant emission inventory (CAC) for Canada, the National Emission Inventory (NEI) for the United States, and the MIX emission inventory over East and South Asia (Li M et al., 2017).
Particularly, we used monthly anthropogenic emissions in China from the Multi-resolution Emission Inventory for China (MEIC) with a horizontal resolution of 0.5 ° × 0.667 ° for 2017. The annual NOx anthropogenic emissions in MEIC are 3,666 Gg in the YRD region (including Jiangsu, Shanghai, Zhejiang, and Anhui provinces) in 2017 and reduce by 19.1% from 2013 to 2017; NMVOCs emissions are 5,593 Gg and increased by 3.3% from 2013 to 2017 (http://meicmodel.org/). Figure 1 shows monthly anthropogenic NOx and VOCs emissions of the MEIC inventory in the YRD region averaged for May–October 2017. The spatial distributions of NOx and VOCs emissions in the YRD region are generally similar. The regions with high emissions are mainly concentrated in Shanghai and southern Jiangsu. Among the three cities of Nanjing, Shanghai, and Hangzhou, NOx and VOCs emissions are the highest in Shanghai (3 g m−2 month−1 and 2.4 g m−2 month−1, respectively) and the lowest in Hangzhou (0.6 g m−2 month−1 and 0.5 g m−2 month−1, respectively).
[image: Figure 1]FIGURE 1 | Monthly anthropogenic (A) NOx emissions and (B) VOCs emissions (g m−2 month−1) from the MEIC inventory in the Yangtze River Delta (YRD) region averaged for May–October 2017. Red enclosed areas indicate Nanjing, Shanghai, and Hangzhou, respectively.
A number of natural emissions are also implemented in the model. We used biomass burning emissions from the Global Fire Emissions Database version 4 (GEFD v4) with a horizontal resolution of 0.25 ° × 0.25 ° and a spatial resolution of 1 month (van der Werf et al., 2017). Biogenic VOCs emissions are from the MEGAN version 2.1 (MEGAN v2.1) (Guenther et al., 2012). Lightning and soil NOx emissions are also included in the model following Lu X et al. (2019).
We simulate ozone concentrations in the YRD region from February to October 2017 with the first 3 months for spin-up. Our analysis centers on 2017, the final year of implementation of the APPCAP action plan and also the latest year currently available for the MEIC emission inventory. In addition to a standard simulation with all emissions unchanged, we also conduct simulations to study the sensitivities of NOx and VOCs to ozone formation and the effective emission reduction ratio of VOCs/NOx for ozone control in the YRD region. Empirical Kinetic Modeling Approach (EKMA) isopleths of ozone concentrations under different emissions of precursors are commonly used method to reflect ozone-NOx-VOCs sensitivity (e.g., Xing et al., 2011; Guo et al., 2019). In order to obtain the EKMA isopleths, we conduct 24 sensitivity simulations with anthropogenic NOx and VOCs emissions in the YRD region reduced by 20, 40, 60, and 80%, respectively.
The ratio of formaldehyde (HCHO) to nitrogen dioxide (NO2) (HCHO/NO2, FNR) has been widely used to evaluate ozone–NOx–VOCs sensitivity (e.g., Jin and Holloway, 2015; Xu et al., 2021). To examine the ozone–NOx–VOCs sensitivity obtained from the EKAM isopleths, we calculate FNR using monthly mean HCHO and NO2 column concentrations from the GEOS-Chem simulations. FNR > 2 indicates a NOx-limited regime, FNR < 1 reflects a VOCs-limited regime, and FNR between 1 and 2 is considered as a transitional regime (Martin et al., 2004).
The offline tagged ozone technique in the GEOS-Chem CTM is used to quantify the contributions of ozone from different source regions to monthly mean ozone concentrations in the YRD region. We run tagged ozone simulation with a spatial horizontal resolution of 2 ° × 2.5 ° globally (the only resolution available) by using 3-D ozone production rates and loss frequencies archived from the full-chemistry standard simulation. We consider eight regions in China and one region representing the rest of the world (Supplementary Figure S1). We tag the generated ozone from the surface to the 38th vertical layer in the model (∼48 hPa altitude) from nine regions. Generally, the sum of these nine tagged ozone concentrations in the YRD region is equal to the simulated ozone concentration in this region.
MODEL EVALUATIONS
Previous studies have shown that the GEOS-Chem model with the MEIC emission inventory reasonably captured observed ozone concentrations in China (e.g., Li K et al., 2019; Sun et al., 2019). We further compare in Figure 2, observed and GEOS-Chem simulated MDA8 ozone concentrations at stations in Nanjing, Shanghai, and Hangzhou. Observations are averaged for the measurement stations in each region, and the model results are sampled at the corresponding locations of the measurement stations. The GEOS-Chem model is generally in good performance to simulate ozone concentrations in three regions. The differences in MDA8 ozone concentrations between simulations and observations are 6.77 μg m−3 in Nanjing, –0.38 μg m−3 in Shanghai, and 9.64 μg m−3 in Hangzhou, respectively, averaged for May–October 2017.
[image: Figure 2]FIGURE 2 | Observed (black) and simulated (red) daily maximum 8 h average (MDA8) ozone concentrations (μg m−3) averaged for stations at (A) Nanjing (9 sites), (B) Shanghai (10 sites), and (C) Hangzhou (11 sites) from May to October 2017. Also shown are observed and simulated mean ozone concentrations for the time period, correlation coefficients (r), normalized mean bias (NMB), and normalized mean errors (NME) between model results and observations. All the correlation coefficients pass the two-tailed t-test with 95% confidence interval.
We further used correlation coefficients (r), normalized mean bias (NMB), and normalized mean errors (NME) (Emery et al., 2017) between simulated and observed ozone concentrations to evaluate the model performance.
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where co is the observed MDA8 ozone concentration averaged for stations in each region (μg m−3), cm is the corresponding simulated MDA8 ozone concentration (μg m−3), and N is the number of the observation days from May to October 2017.
Simulated ozone concentrations largely capture the day-to-day variations of observations with the correlation coefficients in the range of 0.69–0.80 at the stations in Nanjing, Shanghai, and Hangzhou. All the correlation coefficients pass the two-tailed t-test with 95% confidence interval. The model performance criteria for MDA8 ozone concentrations have been met when both the NMB and NME are less than or equal to approximately ±15% and +25%, respectively (Emery et al., 2017). The NMB and NME of simulated and observed MDA8 ozone concentrations are 0.37–8.97% and 16.54–24.72% at the stations in Nanjing, Shanghai, and Hangzhou, which are within the model performance criteria.
Model performance is further evaluated by the monthly correlation coefficients between observations and model results in Nanjing, Shanghai, and Hangzhou for May–October 2017 (Supplementary Figure S2). Generally, monthly correlation coefficients averaged for the three areas are highest in July (r = 0.87), May (0.75), and August (0.73), but lowest in October (0.5). For each city, model performance is best in Nanjing in May and June, in Shanghai from August to October, and in Hangzhou in July.
We also conduct the GEOS-Chem simulation at a horizontal resolution of 0.25 × 0.3125 ° with the same model configuration as those at 0.5 × 0.625 °. The differences of simulated MDA8 ozone concentrations between 0.5 × 0.625° and 0.25 × 0.3125 ° model simulations are only −0.03, 5.67%, and 0.51%, respectively, for correlation coefficients, NMB, and NME averaged for three cities during May–October 2017. Considering the problem of computing time cost, we thus conduct sensitivity simulations at 0.5 × 0.625 °.
RESPONSE OF OZONE TO PRECURSOR CONTROLS
The sensitivity of ozone to its precursors varies significantly over time and location (e.g., Tang et al., 2017; Wei et al., 2019; Yang et al., 2021). Figure 3 shows the changes in the monthly mean MDA8 ozone concentrations for May to October 2017 from sensitivity simulations with anthropogenic NOx or VOCs emissions in the YRD region reduced by 20 and 40%, compared to the ozone concentrations from the standard model simulation. The sensitivities of ozone concentrations to anthropogenic NOx emissions show large differences in space and time. From May to September, ozone concentrations decrease with the reduction of NOx emissions in northern Jiangsu and most areas of Zhejiang and Anhui. The ozone concentrations decrease by more than 6 μg m−3 in southwestern YRD region from May to September when the reduction of NOx emissions reaches 40%. In May, June, and September, ozone concentrations yet increase in the regions with high anthropogenic emissions including Shanghai and southern Jiangsu; the increases of ozone concentrations are largest in Suzhou by ∼8 μg m−3 with the reduction of NOx emissions by 40%. From July to August, reducing NOx emission is effective for most of the YRD regions, except for a small part of southeast Jiangsu and northern Shanghai. In October, most of the YRD region shows increased ozone concentrations with decreased NOx emissions, except for the southwestern YRD region including southern part of Anhui and Zhejiang.
[image: Figure 3]FIGURE 3 | Differences in monthly mean daily maximum 8 h average (MDA8) ozone concentrations (μg m−3) between sensitivity simulations with reduced anthropogenic NOx (left two columns) or VOCs (right two columns) emissions and the standard model simulation from May to October 2017. Anthropogenic NOx or VOCs emissions in the Yangtze River Delta (YRD) region reduced by 20 and 40%.
Compared to cutting NOx emissions, the reduction of VOCs emissions is more effective to control the ozone concentrations in the entire YRD region, where the ozone concentrations decrease with the reduction of VOCs emissions from May to October. The ozone concentrations are most sensitive to VOCs emissions in Shanghai and southern Jiangsu, which decrease by more than 8 μg m−3 with the reduction of VOCs emissions by 40% from May to September.
Combined with the changes in ozone concentrations due to the reduction of NOx or VOCs emissions, most of the regions in the YRD are controlled by a transitional regime for May–September 2017 while under a VOCs-limited regime in October. The regions with high anthropogenic emissions including Shanghai and southern Jiangsu are controlled by a VOCs-limited regime in May, June, September, and October. From July to August, the VOCs-limited regions shrink to only small part of southeast Jiangsu and northern Shanghai. Previous studies have also shown that the YRD region is changing from a VOCs-limited regime to a transition regime due to the reduction of NOx anthropogenic emissions in recent years (e.g., Jin and Holloway, 2015; Wang et al., 2019).
To further investigate the ozone sensitivity to its precursors for Nanjing, Shanghai, and Hangzhou and the changes of ozone concentrations under different VOCs/NOx emission reduction ratios, Figure 4, Figure 5, and Figure 6 show the EKMA isopleths of monthly MDA8 ozone concentrations from May to October 2017 for the three cities. Figure 4, Figure 5, and Figure 6 (Supplementary Figure S3) show the differences in monthly mean MDA8 ozone concentrations between sensitivity simulations (including VOCs emissions reduction only, NOx emissions reduction only, and reduction of VOCs and NOx emissions simultaneously by 1:1, 1:2, 1:3, 2:1, and 3:1) and the standard model simulation in Nanjing, Shanghai, and Hangzhou for May–October 2017. In the three cities, reducing VOCs emissions is generally an effective approach to control ozone concentrations. When VOCs emissions are reduced by 40%, ozone concentrations from May to October would decrease by 5.3–12.3 μg m−3 (3.8–7.5%) in Nanjing, 4.0–14.5 μg m−3 (4.1–9.3%) in Shanghai, and 3.2–7.9 μg m−3 (2.5–7.2%) in Hangzhou.
[image: Figure 4]FIGURE 4 | (A) Empirical kinetic modeling approach (EKMA) isopleths of monthly mean daily maximum 8 h average (MDA8) ozone concentrations (μg m−3) in Nanjing for May–October 2017. Red and purple arrows represent VOCs and NOx anthropogenic emissions simultaneously reduced by 1:1 and 2:1, respectively. (B) Differences in monthly mean MDA8 ozone concentrations between sensitivity simulations and standard model simulation in Nanjing for May–October 2017. Sensitivity simulations include VOCs anthropogenic emissions reduction only, NOx anthropogenic emissions reduction only, and reduction of VOCs and NOx anthropogenic emissions simultaneously by 1:1, 1:2, 1:3, 2:1, and 3:1.
[image: Figure 5]FIGURE 5 | Same as Figure 4, but for Shanghai.
[image: Figure 6]FIGURE 6 | Same as Figure 4, but for Hangzhou.
In Nanjing, ozone concentrations are more sensitive to the VOCs emissions in May, June, September, and October, when ozone concentrations would decrease by 6.8–12.3 μg m−3 (5.6–7.5%) with the VOCs emissions reduced by 40%. Nanjing would turn into a transition regime when NOx emissions reduce by more than 20% for May–June, by 40% in September, and by 60% in October. The VOCs/NOx emission reduction ratio of 1:1 is effective for ozone mitigation in May, June, and September; the corresponding ratio is 2:1 in October. Nanjing belongs to a transition regime from July to August when controlling ozone would be achieved by reducing VOCs emissions only, NOx emissions only, or both NOx and VOCs emissions. For near-term ozone control in July and August, the VOCs emissions reduction only is the most effective method; while for a long-term control strategy, the NOx emissions reduction only is more effective. Ozone concentrations in July and August would decrease by 3.7–6.9 μg m−3 (2.6–5.0%) with the reduction of NOx emissions by 40%.
Shanghai is generally under a VOCs-limited regime from May to October. Ozone concentrations always decrease with the reduction in VOCs emissions; ozone concentrations would decrease by 4.0–14.5 μg m−3 (4.1–9.3%) with the VOCs emissions reduced by 40% from May to October. In July and August, Shanghai closes to a transition regime. Ozone concentrations would decrease when NOx emissions reduce by 40% in May, June, and September, by 20% in July and August, and by 60% in October. The effective VOCs/NOx emission reduction ratios for controlling ozone concentrations are larger than 1:1 for May–September and 2:1 in October, which are close to those in Nanjing.
Hangzhou belongs to a transitional regime from May to September and a VOCs-limited regime in October, when Hangzhou would become a transition regime with the NOx emission reduced by more than 60%. Ozone concentrations would decrease by 1.5–33.8 μg m−3 (1.2–25.1%) in Hangzhou from May to September under all emission reduction scenarios. In May, June, and September, the VOCs emissions reduction only below 40% is the most effective way for near-term ozone control; while the NOx emissions reduction only above 40% is more effective as a long-term control strategy. The NOx emission reduction only scenario is generally the effective way to control ozone concentrations in July and August, when ozone concentrations decrease by 8.6–11.2 μg m−3 (6.8–8.9%) with the NOx emissions reduced by 40%.
Figure 7 shows sensitivity regimes of ozone–NOx–VOCs defined by FNR in the YRD region for May–October 2017. Generally, the ozone–NOx–VOCs sensitivities in the YRD indicted by FNR are consistent with those from the model sensitivity simulations and the EKAM isopleths. From May to September, most areas of the YRD region belong to a transition regime; while southern Jiangsu, Shanghai, and northern Zhejiang are under a VOCs-limited regime. In October, basically, the whole YRD region belongs to a VOCs-limited regime. Nanjing and Shanghai are under a VOCs-limited regime in May, June, September, and October and parts of the cities are in a transition regime in July and August. Hangzhou generally belongs to a transition regime for May–September and parts of the city are under a NOx-limited regime.
[image: Figure 7]FIGURE 7 | Sensitivity regimes of ozone–NOx–VOCs defined by HCHO/NO2 ratios (FNR) in the Yangtze River Delta (YRD) region from May to October 2017. Red enclosed areas indicate Nanjing, Shanghai, and Hangzhou, respectively.
We further analyze the sensitivity of ozone to its precursors and the changes of ozone under different VOCs/NOx emission reduction ratios in Nanjing, Shanghai, and Hangzhou during high pollution event (Figure 8). We choose the high ozone pollution period from July 22 to 27, 2017, when the observed daily MDA8 ozone concentrations exceed the national air quality standard of 160 μg m−3 (https://www.mee.gov.cn/ywgz/fgbz/bz/bzwb/dqhjbh/dqhjzlbz/201203/W020120410330232398521.pdf) simultaneously in Nanjing, Shanghai, and Hangzhou. The NMB and NME of simulated and observed MDA8 ozone concentrations during this period are −14.9 to 11.4% and 14.9–18.7% at the stations in three cities, which are within the model performance criteria. Ozone concentrations under all emission reduction scenarios would decrease by 3.8–59.7 μg m−3 (1.9–29.4%) in Nanjing, 6.1–68.3 μg m−3 (2.7–30.6%) in Shanghai, and 3.4–65.0 μg m−3 (1.7–32.7%) in Hangzhou. The three cities all belong to a transitional regime during high pollution days and NOx emissions reduction only is generally the most effective method to control long-term ozone concentrations. When NOx emissions reduce by 40%, the reduction of ozone concentrations in high pollution days are larger than those averaged in July by 11.8 μg m−3 in Nanjing, 12.9 μg m−3 in Shanghai, and 10.8 μg m−3 in Hangzhou. In Shanghai, the VOCs emissions reduction would be the most effective for near-term ozone control.
[image: Figure 8]FIGURE 8 | Same as Figure 4, but for high pollution events from July 22 to 27, 2017 in Nanjing, Shanghai, and Hangzhou, respectively.
Our results of ozone–NOx–VOCs sensitivity are broadly consistent with previous studies (e.g., Xu et al., 2017; Li K et al., 2017; Yang et al., 2021), but provide updated and detailed information about monthly ozone sensitivity to its precursors and the effective emission reduction ratios of VOCs/NOx to control ozone in the three cities. Generally, the three cities are under a VOCs-limited regime or a transitional regime during the summer season and changing to a transitional regime gradually. Previous observational and modeling studies have shown that ozone concentrations would decrease in the YRD region when VOCs/NOx emission reduction ratio was greater than 2:1 (e.g., Wang et al., 2019; Wang et al., 2020). With the reduction of NOx emissions from 2013, our results show that VOCs/NOx emission reduction ratio of 1:1 is in favor of effective ozone control in the region for May–September, and NOx emission reduction only is an effective way to control ozone concentrations during the high pollution event in July.
OZONE CONTRIBUTIONS FROM DIFFERENT SOURCE REGIONS
In Figure 9, we qualify the contributions of ozone from nine defined regions to monthly mean surface ozone concentrations in the YRD region for May‒October 2017 using the GEOS-Chem tagged ozone technique. We focus on the contributions to monthly mean surface ozone concentrations in three regions, Jiangsu and Shanghai (Figure 9A), Zhejiang (Figure 9B), and central eastern China (Figure 9C), generally belonging to the YRD region. Locally generated ozone is the largest contributor to monthly mean surface ozone concentrations in the three regions for May–September 2017, ranging from 42.4 to 74.7 μg m−3 (30.0–44.1%) in Jiangsu and Shanghai, 38.5–54.2 μg m−3 (31.5–47.4%) in Zhejiang, and 53.6–68.3 μg m−3 (39.0–50.7%) in central eastern China. The control of local source emissions is thus important to control ozone concentrations in the YRD region.
[image: Figure 9]FIGURE 9 | Ozone contributions from different source regions to monthly mean surface ozone concentrations in three regions: (A) Jiangsu and Shanghai, (B) Zhejiang, and (C) central eastern China from May to October 2017.
For Jiangsu and Shanghai region (Figure 9A), ozone from adjacent areas, i.e., Zhejiang and central eastern China are the second (20.6–33.7%) and third (21.6–22.4%) largest contributors in July and August. For other months, ozone from the rest of world also shows large contributions to surface ozone concentrations in Jiangsu and Shanghai in May (25.1%), June (18.1%), September (24.7%), and October (41.4%), indicating that regional and long-distance transport is also a significant contributor to surface ozone in Jiangsu and Shanghai. For Zhejiang region (Figure 9B), ozone from nearby southeast is the second largest contributor for the summer months of June to August (20.9–28.0%). Ozone from the rest of world accounts for 27.0% of surface ozone concentrations in Zhejiang in May, 24.4% in September, and 39.3% in October. For the central eastern China region (Figure 9C), ozone contributions from the rest of the world to the surface ozone in central eastern China are the second largest in spring and autumn months (20.2% in May, 15.7% in September, and 25.1% in October). For the summer months of June to August, ozone transport from the adjacent west regions contributes the second largest fraction of surface ozone (12.9–16.6%) in central eastern China.
Previous studies have shown that ozone pollution is a regional problem and regional transport has large contribution to the ozone within the YRD region (e.g., Gao et al., 2016; Li L et al., 2019). Our results also show that regional and long-range transport is also a significant contributor to surface ozone in the YRD. Ozone from regions outside the YRD accounts for 23.3–76.0% of surface ozone in Jiangsu and Shanghai, 46.3–63.8% in Zhejiang, 41.9–51.3% in central eastern China, which are larger in spring and autumn than in summer. The largest regional transport in October (51.3–76.0%) would affect the sensitivity of ozone to its locally emitted precursors, which show significant differences compared with those for May–September. The large regional transport will therefore affect the effectiveness of local precursor emission reduction on ozone control.
DISCUSSION AND CONCLUSION
We used the GEOS-Chem model to analyze ozone sensitivity to its precursors in the YRD region from May to October 2017. We aimed to quantify the changes of surface ozone with the control of NOx and VOCs anthropogenic emissions at different reduction ratios in three big cities in the YRD region (Nanjing, Shanghai, and Hangzhou). The GEOS-Chem model was generally in good performance to simulate ozone concentrations in the three cities with correlation coefficients, NMB, and NME values in the range of 0.69–0.80, 0.37–8.97% and 16.54–24.72%, respectively, which were all within the model performance criteria.
We conducted sensitivity simulations by reducing anthropogenic NOx and VOCs emissions by 20, 40, 60, and 80% in the YRD region, and evaluated the ozone–NOx–VOCs sensitivity in the YRD region. Most areas in the YRD region were under a transitional regime for May–September 2017 while under a VOCs-limited regime in October. The regions with high anthropogenic emissions including Shanghai and southern Jiangsu were under a VOCs-limited regime for May–October; the VOCs-limited regions for July–August shrank to only a small part of southeast Jiangsu and northern Shanghai. Generally, compared to reducing NOx emissions, VOCs emissions reduction was more effective to control ozone concentrations in the entire YRD region.
We further evaluated ozone sensitivity to its precursors and compared changes of ozone concentrations between sensitivity simulations and standard model simulation in Nanjing, Shanghai, and Hangzhou. Nanjing was under a VOCs-limited regime in May, June, September, and October and under a transition regime from July to August. The VOCs/NOx emission reduction ratio of 1:1 was effective for ozone mitigation in Nanjing in May, June, and September; the corresponding ratio was 2:1 in October. Shanghai was generally under a VOCs-limited regime for May–October and closed to a transition regime for July–August. The effective VOCs/NOx emission reduction ratios for controlling ozone concentrations in Shanghai was larger than 1:1 for May–September and 2:1 in October. Hangzhou belonged to a transitional regime from May to September and was under a VOCs-limited regime in October. Reducing NOx emission was the effective method to control ozone in Hangzhou from May to September, while the VOCs/NOx reduction ratio of 1:1 was favorable to reduce ozone concentrations in October. During high pollution days on July 22–27, 2017, the three cities belong to a transitional regime and reducing NOx emissions only is generally the most effective way to control high ozone pollution.
We used tagged ozone simulation to quantify contributions of ozone from eight regions to monthly mean ozone concentrations in Jiangsu and Shanghai, Zhejiang, and central eastern China from May to October 2017. Generally, locally generated ozone was the largest contributor to monthly mean ozone concentrations in Jiangsu and Shanghai (30.0–44.1%) and Zhejiang (31.5–47.4%) from May to September, while in central eastern China (36.4–50.7%) from May to October. Ozone transport from adjacent regions was also a major contributor for June–August. Ozone from regions outside the YRD were larger in spring and autumn than in summer, and accounted for 23.3–76.0% of surface ozone in Jiangsu and Shanghai, 46.3–63.8% in Zhejiang, and 41.9–51.3% in central eastern China. Ozone in the YRD region was therefore caused by the joint effect of local source and transport of ozone from adjacent and long-distance regions.
Due to the strict and effective emission reduction policies of the Chinese government, annual anthropogenic NOx emissions continued to reduce in the YRD from 2017, and anthropogenic VOCs emissions have begun to show a decline. Compared to the MEIC emission inventory in 2017, the annual anthropogenic VOCs (NOx) emission in 2020 reduced by 8% (11%) in the YRD region (Zheng et al., 2021). The VOCs/NOx emission reduction ratio was thus about 1:1. According to our discussions in Sect.4, the joint reduction of VOCs and NOx emissions with the VOCs/NOx reduction ratio larger than 1:1 would be conducive to ozone mitigation in the YRD region. The report on the Ministry of Ecology and Environment of China has shown that 90th percentile of MDA8 ozone concentrations in the YRD region has decreased by 10.6% from 2017 to 2020. In November 2021 (https://www.mee.gov.cn/zcwj/zyygwj/), the Chinese government has put forward specific requirements for ozone control to reduce anthropogenic VOCs and NOx emissions by 10% by 2025 compared with 2020. The ozone concentration in the YRD would further show a decline by 2025, especially from May to September. However, ozone concentrations are likely to continue to rise in October, especially when weather conditions are unfavorable and regional and long-range transport are significant.
Our study may provide a scientific base for guiding effective control strategies for ozone pollution. In the present study, we evaluated the ozone sensitivity to only anthropogenic precursor emissions in a monthly time scale, which may not meet the requirements of controlling daily maximum ozone concentrations due to the strong nonlinear relationship between ozone and its precursors. NOx emissions are mainly from vehicles, industry, and power plants, while VOCs emissions are from solvent use, industry, vehicles, and residences. Future studies include the ozone sensitivity to precursor emissions from different emission sectors and ozone sensitivity on daily or hourly bases under different weather patterns would be more valuable for emission mitigation measures.
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