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Abstract

:

Due to increasingly stringent control policy, air quality has generally improved in major cities in China during the past decade. However, the standards of national regulation and the World Health Organization are yet to be fulfilled in certain areas (in some urban districts among the cities) and/or certain periods (during pollution episode event). A further control policy, hence, has been issued in the 13th Five-Year Plan (2016–2020, hereafter 13th FYP). It will be of interest to evaluate the air quality before the 13th FYP (2015) and to estimate the potential air quality by the end of the 13th FYP (2020) with a focus on the area of an urban district and the periods of severe pollution episodes. Based on observation data of major air pollutants, including SO2 (sulphur dioxide), NO2 (nitrogen dioxide), CO (carbon monoxide), PM10 (particulate matter with aerodynamic diameter equal to or less than 10 μm), PM2.5 (particulate matter with aerodynamic diameter equal to or less than 2.5 µm) and O3 (Ozone), the air quality of Haizhu district [an urban district in the Pearl River Delta (PRD), China] in 2015 suggested that typical heavy pollution occurred in winter and the hot season, with NO2 or PM2.5 as the key pollutants in winter and O3 as the key pollutant in the hot season. We also adopted a state-of-the-art chemical transport model, the Weather Research and Forecasting model coupled with Chemistry (WRF-Chem), to predict the air quality in Haizhu District 2020 under different scenarios. The simulation results suggested that among the emission control scenarios, comprehensive measures taken in the whole of Guangzhou city would improve air quality more significantly than measures taken just in Haizhu, under all conditions. In the urban district, vehicle emission control would account more than half of the influence of all source emission control on air quality. Based on our simulation, by the end of the 13th FYP, it is noticeable that O3 pollution would increase, which indicates that the control ratio of volatile organic compounds (VOCs) and nitrogen oxides (NOx) may be unsuitable and therefore should be adjusted. Our study highlights the significance of evaluating the efficacy of current policy in reducing the air pollutants and recommends possible directions for further air pollution control for urban areas during the 13th FYP.
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1. Introduction


The quality of ambient air is vital to human health. Air quality management is important for many authorities around the world [1]. The Chinese government has put great effort into mitigating the elevated level of air pollutants in the past decade, especially since the Air Pollution Control Action Plan (APCAP) was issued by the State Council in 2013 [2]. The annual levels of PM2.5, PM10, SO2, and NO2 decreased by 12%, 11%, 20%, and 5%, respectively, in major cities during 2013–2015 [3,4].



However, the effect was highly heterogeneous both spatially and temporally since the national standards of air quality were violated in some districts/towns in cities and during severe pollution episode events. Observation stations in the urban area of Beijing [5], Shanghai [6], and Guangzhou [7,8] recorded heavy pollution episodes in winter (PM10, PM2.5, and NO2 as key pollutants) and/or hot seasons (summer and autumn, O3 as key pollutant) [9,10].



To further tackle the air pollution issue, authorities of national and local level have formulated a series of regulations for the 13th Five-Year Plan (13th FYP) [11,12]. Targets have been set such that, by the end of 13th FYP, the emission of SO2 and NO2 should decrease 15% compared to that in 2015, and the ratio of heavy pollution days in 2020 should reduce 25% compared to that in 2015 [11]. The three national typical air pollution city clusters (Beijing-Tianjin-Hebei, the Yangtze River Delta and the Pearl River Delta (PRD)) have their own targets. For example, for the cities of the PRD region, concentrations of air pollutants (PM2.5, PM10, SO2, NO2, CO, and O3) should meet national secondary air quality standards and the number of heavy pollution day should be zero [11]. Although the emission of the air pollutant from large industrial point sources has been decreasing in the past decade, the emission from traffic has been significantly increasing, which leads to critical challenges in air pollution control. It will be of significance to assess the air quality level in the year before the 13th FYP (2015) and to predict the impact of 13th FYP on air quality by 2020.



Some modelling studies have been conducted to evaluate the potential influence of the 13th FYP policy or the impact of policies on air quality during some major public events. Wang et al. (2016) [13] evaluated the impact of emission control measures on the air quality in the PRD region with WRF-CMAQ (The Weather Research and Forecasting Model-Community Multiscale Air Quality Model) model simulation on emission scenarios (a base case in 2010, two cases in 2020). Liu et al. (2017) [14] assessed the cobenefits (air quality and climate change) of vehicle emission control measures for 2015–2020 in the PRD region. Maji et al. (2018) [15] reported the PM2.5-related mortality under air pollution control policies for China 2020. Yang et al. (2016) [16] analysed the effect of the coal control strategy in China on carbon mitigation and pollutants control for 2020 and 2030. Wang et al. (2015) [17] assessed the air quality situation under the pollution control policy of thermal power plants in China for 2020 with MM5-CMAQ (Fifth-Generation Mesoscale Regional Weather Model-Community Multiscale Air Quality Model). Qui et al. (2017) [18] studied the effect of emission control strategies on air quality of Baotou, China. Cai et al. (2017) [19] researched the impact of the ‘Air Pollution Prevention and Control Action Plan’ on PM2.5 in the Jing-Jin-Ji region from 2012–2020 with WRF-CMAQ. Li et al. (2017) [20] estimated the effect of policies in the ‘13th Five-Year Plan’ period on air pollutants emission of China’s electric power sector. Wei et al. (2017) [21] analysed the impact of policies in Shanxi province, China. Guo et al. (2016) [22] researched the impact of emission control measures on air quality during APEC (Asia–Pacific Economic Cooperation summit) China 2014 with the Weather Research and Forecasting coupled with Chemistry (WRF-Chem). Xu et al. (2013) [23] evaluated the effect of air pollution control policies on air quality during the 16th Asian Games with CMAQ (Community Multiscale Air Quality Model). Shen et al. (2016) [24] analysed the influence of emission control policies on air quality during China’s V-Day parade in 2015. Air quality numerical models (WRF-CMAQ, MM5-CMAQ, WRF-Chem, etc.) and scenario analyses were used widely to evaluate the effectiveness of policies on air quality. These studies only focused on the impact of policies on annual air quality in 2020 or on air quality during some major public events and did not investigate air quality on heavy pollution events.



For heavy pollution, previous works focused on the characteristics and formation of pollution episodes. Tan et al. (2009) [25] investigated the chemical characteristics of haze in Guangzhou (2002–2003, summer and winter) with PM10 samples and gas chromatography-mass spectrometry (GC-MS). Wang et al. (2015) [26] researched the formation process of a severe haze episode in the Yangtze River Delta (2013 winter) based on visibility and meteorological parameters, and backward trajectories of the air mass. Zhang et al. (2015) [27] applied WRF-Chem to simulate a severe haze in Beijing (2013 winter) and discussed the meteorological impacts on haze. Zhan et al. (2017) [7] analysed the spatial and temporal association of PM2.5 pollution events between typical cities of PRD (2014 winter). Ding et al. (2004) [28] discussed the effects of sea–land breezes on the transport of air pollution during an ozone episode in PRD (2001 autumn) with the MM5 (Fifth-Generation Mesoscale Regional Weather) model. Shen et al. (2015) [29] researched the source of an ozone episode in PRD (2008 autumn) with the CAMx (Comprehensive Air-quality Model with extensions) model. Zhao et al. (2015) [30] investigated the chemical characteristics of ozone episodes in Shanghai (2010–2013, O3 peaked in summer) with the differential optical absorption spectroscopy (DOAS) and the hybrid single particle Lagrangian integrated trajectory (HYSPLIT) model. Xu et al. (2008) [31] simulated typical summertime ozone episodes in Beijing (2000) with the WRF-CAMx (Weather Research and Forecasting Model Comprehensive Air-quality Model with extensions) model to analyse the process, and Qu et al. (2014) [32] used the CMAQ-MADRID (Community Multiscale Air Quality Model-Model of Aerosol Dynamics, Reaction, Ionization, and Dissolution) model to evaluate the effects of NOx and VOCs emissions on ozone pollution in Beijing (2007 summer). According to previous studies, meteorological conditions and emission significantly affected pollution, and numerical models were widely used to analyse the characteristics of pollution. However, the model evaluation of the impact of the 13th FYP on the air quality in 2020 during the pollution episode has not attracted much attention.



The air pollution control strategy in China is now at the new stage that the manufacturing industry in megacities in China (e.g., Guangzhou) is no longer the dominant emission source; control on vehicle emissions is becoming the primary subject [33]; the control strategy is transforming from urban/regional control to district/town grid control [34]. The PRD region is one of the three national typical air pollution city clusters [2]. PRD has experienced the major problem of transferring from haze to complex (haze and photochemical) pollution. Moreover, it is the first city cluster to achieve the goal in the APCAP, i.e., compared with the levels in 2012, the concentration of fine particles (PM2.5) in Beijing-Tianjin-Hebei, the Yangtze River Delta, and the Pearl River Delta (PRD) reduced by 25%, 20%, and 15%, respectively, by 2017 [4]. As the centre of PRD and the capital city in Guangdong province, Guangzhou is one of the cities with the poorest air quality in PRD, more comprehensive and more stringent air pollution control measures were implemented in Guangzhou than in other cities of PRD, so that Guangzhou is a role model in air quality management [35]. Haizhu district is an island in the urban area of Guangzhou, with a typical urban landscape (residential and commercial areas) comprising many high rises, shops, residential apartments, highways, and major roads that pass through the urban area, and its air quality was relatively poor [36,37,38]. It is an ideal testbed to determine how the emission control measures affect air quality in urban areas. Besides, manufacturing industries have been moved out from Haizhu due to the ‘limitation of high-pollution production’ policy [39,40], which has been a typical trend in cities of China recently [3]. Therefore, our study focused on the Guangzhou central district (Haizhu district) (Figure 1).



In this study, we first compiled an evaluation on the observational data in Haizhu district in 2015 with a focus on the periods of pollution episodes. Then we designed four scenarios based on the 13th FYP regulations, and utilized the WRF-Chem model to evaluate the effect of the emission control measures and the influence of Haizhu policy and Guangzhou (except Haizhu) policy on air quality in Haizhu district 2020 under those scenarios. The research framework is shown in Figure S1 in the Supplementary Materials.




2. Data and Model Experiment


2.1. Observation Data


Air quality monitoring data, including the hourly concentrations of pollutants (CO, SO2, PM2.5, PM10, NO2, O3) and daily AQI (Air Quality Index), were collected from Guangzhou Environmental Monitoring Centre data network (http://210.72.1.216:8080/gzaqi_new/RealTimeDate.html). Hourly and daily meteorological data [wind speed, wind direction, relative humidity (RH), temperature, satellite cloud images, etc.] were downloaded from the Guangzhou meteorological data network (http://data.tqyb.com.cn/weather/index.jsp). These websites are regularly maintained by the government, and the data are released to the public. The data mentioned above were used to analyse the air quality status and pollution episodes in 2015, and to evaluate the WRF-Chem model’s performance.




2.2. Emission Inventory and Scenarios


2.2.1. Emission Inventory


The anthropogenic emissions from the 2012-based Multiresolution Emission Inventory for China (MEIC) [43] (http://www.meicmodel.org/), biogenic emission parameterisation [44], dust emission parameterisation [45], and sea salt emission parameterisation [46], and the marine emission from EDGAR (Emission Database for Global Atmospheric Research, http://edgar.jrc.ec.europa.eu/) were applied in this study. The 2012-based MEIC was a Chinese national emission inventory with a resolution of 0.25° × 0.25° based on 2012 emission status, developed by Tsinghua University. It included the emissions in major sectors, such as transport, industry and human residential, etc. [13]. Previous studies reported that MEIC was well developed by a technology-based emission model [47] and similar emission datasets have been widely used in the numerical simulation for cities in PRD [27,48].



The emissions in the key research area, Guangzhou, were obtained based on the Guangzhou ambient air quality plan (2016–2025) [49]. The emission of air pollutants from different sources in Haizhu district in 2015 was retrieved from the Guangzhou environmental protection bureau’s data network (http://www.gzepb.gov.cn/infoindex.htm). Based on the statistics yearbook (http://210.72.4.52/gzStat1/chaxun/njsj.jsp) and the Guangzhou environmental protection bureau’s data network, the emission inventory was generated according to Chinese national technical guidelines [50,51] and relevant studies (Zheng et al., 2009 [52]; Zhao et al., 2015 [53]). Spatial allocation of emission inventory depended on the source characteristics. Haizhu district is an urban area, and the major emission sectors are industry, residential, and (road) transport. Emission sectors, corresponding inventory technical guidelines, and special allocation rules in this research are shown in Table S1.



According to the 2015-based Haizhu district emission inventory, the 2020 Haizhu district emission inventory was predicted with the extrapolation function [13] [EI_2020 = fx (EI_2015 × activity factor), where EI refers to the emission inventory, and the activity factor refers to the trend of emission sections, gained from emission control policies for the 13th Five-Year period [12,49,54] and the trend of city development in the past five to ten years (e.g., society, economy, vehicle and population, etc.) according to the statistical yearbook network (http://210.72.4.52/gzStat1/chaxun/njsj.jsp)]. We note that the emission inventory in Haizhu district is compiled on an annual resolution. The resolution of these inventories was 0.01° × 0.01°. All of the emission inventories have the same major sectors (transport, industry, and residential, etc.).




2.2.2. Emission Scenarios


Because the major and easily controlled sections had been regulated during the 12th Five-Year Plan period (12th FYP), the 13th FYP emission control policy was set more aggressively: industries generating air pollution will be moved out from the central city area, ultraclean/effective technology will be widely used, the ratio of public transport will rise to 70% of motorised travel [12], electric buses will be applied widely, accounting for 63% of public buses [54], vehicle emission standards and fuel standards will be strengthened (specifically, eliminating high pollution vehicles, implementing the new national emission standard of vehicle and the new national vehicle fuel standard, etc.), and VOC emission will be controlled entirely in particular industries (e.g., chemical industry, paint industry, and printing industry, etc.) [49].



Four scenarios were designed to evaluate the impact of the 13th FYP on the air quality in Haizhu district in 2020. The meteorological conditions were assumed to be unchanged, which means that the meteorological conditions in 2015 were used for all scenarios in 2020. The four 2020 scenarios are as follows (also in Table S2):



Scenario 2020A was proposed such that both Haizhu emission control policy and Guangzhou (except Haizhu) emission control policy would follow the 2015 emission control policy tendency. This scenario is a baseline scenario.



Scenario 2020B was designed such that Haizhu emission control would be implemented based on the 13th FYP emission control plan, while Guangzhou (except Haizhu) would still adhere to the 2015 emission control policy.



Scenario 2020C was a 13th FYP policy scenario in which both Haizhu emission control policy and Guangzhou (except Haizhu) emission control policy would be implemented based on the 13th FYP emission control plan.



Scenario 2020D was a scenario for vehicle control in Haizhu due to the significance of vehicle emission in Haizhu. In this scenario, vehicle control in Haizhu would be implemented based on the 13th FYP emission control plan, while other emission source controls in the Haizhu and Guangzhou (except Haizhu) emission control policy would remain as the 2015 emission control policy tendency. We note that the contribution of vehicle emission in Haizhu district is <10% of that in Guangzhou city.



Table 1 shows the changes in emissions of SO2, NOx, CO, PM10, PM2.5, and VOCs for the different scenarios in the whole city of Guangzhou. The 2020A, 2020B, and 2020D scenario emissions would be higher than the 2015 emissions (SO2, NOx, CO, PM10, PM2.5, and VOCs would increase 57.2–58.9%, 47.4–48.6%, 60.1–60.2%, 14.6–15.1%,25.8–26.4%, and 24.9–25.0%, respectively), whereas the 2020C scenario emission would be lower than or roughly equal to the 2015 emission. The difference of emissions among each scenarios indicates that the emission control of the whole Guangzhou city would significantly affect the 2020 emission. Additionally, the emission ratio (VOCs/NOx) would be around 0.72 in scenarios 2020A, 2020B, and 2020D and 0.60 in scenario 2020C, lower than 0.86 in 2015.



The changes in emissions for each sector are shown in Figure 2. SO2 emission from the sectors residential, vehicle, and others, and NOx emission from the residential sector in the four 2020 scenarios would be lower than those in the 2015 emission. PM2.5 emission and PM10 emission from the residential sector in scenarios 2020B and 2020C would also be lower than those in the 2015 emission. In scenarios 2020C, NOx emission from the vehicle and others sectors, CO emission from the industry, residential, and vehicle sectors, and VOCs emission from the residential sector would be higher than those in the 2015 emission. Overall pollutants emissions in scenarios 2020A, 2020B and 2020D would be higher than those in 2015, pollutants emissions in scenarios 2020C would be lower than in 2015, except that CO emission in scenarios 2020C would be slightly higher than that in 2015.





2.3. WRF-Chem Model Setup


2.3.1. Description of WRF-Chem Model


WRF-Chem is a chemical transport model developed by the community led by NOAA/ESRL (Earth System Research Laboratory, The United States National Oceanic and Atmospheric Administration) [55,56], and it is widely used for analysing heavy pollution processes and the effectiveness of emission control measures [22,27,57].




2.3.2. Configuration of WRF-Chem


In this study, a three-nested domain was applied for model set-up (Figure S2), with grid cell areas of 9 × 9 km, 3 × 3 km, and 1 × 1 km, respectively. The biggest domain covered the southern China area, the middle domain covered PRD, and the smallest one covered the Guangzhou central area. There were 27 sigma levels for all domains, and in this study, the data of the ground level was mainly used. The NCEP (the United States’ National Centers for Environmental Prediction) 6-h FNL (Final Operational Global Analysis data) meteorological data and the emission inventory mentioned above were input for model setup. The simulation data from MOZART (Model for Ozone and Related Chemical Tracers, https://www.acom.ucar.edu/wrf-chem/mozart.shtml) was used as the initial and boundary chemistry data [58]. The related parameterisation schemes in the simulation were the Regional Acid Deposition Model, version 2 (RADM2) gas-phase chemical mechanism [59] and the MADE/SORGAM (Modal Aerosol Dynamics Model for Europe/Secondary Organic Aerosol Model) aerosol chemical mechanism [60,61]. We have not activated the feedback from chemistry on meteorology. The first 120 h in the simulation were used as the model spin-up.




2.3.3. Cases Setup


(1) Evaluation of overall air quality in 2020



The month of October was used as a proxy of the entire year of 2015 since the pollutant concentrations in October 2015 were very similar to those in the whole year (details are shown in Section 3.1). WRF-Chem simulations were conducted with the emissions in four 2020 scenarios and the emissions in 2015. The simulated concentrations of PM2.5, PM10, SO2, NO2, CO, and O3 were compared between results of the four 2020 scenarios and the result of 2015, in order to evaluate the effectiveness of the 13th FYP policy on air quality. The meteorological conditions for 2020 scenarios were assumed to be the same as the meteorological conditions in 2015. The results are shown in Section 3.3.



(2) Evaluation of air quality during pollution episodes



To identify the air quality status, we analysed the annual air quality situation and air pollution events based on the data observed in four urban stations (Baogang, Chisha, Shayuan, and Haizhuhu) in Guangzhou Haizhu district (Figure 1). A pollution episode was defined as a short period consisting of subsequent days (at least one day) with the AQI ≥ 101 [62]. A heavy pollution episode was a pollution episode with AQI ≥ 201 [62].



The pollution episodes in 2015 are shown in Table 2 (more information is shown in Table S3). The table shows that the number and the pollution level of pollution episodes had seasonal characters. The pollution episodes occurred more often in winter, and heavy pollution was observed in the summer and winter. The Shayuan station and Haizhuhu station suffered pollution episodes more than other stations in 2015, and Shayuan was the only station where the heavy pollution episodes were observed in both winter and summer (14–28 January 2015, and 3–8 August 2015, respectively). The two heavy pollution episodes were typical pollution (PM2.5 and NO2 pollution in winter, O3 pollution in summer [63]). Therefore, the two heavy pollution episodes in Shayuan were analysed with pollution and meteorology progress (results shown in Section 3.1.2). Also, the meteorology conditions of these two episodes were applied in the 2020 scenarios numerical simulations with WRF-Chem to evaluate the effectiveness of the 13th FYP policy on air quality of pollution episodes (specifically, PM2.5 and NO2 pollution for the winter episode, O3 pollution for the summer episode). The simulation results are shown in Section 3.4.






3. Results and Discussion


3.1. Air Quality in Haizhu in 2015


3.1.1. Overview


The annually-averaged concentrations of PM2.5, PM10, SO2, and NO2 were 40 μg/m3, 61 μg/m3, 14 μg/m3, and 49 μg/m3, respectively, in Haizhu district in 2015, which were higher than those in the whole of Guangzhou city (39 μg/m3, 59 μg/m3, 13 μg/m3, and 47 μg/m3, respectively [64]). The 95th percentile of the CO daily concentration was 0.9 mg/m3, in Haizhu district in 2015, which was lower than that in the whole of Guangzhou city (1.5 mg/m3, [64]), The routine pollutants (except for O3) peaked in January (winter), among which PM2.5 and NO2 were the major pollutants. The 90th percentile of the daily 8 h maximum O3 concentration (O3-8h) in 2015 was 139 μg/m3, slightly lower than that in Guangzhou (145 μg/m3; [64]). O3-8h peaked in September (summer to autumn, or hot season). O3 was also the key pollutant in summer and autumn in Haizhu district [64]. These observational results suggested that air quality in Haizhu was still harmful to human health (the thresholds: PM2.5 ≤ 10 μg/m3 annual mean, PM10 ≤ 20 μg/m3 annual mean, NO2 ≤ 40 μg/m3 annual mean, O3-8h ≤ 100 μg/m3 8 h mean) [65] and it was worse than the Guangzhou average level in 2015, which highlights the necessity of district/town regulation in air quality control. Please note that this study does not intend to estimate the influence of air quality on human health which is sensitive to the exposure levels (the levels of air pollutants). The pollutant concentrations in October 2015 were very similar to those in the year of 2015 (a-SO2, a-NO2, a-PM10, a-PM2.5, a-O3-8h, a-CO, in Figure 3a).



Compared with the 13th FYP targets in 2020 (PM2.5 ≤ 30 μg/m3, PM10 ≤ 50 μg/m3, SO2 ≤15 μg/m3, NO2 ≤ 40 μg/m3, O3-8h ≤ 160 μg/m3, and CO ≤ 2 mg/m3) in Guangzhou [49] (Figure 3b), PM2.5, PM10, and NO2 concentrations in 2015 exceeded the targets, and the air pollutant emission could even rise in the coming years (Table 1). Haizhu district could face worsening air quality, and more emphasis should be placed on the control measures and effectiveness assessment for PM2.5 and NO2 during the 13th FYP so that the measures can be duly adjusted to achieve the 13th FYP targets.




3.1.2. Air Quality during Pollution Episodes


Table 2 summarizes the pollution episodes in Haizhu district in 2015. Shayuan station was the only station where heavy pollution episodes were observed in both winter and summer, and the two pollution episodes were also the typical pollution (PM2.5 and NO2 pollution in winter, O3 pollution in summer). Therefore, these two typical pollution episodes in Shayuan will be analysed in detail below.



(1) Heavy pollution episode in winter



A winter heavy pollution episode in Haizhu district occurred during 14–28 January 2015 (Table S4 shows the statistical data). In this pollution episode, the air quality was light pollution in the beginning (15–19 January), then the pollution level peaked during 20–21 January. It finally decreased to light pollution again in the third period (22–27 January). On 28 January, the air quality was good again. This episode was a process in which the air quality decreased gradually and then increased gradually. During this episode, the wind speed was in the range of 1.1–2.9 m/s, the RH was in the range of 52–85%, and there was no precipitation. The temperature was in the range of 10.3–18.0 °C, and the surface pressure was in the range of 1009.1–1016.1 hPa. The low wind speed during this winter episode (~1.5 m/s) indicated that the atmosphere was stable, and as reported in previous studies, low or calm wind speed generally leads to high pollution [67,68], because stable atmospheric condition favours the accumulation of pollutants. There is another possibility that the existence of temperature inversion layer could also lead to the accumulation of the air pollutants (e.g., Malek et al., 2006 [69]).



(2) Heavy pollution episode in summer



A summer heavy pollution episode in Haizhu district happened during 3–8 August 2015 (Table S5). The whole episode covered only six days, including the two days of light pollution (4 and 7 August), one day of moderate pollution (5 August), and one day of heavy pollution (6 August). The pollution occurred and disappeared within a short time, but it exhibited high intensity. In this episode, the wind speed was in the range of 1.1–4.4 m/s, the RH was between 65 and 76%, and there was no precipitation. In the first period (3–6 August 2015), the wind speed was in the range of 1.1–1.4 m/s. There was no precipitation nor cloud. The temperature was in the range of 27.6–30.3 °C, and the surface pressure was in the range of 991.7–1002.4 hPa. The hourly temperatures were between 23.4 and 35.6 °C. Sunny weather, low wind, and high temperatures would create favourable conditions for O3 production and accumulation [10]. Then, the wind speed increased to 3.9–4.4 m/s during 7–8 August 2015. Strong wind transported the air pollutants out of Haizhu, improving the air quality in Haizhu to light pollution. The temperature inversion layer might also enhance the accumulation of the air pollutants (e.g., Malek et al., 2006 [69]).





3.2. Evaluation of WRF-Chem Model Performance


October was the month when the concentrations of PM2.5, NO2 and O3 (the major pollutants in Haizhu) were all at elevated levels. Therefore, we used the observed data in October to evaluate the performance of the WRF-Chem simulation.



(1) Meteorological simulation evaluation



The simulated surface meteorological parameters (wind speed, wind direction, temperature, and RH) in Guangzhou were validated with the observed data (Table S6 and Figure 4). The temperature, RH, and wind speed in the simulation were generally in line with the observations (Table S6), and the simulated wind directions covered the observed wind directions (Figure 4, wind direction). Similar model behaviour was reported in some previous studies [9,70,71]. The over-prediction of the wind speed in the present study is probably due to the underestimation of the roughness in the cities. For example, the constructions in the urban area are not adequately represented in our model simulation although a very fine resolution of 1 km is already used. Overall, the simulation generally reproduced the meteorological condition in 2015.



(2) Chemical simulation evaluation.



Simulated pollutant concentrations were also compared to observed data, including O3 daily 8 h maximum concentration and other pollutants’ daily-averaged concentrations (CO, PM2.5, PM10, SO2, and NO2). Metrics of evaluation on model performance are shown in Table S7. The ranges of the mean-bias (MB) and root-mean-square-error (RMSE) on pollutant concentrations were −8.07 μg/m3 to 24.34 μg/m3, 9.81 μg/m3 to 48.35 μg/m3, respectively, except CO. The MB and RMSE of CO were −0.32 mg/m3 and 0.43 mg/m3, respectively. Compared to previous studies [13,70,71,72], the model in this paper showed similar behaviour. Figure 5 shows that the general characteristics of the routine pollutants were captured by the simulation. Monthly averaged simulated concentrations of NO2, PM10, SO2, CO, O3-8h, and PM2.5 at the locations of the monitoring sites were 147.6%, 101.1%, 112.0%, 65.1%, 91.4%, and 80.9% of the observations, respectively. Concentrations of NO2, PM10, and SO2 were overpredicted in the simulation, and concentrations of CO, O3-8h, and PM2.5 were underestimated. It is noticeable that there was an observed peak in pollution on 14 October which was underestimated in the simulation. Concentrations of NO2, PM10, SO2, CO, O3-8h, and PM2.5 in the simulation were 39%, 49%, 42%, 52%, 49%, and 65% less than that of the observation on 14 October, respectively. The most probable reason for the discrepancy is the meteorological condition was not well captured. Other possible causes include the uncertainty of the emission inventory, the uncertainty of the chemical scheme in simulating the formation of secondary air pollutants, etc. The uncertainty of emission inventories results from the uncertainty in the activity level, the emission factor, and the different grid size [73,74,75]. The simulation of secondary air pollutants (O3, secondary inorganic and organic aerosol) is a hot research topic and still contains some uncertainty as reported in Ahmadov et al. (2012) [76], Li et al., (2018) [77], etc. Besides, the planetary boundary (PBL) scheme also plays an important role in predicting the level of air pollutants at the surface and the reader is referred to relevant studies (e.g., Banks and Baldasano, 2016 [78]; Shin and Hong, 2011 [79]; Hu et al., 2010 [80]) for the evaluation of various PBL schemes including the one used in the present study, i.e., the YSU (Yonsei University) scheme [81]. There is also the possibility that the representative area of the measurement site differs from the grid cell that contains the site and such difference might lead to the difficulty of directly comparing the simulation with observation (e.g., Schutgens et al. 2016 [82]).



In the present study, we follow the relevant air quality modelling studies, e.g., those studies included in Table S7, to use the statistic tools to evaluate the WRF-Chem model performance. While the statistic method can provide some insights into the model abilities, it would help if some advanced diagnostic tools, e.g., the simulation error apportioning techniques proposed by Solazzo et al. (2017a) [83] and Solazzo et al. (2017b) [84], are adopted in future study to identify the critical processes that demand most urgent attention.




3.3. Effect of 13th FYP on Overall Air Quality in Haizhu in 2020


Since the pollutant concentrations in October 2015 were very similar to those in the whole year, the simulated results in the four 2020 scenarios in October are used for evaluating the effect of the 13th FYP on the air quality in Haizhu by comparing to the simulation for October 2015 (Figure 6).



Figure 6 shows that simulated concentrations of five pollutant species (CO, NO2, PM2.5, PM10, and SO2) in scenario 2020C are lower than pollutants concentrations simulated in 2015. For O3, 2020 scenarios’ simulation results are higher than 2015 result. CO, PM2.5, PM10, and SO2 concentrations in 2020 scenarios A, B, D are higher than the pollutants concentration in 2015 simulation. NO2 concentrations in the four 2020 scenarios are slightly lower than the concentration in 2015 simulation.



It is noticeable that O3 concentrations in all of the four 2020 scenarios are higher than those in 2015 simulation, which means that ozone pollution will probably get worse by the end of 13th FYP. Although scenario 2020A had the slightly less pollution than other scenarios had, the level of Ox (O3 + NO2) in scenario 2020A was higher than that of other scenarios (Figure 6), which means that atmospheric oxidation in scenario 2020A was more elevated [13,85]. It would cause the more intensive formation of secondary aerosols, which would lead to regional pollution [86]. Meanwhile, the level of Ox in scenario 2020C was the lowest.



In Section 3.1, the observed concentrations of PM2.5, PM10, and NO2 in 2015 exceeded the targets. Meanwhile, the WRF-Chem simulations suggested that from 2015 to 2020, the concentrations of PM2.5 and PM10 would increase in scenarios 2020A, 2020B, and 2020D. Therefore, the real concentrations of aerosols in 2020 could be higher than those in 2015 and further exceed the targets. The observed O3-8h concentration in 2015 did not exceed the target (Section 3.1), but with the increasing trend from 2015 to 2020 as simulated in all scenarios, the real O3-8h concentration in 2020 should be considered as a cause for concern.



According to the simulations, by the end of 13th FYP, if the emission control policy just follows 12th FYP policy (scenario 2020A), the air pollution would increase and the control on all emission sectors in Haizhu (scenario 2020B) and control just on vehicle emissions in Haizhu (scenario 2020D) would have a similar impact on air quality, and could not improve air quality very much. The scenario 2020C (the comprehensive emission control measures taken in the whole Guangzhou city) would have the better effect on the emission control than other scenarios would do. Among the four 2020 scenarios, the scenario 2020C is the better scenario.



According to Figure 6, pollutant concentrations between scenario 2020B and 2020D are similar. The effect of controlling every emission sectors in Haizhu district would be almost equal with the effect of only controlling the traffic emission in Haizhu district, suggesting that traffic source would be a key source in Haizhu district.



Wang et al. (2016) [13] used WRF-CMAQ model (a base case in 2010, two cases in 2020) and evaluated the impact of emission control measures on the air quality in the PRD region, and their results showed that reducing NOx emissions would cause rising PM2.5 levels in certain areas, although it would benefit with reduction of regional PM2.5. They also noted that O3 formation in PRD was generally VOCs-limited and cutting VOCs emission could benefit the reduction of overall O3. Liu et al. (2017) [14] assessed the influence of vehicle emission control measures for 2015–2020 in the PRD region on air quality and climate and their results suggested that, if vehicle emission wasn’t controlled, most air pollutants and GHG would increase by 20–64% by 2020.




3.4. Effect of 13th FYP on Air Quality during Heavy Pollution Episodes in Haizhu in 2020


To evaluate the effect of 13th FYP on NO2 and PM2.5 in the winter heavy pollution episode and O3 in the summer heavy pollution episode, we conducted the WRF-Chem simulations with the four 2020 pollution control scenarios (2020A, 2020B, 2020C, and 2020D). Table 3 shows the changes in pollutant concentrations of the four scenarios. Since Table 3 has summarized the overall impacts (in numbers) of each emission reduction scenarios on the concentration of PM2.5, NO2, and O3, we will present the spatial variation of the impact in Figure 7, Figure 8 and Figure 9 in the following text. According to the results of Section 3.2, the simulation during the observational peak was underestimated compared to the measurement, implying that the actual concentrations of pollutants in 2020 could be higher than our simulations.



(1) Effect on PM2.5 and NO2 in winter heavy pollution episode



For the simulated concentrations of PM2.5 and NO2 in Shayuan station, the concentrations of PM2.5 and NO2 were in the order of 2020A > 2020D > 2020B > 2020C. Comprehensive emission control measures taken in the whole of Guangzhou (2020C) would be able to reduce concentrations of PM2.5 and NO2 two times more than those just in Haizhu (2020B). In previous research, emission control from outside of Beijing contributed 8–14% to the improvement of the air quality in Beijing during APEC [57]. Therefore, regional control policies are needed. Regional control measures in a whole city could affect the air quality of the urban district, even if the district is just an isolated island. Referring to the measures in Haizhu, the effect of vehicle emission control (2020D) on PM2.5 (NO2) reduction would be ~44% (~71%) of the effect of comprehensive measures (2020B), meaning that vehicles are the major PM2.5 (NO2) emission source in Haizhu. Vehicle emission is a typical problem in urban areas of China [87]. Previous studies showed that vehicle emission accounted for 21%, 10%, and 19.3% of the total PM2.5 in Dongguan (2014) [68], Guangzhou (2014) [88], and PRD (2012) [89], respectively.



In the worst meteorological condition, PM2.5 pollution on Haizhu district would be improved, as shown in Figure 7c and Figure 7b, which means that the effects on regional air quality of scenarios 2020C and 2020B were relatively significant. In particular, compared with 2020D (Figure 7d), the improvement on regional air quality in 2020B was more obvious, although the PM2.5 pollution in the particular station (Shayuan) seemed to have no significant difference. In Figure 8, NO2 pollution shows a similar situation. It indicates that regional and comprehensive measures could improve regional air quality during heavy pollution days.



(2) Effect on O3 in summer heavy pollution episode



For the Shayuan station, the O3 pollution in scenario 2020B would be higher than in other scenarios, and the O3 pollution in the other scenarios were in the order 2020C > 2020D > 2020A (Table 3). The simulation results suggested that the O3 level increases from 2015 to 2020 in all emission scenarios even in 2020C in which the rest of air pollutants decrease. Such changes of O3 concentration is probably because the Haizhu district is a VOC-limited region in which the O3 level increases (decreases) with the reduction of NOx (VOCs) emission (e.g., Sillman, 1999 [90]). There are generally two pathways that can be adopted to relieve the O3 pollution in VOC-limited region like Haizhu district. (1) To significantly reduce the NOx level and push the Haizhu district into NOx-limited region in which O3 level decreases with the reduction of NOx and VOCs. However, in this pathway, there will be a period in which O3 level significantly increases before it starts to decrease. (2) To adopt a proper reduction ratio of VOCs/NOx and flatten the O3 increase to the largest extent during the transient from VOC-limited region to NOx-limited region. But this pathway requires a great deal of effort to determine a favourable reduction ratio of VOCs/NOx and cut the emission of VOCs from various sectors.



The findings in the present study highlight the complexity and nonlinear chemistry of O3 formation and call for further investigations. For example, the reduction ratio of VOCs/NOx for anthropogenic sources was generally suggested to be 1:2 in PRD [10]. However, considering the change of precursor emissions and meteorological conditions, the ratio of VOCs/NOx might need to be further studied. Besides, the NO2 is overpredicted in the present study implying that the VOC-limited nature in Haizhu district might be overpredicted, although there is very low chance that Haizhu district is a NOx-limited region in 2015 because the NOx is still at an elevated level and this region (PRD) has been repeatedly diagnosed as a VOC-limited region (e.g., Xue et al., 2014 [91]). Moreover, the formation of O3 depends on the local mixture of NOx and VOCs. Therefore, the location/sector of the emission of NOx and VOC, apart from the overall reduction of NOx and VOC in an area, might have an impact on the changes of O3. Although we have made some effort on such topic by evaluating the effect of only controlling traffic emission on air quality (scenario 2020D), it would be of interest to adopt more sophisticated tools, e.g., a tagging technique (Grewe, 2013 [92]), to evaluate the effect of various combinations of emission reduction in sectors in future study.



The simulated O3-8h distribution on 6 August is shown in Figure 9 to demonstrate the difference of regional O3 pollution in Haizhu district. Ozone pollution would be relieved in scenario 2020C (Figure 9c) compared with that in other scenarios (Figure 9a,b,d). It is noticeable that ozone pollution in the southwest area (red area, suburban and rural area) in 2020C (Figure 9c) could be smaller than those in other scenarios (Figure 9a,b,d), which may be because of the suitable ratio of precursors in that area of scenario 2020C, although the pollution in Haizhu (urban area) seemed to have no significant difference. The difference of regional O3 pollution shows that in the southwest area (suburban and rural area), the policy in scenario 2020C could decrease the O3 significantly (less red area), and in other regions, e.g., in Haizhu (urban area), the effect is less noticeable, which indicated that the control of ozone pollution should be taken according to local conditions, i.e., measures in urban areas should be different from those in rural areas. We note that transboundary transport of O3 and its precursors (CO, VOCs, and NOx) due to mesoscale dynamics complicates O3 pollution control and requires strong and efficient cooperation among the adjacent regions.





4. Conclusions


In this study, the air quality in the year of 2015 and during pollution episodes in Haizhu district were analysed, and the impacts of emission control scenarios by the year of 2020 on air quality were evaluated using the WRF-Chem numerical simulation.



For the air quality in Haizhu 2015, the annually-averaged concentrations of PM2.5, PM10, SO2, and NO2 were higher than those in the entire Guangzhou city. O3-8h was slightly lower than that in Guangzhou. Pollution episodes in Haizhu in 2015 primarily occurred in summer and winter. The typical winter pollution episode (14 to 28 January) was a process of gradual accumulation of pollution and dissipation, with NO2 or PM2.5 as the key pollutants, associated with the wind. The heavy pollution episode in the hot season (3 to 8 August) was a process of pollution that occurred and disappeared quickly, with O3 as the key pollutant, due to suitable local pollution and strong sunshine.



The WRF-Chem simulation generally captured the observed chemical characteristics, suggesting that the WRF-Chem model could be used to simulate air quality in the research case.



Emission control scenario 2020C (comprehensive measures taken in the whole of Guangzhou city) would improve air quality more significantly than other scenarios (measures taken in Haizhu) under all conditions (heavy pollution conditions and annual level). For urban areas, scenario 2020D (vehicle emission control) would account for more than half of the influence of 2020B (all source emission controls) on air quality. By the end of the 13th FYP, it is noticeable that O3 pollution would increase, which indicates that the control ratio of VOCs and NOx may be unfavourable and requires further assessment. It would be of interest to perform simulations with the meteorology/chemistry interactions to investigate the influence of policies on O3 and other air pollutants in future research.



Our study suggested that control measures should be strengthened for NO2, PM2.5, and PM10, and control ratio of VOCs and NOx should be adjusted for controlling O3. The urban area should focus on vehicle emission control, strengthen regional cooperation on pollution control, and establish short-term measures for heavy pollution conditions.
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Figure 1. The Haizhu region and its location (GD: Guangdong province; PRD: Pearl River Delta; GZ: Guangzhou) [14,41,42]. 
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Figure 2. Emission changes in sectors in different scenarios in the whole city (Guangzhou). 
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Figure 3. (a) Air pollutant monthly concentrations in 2015 averaged in four stations (Baogang, Chisha, Shayuan, and Haizhuhu) in Haizhu district, (b) comparison of air quality in 2015 in Haizhu district and the 13th Five-Year targets. (In (a), a-SO2, a-NO2, a-PM10, a-PM2.5 means 2015 annual value for SO2, NO2, PM10, PM2.5, respectively; a-O3-8h means the 90th percentile of O3-8h in 2015; a-CO means the 95th percentile of the CO daily concentration in 2015; other pollutants: monthly-averaged concentrations. In (b), O3: the 90th percentile of O3-8h in a year; CO: the 95th percentile of the CO daily concentration in a year; other pollutants: annually-averaged concentrations. These parameters were adopted according to the national standards in China [66].). 
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Figure 4. Comparison of simulated and observed meteorological parameters in Guangzhou, 2015. (Hourly statistical data in October 2015). 
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Figure 5. Comparisons of simulated and observed CO, NO2, PM2.5, PM10, SO2, and O3. (Daily statistical data in October 2015 in Haizhu district; O3: daily 8-h maximum concentration; other pollutants: daily-averaged concentration). 
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Figure 6. Comparison between simulation on October 2015 and 2020 scenarios simulation on October in Haizhu district (monthly-averaged surface concentrations). 
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Figure 7. Maps of the simulated mean PM2.5 concentration distribution during the period 0000 BJT, 20 January, to 2300 BJT, 21 January, over Haizhu for 2020 scenarios (a: 2020A; b: 2020B; c: 2020C; d: 2020D; HZ: Haizhu; GZ: Guangzhou; BJT: Beijing Time). 
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Figure 8. Maps of the simulated mean NO2 concentration distribution during the period 0000 BJT, 20 January, to 2300 BJT, 21 January, over Haizhu for 2020 scenarios (a: 2020A; b: 2020B; c: 2020C; d: 2020D; HZ: Haizhu; GZ: Guangzhou). 
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Figure 9. Maps of the simulated O3 mean daily 8 h maximum concentration distribution over Haizhu for 2020 scenarios on 6 August (a: 2020A; b: 2020B; c: 2020C; d: 2020D; HZ: Haizhu; GZ: Guangzhou). 
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Table 1. Changes in pollutant emissions of the different scenarios in the whole city (Guangzhou) (A, B, C, and D are scenarios 2020A, 2020B, 2020C, and 2020D, respectively).
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	SO2
	NOx
	CO
	PM10
	PM2.5
	VOCs





	(A-2015)/2015
	58.9%
	48.6%
	60.2%
	15.1%
	26.4%
	25.0%



	(B-2015)/2015
	57.2%
	47.4%
	60.1%
	14.6%
	25.8%
	24.9%



	(C-2015)/2015
	−72.9%
	−14.2%
	1.0%
	−36.7%
	−41.8%
	−33.2%



	(D-2015)/2015
	58.9%
	48.1%
	60.1%
	15.0%
	26.2%
	25.0%
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Table 2. Pollution episodes observed at Haizhu monitoring stations in 2015.
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	Station
	Season
	Event Frequency (Units)
	key Pollutant
	Max Pollution Level





	Baogang
	Spring
	5
	PM2.5, NO2, O3
	Moderate pollution



	
	Summer
	4
	O3
	Heavy pollution



	
	Autumn
	3
	PM2.5, NO2, O3
	Moderate pollution



	
	Winter
	9
	PM2.5, NO2
	Moderate pollution



	Chisha
	Spring
	4
	PM2.5, NO2, O3
	Moderate pollution



	
	Summer
	4
	O3
	Heavy pollution



	
	Autumn
	3
	NO2, O3
	Moderate pollution



	
	Winter
	7
	PM2.5, NO2
	Moderate pollution



	Shayuan
	Spring
	7
	PM2.5, O3
	Moderate pollution



	
	Summer
	5
	O3
	Heavy pollution



	
	Autumn
	12
	PM2.5, NO2, O3
	Moderate pollution



	
	Winter
	7
	PM2.5, NO2
	Heavy pollution



	Haizhuhu
	Spring
	6
	PM2.5, NO2, O3
	Moderate pollution



	
	Summer
	3
	O3
	Light pollution



	
	Autumn
	10
	NO2, O3
	Moderate pollution



	
	Winter
	12
	PM2.5, NO2, O3
	Moderate pollution
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Table 3. Changes in pollutant concentrations in Haizhu district of scenarios (A, B, C, and D are scenarios 2020A, 2020B, 2020C, and 2020D, respectively; winter episode: 14–28 January; summer episode: 3–8 August).
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Species

	
Changes in Pollutant Concentrations






	

	

	
(B-A)/A

	
(C-A)/A

	
(D-A)/A




	
Winter episode

	
PM2.5

	
−7.15%

	
−23.42%

	
−3.18%




	
NO2

	
−6.46%

	
−28.29%

	
−4.59%




	
Summer episode

	
O3

	
0.45%

	
0.35%

	
0.14%
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