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Abstract: Rapid growth of industrialization, transportation, and urbanization has caused 15	
  

increasing emissions of ozone (O3) precursors recently, enhancing the O3 formation in 16	
  

Eastern China. We show here that Eastern China has experienced widespread and persistent 17	
  

O3 pollution from April to September in 2015 based on the O3 observations in 223 cities. The 18	
  

observed maximum 1-h O3 concentrations exceed 200 µg m-3 in almost all the cities, 400 µg 19	
  

m-3 in more than 25% of the cities, and even 800 µg m-3 in six cities in Eastern China. The 20	
  

average daily maximum 1-h O3 concentrations are more than 160 µg m-3 in 45% of the cities, 21	
  

and the 1-h O3 concentrations of 200 µg m-3 have been exceeded on over 10% of days from 22	
  

April to September in 129 cities. Analyses of pollutants observations from 2013 to 2015 have 23	
  

shown that the concentrations of CO, SO2, NO2, and PM2.5 from April to September in 24	
  

Eastern China have considerably decreased, but the O3 concentrations have increased by 25	
  

9.9%. A widespread and severe O3 pollution episode from 22 to 28 May 2015 in Eastern 26	
  

China has been simulated using the WRF-CHEM model to evaluate the O3 contribution of 27	
  

biogenic and various anthropogenic sources. The model generally performs reasonably well 28	
  

in simulating the temporal variations and spatial distributions of near-surface O3 29	
  

concentrations. Using the factor separate approach, sensitivity studies have indicated that the 30	
  

industry source plays the most important role in the O3 formation, and constitutes the culprit 31	
  

of the severe O3 pollution in Eastern China. The transportation source contributes 32	
  

considerably to the O3 formation, and the O3 contribution of the residential source is not 33	
  

significant generally. The biogenic source provides a background O3 source, and also plays 34	
  

an important role in the south of Eastern China. Further model studies are needed to 35	
  

comprehensively investigate O3 formation for supporting the design and implementation of 36	
  

O3 control strategies, considering rapid changes of emissions inventories and photolysis 37	
  

caused by the ‘Atmospheric Pollution Prevention and Control Action Plan’, released by the 38	
  

Chinese State Council in 2013. 39	
  

40	
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1 Introduction 41	
  

In the urban planetary boundary layer (PBL), ozone (O3) is formed as a result of 42	
  

photochemical reactions involving volatile organic compounds (VOCs) and nitrogen oxide 43	
  

(NOx) in the presence of sunlight (Brasseur et al., 1999): 44	
  

 𝑁𝑂! + ℎ𝜐 → 𝑁𝑂 + 𝑂 𝑃  !        290  𝑛𝑚   < 𝜆 < 420  𝑛𝑚  45	
  

 𝑂 𝑃  ! ＋𝑂! +𝑀 → 𝑂! +M 46	
  

 O! + ℎ𝜐 → 𝑂! + 𝑂 𝐷  !        290  𝑛𝑚   < 𝜆 < 329𝑛𝑚  47	
  

 𝑂 𝐷  ! + 𝐻!O → 2𝑂𝐻       48	
  

 𝑂𝐻 + 𝑉𝑂𝐶𝑠 + 𝑂! → 𝑅𝑂! + 𝑜𝑡ℎ𝑒𝑟𝑠       49	
  

 𝑅𝑂! + 𝑁𝑂 → 𝑅𝑂 + 𝑁𝑂!       50	
  

where ℎ𝜐 represents the energy of a photon; 𝑂 𝑃  !  and 𝑂 𝐷  !  represent the ground state and 51	
  

electronically excited oxygen atoms, respectively; 𝑅𝑂!, 𝑅𝑂, and OH denote peroxy, oxy, and 52	
  

hydroxyl radicals, respectively. High O3 concentrations ([O3]) are of major environmental 53	
  

concerns due to its deleterious impacts on ecosystems (e.g., National Research Council, 1991) 54	
  

and human health  (Lippman, 1993; Weinhold, 2008).  55	
  

The emissions of O3 precursors, VOCs and NOx, have been significantly increased 56	
  

recently in China due to rapid industrialization and urbanization, and increasing 57	
  

transportation activity (e.g., Zhang et al., 2009; Kurokawa et al., 2013; Yang et al., 2015). 58	
  

Satellite measurements have demonstrated that NOx emissions have been increased by a 59	
  

factor of 2 in Central and East China from 2000 to 2006 (Richter et al., 2005). Zhang et al. 60	
  

(2009) have also shown an increasing trend of NOx emissions with an enhancement of 55% 61	
  

in China from 2001 to 2006. NOx emissions have still continued to increase since 2006, 62	
  

caused by increasing power plants and vehicles (Wang et al., 2012; Wang et al., 2013; Yang 63	
  

et al., 2015). In addition, the agriculture has been proposed to have a large potential to 64	
  

produce NOx (Oikawa et al., 2015). VOCs emissions have been estimated to increase by 29% 65	
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during 2001 – 2006 in China (Zhang et al., 2009), and predicted to increase by 49% by 2020 66	
  

relative to 2005 levels (Xing et al., 2011). Additionally, modeling studies have been 67	
  

performed to investigate the O3 pollution in Eastern China (Wang et al., 2010; Liu et al., 68	
  

2012; Situ et al., 2013; Huang et al., 2015). For example, Tie et al. (2013) have analyzed the 69	
  

characteristics of regional O3 formation to explain the O3 pollution in Shanghai and its 70	
  

surrounding area using the WRF-CHEM model. Using the observation-based chemical model, 71	
  

Xue et al. (2014) have provided insights into the ozone pollution in Beijing, Shanghai, and 72	
  

Guangzhou by analyzing the O3 precursors and the potential impacts of heterogeneous 73	
  

chemistry. 74	
  

Increasing O3 precursors emissions has caused O3 to be one of the most serious air 75	
  

pollutants of concern during summertime, particularly in Eastern China, including the North 76	
  

China Plain (NCP), Yangtze River Delta (YRD), and Pearl River Delta (PRD) (e.g., Xu et al., 77	
  

2011; Tie et al., 2013; Li et al., 2013; Feng et al., 2016). For example, a maximum O3 78	
  

concentration of 286 ppb has been observed in urban plumes from Beijing (Wang et al., 79	
  

2006). Chen et al. (2015) have reported that the average maximum daily [O3] exceed 150 µg 80	
  

m-3 in the summer of 2015 at most of monitoring sites in Beijing. Wu et al. (2016) have also 81	
  

shown that, during summertime of 2015 in Beijing, the average O3 concentration in the 82	
  

afternoon is 163.2 µg m-3, and the frequency of the O3 exceedance with hourly [O3] 83	
  

exceeding 200 µg m-3 is 31.8%. In addition, Cheng et al. (2016) have demonstrated an 84	
  

increasing trend of daily maximum 1-h [O3] from 2004 to 2015 in Beijing, and Ma et al. 85	
  

(2016) have reported significant increase of surface O3 at a rural site in NCP. In PRD region, 86	
  

the annual average near-surface O3 level has been reported to increase from 24 ppbv in 2006 87	
  

to 29 ppbv in 2009, and the maximum 1-h [O3] can be up to 150 ~ 200 ppb in the summer 88	
  

and fall (Ou et al., 2016, EST). Numerous studies have been performed to examine the severe 89	
  

O3 pollution in China, but primarily confined to mega-cities or industrial complexes. Few 90	
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studies have been conducted in whole Eastern China to investigate the O3 pollution situation 91	
  

and formation. 92	
  

The China’s Ministry of Environmental Protection (China MEP) has commenced to 93	
  

release real-time hourly observations of pollutants, including O3, NO2, CO, SO2, PM2.5, and 94	
  

PM10 (particulate matter with aerodynamic diameter less than 2.5 and 10 µm, respectively) 95	
  

since 2013. In Eastern China, there are 65 cities with air pollutants observations in 2013 96	
  

during summertime, mainly concentrated in Beijing-Tianjin-Hebei (BTH), YRD, and PRD 97	
  

(Figure 1). In 2015, a total of 223 cities have air pollutants observation in Eastern China, 98	
  

providing a good opportunity to explore the O3 pollution distributions. Therefore, in the 99	
  

present study, the O3 pollution situation in 2015 is first analyzed from April to September 100	
  

when [O3] are high in Eastern China. A high O3 episode occurred in Eastern China in 2015 is 101	
  

simulated using the WRF-CHEM model to evaluate the O3 formation from biogenic and 102	
  

various anthropogenic sources. The WRF-CHEM model configuration and methodology are 103	
  

described in Section 2. Data analysis and model results are presented in Section 3, and 104	
  

conclusions and discussions are given in Section 4. 105	
  

 106	
  

2 Model and Methodology 107	
  

2.1 WRF-CHEM Model and Configurations 108	
  

In the present study, we use a specific version of the WRF-CHEM model (Grell et al., 109	
  

2005) to investigate the O3 formation in Eastern China. The model is developed by Li et al. 110	
  

(2010; 2011a, b; 2012) at the Molina Center for Energy and the Environment, including a 111	
  

new flexible gas phase chemical module and the CMAQ/Models3 aerosol module developed 112	
  

by US EPA (Binkowski and Roselle, 2003). The wet deposition of chemical species is 113	
  

calculated using the method in the CMAQ module and the dry deposition parameterization 114	
  

follows Wesely (1989). The FTUV is used to calculate photolysis rates (Tie et al., 2003; Li et 115	
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al., 2005), considering the impacts of aerosols and clouds on the photochemistry (Li et al., 116	
  

2011b). The ISORROPIA Version 1.7 is used to calculate the inorganic aerosols (Nenes et al., 117	
  

1998). The secondary organic aerosol (SOA) is predicted using a non-traditional SOA 118	
  

module, including the volatility basis-set (VBS) modeling approach and SOA contributions 119	
  

from glyoxal and methylglyoxal. Detailed information about the WRF-CHEM model can be 120	
  

found in Li et al. (2010; 2011a, b; 2012). 121	
  

A high O3 pollution episode from 22 to 28 May 2015 in Eastern China is simulated 122	
  

using the WRF-CHEM model. The WRF-CHEM model adopts one grid with horizontal 123	
  

resolution of 10 km and 35 sigma levels in the vertical direction, and the grid cells used for 124	
  

the domain are 350 × 350 (Figure 1). The physical parameterizations include the 125	
  

microphysics scheme of Hong et al (Hong and Lim, 2006), the Mellor, Yamada, and Janjic 126	
  

(MYJ) turbulent kinetic energy (TKE) planetary boundary layer scheme (Janjić, 2002), the 127	
  

Unified Noah land-surface model (Chen and Dudhia, 2001), the Goddard long wave (Chou 128	
  

and Suarex, 2001) and shortwave parameterization (Chou and Suarex, 1999). The NCEP 1° × 129	
  

1° reanalysis data are used to obtain the meteorological initial and boundary conditions, and 130	
  

the meteorological simulations are not nudged in the study. The chemical initial and 131	
  

boundary conditions are interpolated from the 6h output of MOZART (Horowitz et al., 2003). 132	
  

The spin-up time of the WRF-CHEM model is 28 hours, which is generally long enough for 133	
  

simulations considering that the initial and boundary conditions are adopted from MOZART, 134	
  

a global chemical transport model. The SAPRC-99 chemical mechanism is used in the 135	
  

present study. The anthropogenic emissions are developed by Zhang et al. (2009), including 136	
  

contributions from agriculture, industry, power generation, residential, and transportation 137	
  

sources. The biogenic emissions are calculated online using the MEGAN (Model of 138	
  

Emissions of Gases and Aerosol from Nature) model developed by Guenther et al (2006). 139	
  

Detailed model configurations are given in Table 1. The simulation domain is shown in 140	
  



	
   6	
  

Figure 1.  141	
  

For discussion convenience, Eastern China is divided into four sections: 1) the 142	
  

Northeast China (including Heilongjiang, Jilin, Liaoning, and the east part of Inner Mongolia, 143	
  

hereafter referred to as NEC), 2) the North China Plain and surrounding areas (including 144	
  

Beijing, Tianjin, Hebei, Shandong, Henan, Shanxi, and the north part of Jiangsu and Anhui, 145	
  

hereafter referred to as NCPs), 3) the YRD and surrounding areas (including the south part of 146	
  

Jiangsu and Anhui, Shanghai, Zhejiang, and Hubei, hereafter referred to as YRDs), and 4) the 147	
  

PRD and surrounding areas (including Fujian, Jiangxi, Hunan, Guangxi, and Guangdong, 148	
  

hereafter referred to as PRDs) (shown in Supplementary Information (SI), SI-Figure 1).   149	
  

2.2 Statistical Methods for Comparisons 150	
  

We use the mean bias (MB) and the index of agreement (IOA) to assess the WRF-151	
  

CHEM model performance in simulating air pollutants against measurements.  152	
  

𝑀𝐵 = !
!

𝑃! − 𝑂!!
!!!   153	
  

𝐼𝑂𝐴 = 1− !!!!! !!
!!!
!!!! ! !!!! !!

!!!
  154	
  

where 𝑃! and 𝑂!  are the calculated and observed pollutant concentrations, respectively. N is 155	
  

the total number of the predictions used for comparisons, and 𝑂 represents the average of the 156	
  

prediction and observation, respectively. The IOA ranges from 0 to 1, with 1 showing perfect 157	
  

agreement of the prediction with the observation. 158	
  

2.3 Air Pollutants Measurements 159	
  

The hourly near-surface CO, NO2, SO2, and PM2.5 mass concentrations from April to 160	
  

September 2015 in Eastern China are released by China MEP, and can be downloaded from 161	
  

the website http://www.aqistudy.cn/. China MEP releases the pollutants observations using 162	
  

the mass concentration (µg m-3 or mg m-3) as the unit. Therefore, in order to keep consistent 163	
  

with the observations, the mass concentration is used in the manuscript, although the mixing 164	
  

ratio (such as ppbv) is a more common unit used in the literature for air pollutants. 165	
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 166	
  

3 Results and Discussions 167	
  

3.1 O3 pollution in Eastern China 168	
  

Continuous deterioration of air qualtiy in China has engendered the implementation of 169	
  

“Atmospheric Pollution Prevention and Control Action Plan” (hereafter referred to as 170	
  

APPCAP), released by Chinese State Council in September 2013 to reduce PM2.5 by up to 25% 171	
  

by 2017 relative to 2012 levels. Therefore, variations of air pollutants from 2013 to 2015 172	
  

demonstrate the mitigation effects of implementation of the APPCAP on the air quality to a 173	
  

considerable degree. A total of 65 cities, with 427 monitoring sites, have air pollutants 174	
  

observations from 2013 to 2015 during April to September in Eastern China (Figure 1). 175	
  

Considering the occurrence of high [O3] in the afternoon (12:00 – 18:00 Beijing Time (BJT)), 176	
  

Table 2 provides the average concentrations of air pollutants in the afternoon from April to 177	
  

September in the 65 cites of Eastern China in 2013 and 2015. Apparently, implementation of 178	
  

the APPCAP has decreased the mass concentrations of CO, SO2, NO2, and PM2.5 in Eastern 179	
  

China, particularly with regard to SO2, with a reduction of close to 40% from 2013 to 2015. 180	
  

The [O3] however exhibit an increasing trend, enhanced by 9.9% from 2013 to 2015. 181	
  

Additionally, if the O3 exceedance is defined as hourly [O3] exceeding 200 µg m-3 (the 182	
  

second grade of National Ambient Air Quality Standards in China), the O3 exceedance 183	
  

frequency in the afternoon has increased from 5.2% in 2013 to 6.8% in 2015, enhanced by 184	
  

about 31.5%. The ozone monitoring instrument (OMI) satellite observations have also shown 185	
  

that the annual O3 concentration has increased by 1.6% per year over central and eastern 186	
  

China from 2005 to 2014 (Shan et al., 2016).  187	
  

There are several possible reasons for the O3 pollution deterioration in Eastern China 188	
  

since implementation of the APPCAP. Firstly, if the O3 production regime in Eastern China 189	
  

is VOC-sensitive, the decrease of NOx due to implementation of the APPCAP likely 190	
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enhances the O3 formation. Secondly, mitigation of PM2.5 or aerosols directly or indirectly 191	
  

increases the photolysis rates and expedites the O3 formation. Thirdly, increasing 192	
  

transportation activities enhances the emissions of VOCs and semi-VOCs, facilitating the O3 193	
  

formation. In addition, variability of meteorological situations also leads to the [O3] 194	
  

fluctuation (Calkins et al., 2016). Hence, implementation of the APPCAP does not help 195	
  

mitigate [O3], and unfortunately, severe O3 pollutions have been looming in Eastern China. 196	
  

In 2015, O3 observations have been performed in 223 cities with 1064 monitoring sites 197	
  

in Eastern China, which are used to analyze the O3 pollution situation from April to 198	
  

September. For comparisons, Figure 2 shows the distribution of observed maximum 1-h [O3] 199	
  

in Mainland China from April to September in 2015. The cities with the maximum 1-h [O3] 200	
  

exceeding 300 µg m-3 are mainly concentrated in NCPs, YRDs, and PRD. In Eastern China, 201	
  

there are only two cities with the maximum 1-h [O3] less than 200 µg m-3. About 28% of 202	
  

cities have observed more than 400 µg m-3 [O3] (about 200 ppb), showing widespread O3 203	
  

pollution in Eastern China. Furthermore, it is worth to note that the observed maximum 1-h 204	
  

[O3] in six cites exceed 800 µg m-3 (about 400 ppb), in a very dangerous level. 205	
  

Figure 3 presents the distribution of average daily maximum 1-h [O3] in Mainland 206	
  

China from April to September 2015. The average daily maximum 1-h [O3] are more than 207	
  

120 µg m-3 in more than 95% of the cities, and 160 µg m-3 in 46% of the cities in Eastern 208	
  

China. Particularly, there are seven cities with the average daily maximum 1-h [O3] 209	
  

exceeding 200 µg m-3 during six months. Figure 4 and 5 show the distributions of exceedance 210	
  

days with the maximum 1-h [O3] exceeding 160 and 200 µg m-3 in Mainland China from 211	
  

April to September 2015, respectively. There are more than 60 days with the maximum 1-h 212	
  

[O3] exceeding 160 µg m-3 in 114 cities, and even more than 90 days in 62 cites in Eastern 213	
  

China from April to September. The 1-h [O3] of 200 µg m-3 have been exceeded on over 10% 214	
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of days in 129 cities, and on 30% of days in 38 cities (Figure 5). Hence, persistent O3 215	
  

pollution has occurred in Eastern China from April to September in 2015.   216	
  

Furthermore, in the urban PBL, high [O3] generally take place under calm or stable 217	
  

circumstances with strong solar radiation. From April to September, the East Asian summer 218	
  

monsoon influences Eastern China, causing intensified precipitation which inhibits the high 219	
  

O3 formation through washing out O3 precursors and decreasing photolysis rates. So if 220	
  

excluding rainy days in the analysis, the O3 pollution becomes more severe in Eastern China. 221	
  

For example, in Beijing, there are 54 rainy days and 65 days with the maximum 1-h [O3] 222	
  

exceeding 200 µg m-3 from May to August in 2015. If it does not rain in Beijing, the 223	
  

occurrence possibility of the maximum 1-h [O3] exceeding 200 µg m-3 is around 94%, 224	
  

showing severe and persistent O3 pollution. 225	
  

3.2 Model Performance 226	
  

The hourly measurements of O3 and NO2 in Eastern China are used to validate the 227	
  

WRF-CHEM model simulations. Figure 6 presents the distributions of calculated and 228	
  

observed near-surface [O3] along with the simulated wind fields at 15:00 BJT from 22 to 27 229	
  

May 2015. In order to interpret the effect of meteorological and synoptic conditions on the air 230	
  

quality in Eastern China, SI-Figure 2 presents the average geopotential height wind filed at 231	
  

500 hPa from 22 to 27 May 2015. During the study episode, the NCPs and NEC are generally 232	
  

located behind the trough whose center is located between 120°E and 130°E. At the end of 233	
  

May, the main part of subtropical high at 500 hPa locates at the western Pacific, with the 234	
  

ridgeline moving around the 10°N -15°N. With the onset of summer monsoon, the 235	
  

subtropical high gradually moves northwards and affects Southern China, with more 236	
  

precipitation occurrence over YRDs and PRDs. Figure 6 presents the distributions of 237	
  

calculated and observed near-surface [O3] along with the simulated wind fields at 15:00 BJT 238	
  

from 22 to 27 May 2015. On May 22, Eastern China is influenced by the high-pressure 239	
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whose center locates over the Yellow sea, which is induced by the high level trough. The east 240	
  

winds in the south of the high transport humid air into PRDs, causing rainfall weather that 241	
  

substantially decreases [O3]. The WRF-CHEM model well reproduces the observed low [O3] 242	
  

in the south of PRDs. In NCPs and YRDs, calm winds, clear sky, and high temperature, 243	
  

induced by the high, facilitate the O3 formation, and the simulated [O3] generally exceed 160 244	
  

µg m-3, which is consistent with the observations. On May 23, the subtropical high moves 245	
  

northward, also causing the rainfall belt in the south of PRDs to extend northward. The 246	
  

simulated O3 pollution in NCPs is deteriorated and also extended to NEC, in good agreement 247	
  

with the measurements. From May 24 to 25, the high pressure located at the Yellow sea 248	
  

continuously deteriorates the O3 pollution in Eastern China. The simulated and observed O3 249	
  

pollution on May 25 is widespread almost in Eastern China, and the Northwest China also 250	
  

experiences high O3 pollution. On May 26 and 27, the simulated and observed [O3] in the 251	
  

north of NCPs and NEC are still high, but in PRDs and YRDs, the [O3] have been 252	
  

significantly decreased due to the precipitation caused by the subtropical high and summer 253	
  

monsoon. 254	
  

Generally, the simulated O3 spatial patterns are consistent with observations, but the 255	
  

model underestimation or overestimation still exists. For example, the model remarkably 256	
  

overestimates the observed [O3] on May 24, and also cannot well reproduce the high [O3] on 257	
  

May 25 in PRD. There are several reasons for the model biases in simulating [O3] 258	
  

distribution. Firstly, the meteorological situations play a key role in air pollution simulations 259	
  

(Bei et al., 2010, 2012), determining the formation, transformation, diffusion, transport, and 260	
  

removal of the air pollutants. Therefore uncertainties in meteorological fields simulations 261	
  

significantly influence the air pollutants simulations. On May 24, the model fails to predict 262	
  

the rainy or overcast weather, leading to remarked overestimation of [O3] in PRD. Secondly, 263	
  

the 10 km horizontal resolution is used in simulations, which cannot resolve well cumulus 264	
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clouds. The model overestimates the [O3] observed in some cities with [O3] much lower than 265	
  

their surrounding cities, which is primarily caused by the model failure in resolving 266	
  

convections. Thirdly, the fast changes in emissions are not reflected in the emissions 267	
  

inventories used in the present study. 268	
  

Figure 7 provides the diurnal profiles of calculated and observed near-surface [O3] 269	
  

averaged over the ambient monitoring sites in provinces and municipalities in Eastern China 270	
  

during the episode. The model reasonably well reproduces the temporal variations of surface 271	
  

[O3] compared to observations, e.g., peak [O3] in the afternoon due to active photochemistry 272	
  

and low [O3] during nighttime caused by the NOx titration. Three provinces in NEC, Jilin, 273	
  

Liaoning, and Inner Mongolia, are apparently impacted by the trans-boundary transport from 274	
  

NCPs when the south winds are prevailing (Figure 6). So the uncertainties of wind field 275	
  

simulations constitute one of the most important reasons for the model biases in modeling 276	
  

[O3] in these three provinces. The model underestimates considerably the observed [O3] in 277	
  

the three provinces (Figures 7a, c, d), with MBs exceeding 19 µg m-3. The model generally 278	
  

exhibits good performance in simulating [O3] variations in the provinces of NCPs (Figures 279	
  

7e-l) with IOAs exceeding 0.90, but is subject to underestimate the observations, particularly 280	
  

in Beijing which is also significantly influenced by the trans-boundary transport (Wu et al., 281	
  

2016). In YRDs, the model cannot well predict the observed [O3] in Shanghai, which is 282	
  

affected by the sea breeze when the large-scale wind fields are weak. In general, however, 283	
  

current numerical weather prediction models, even in research mode, still have difficulties in 284	
  

producing the location, timing, depth, and intensity of the sea-breeze front (Banta et al., 2005; 285	
  

Wang et al., 2013). The model reasonably predicts the [O3] variations compared to 286	
  

measurements in PRDs (Figures 7p-t) with IOAs more than 0.7, but overestimates the 287	
  

observed [O3] with MBs varying from 3.8 to 16.7 µg m-3, showing model biases in modeling 288	
  

precipitation processes. 289	
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The comparisons of simulated vs. observed distributions and temporal variations of 290	
  

NO2 mass concentrations ([NO2]) are shown in Supplementary Information (SI, SI-Figures 3 291	
  

and 4). The simulated high near-surface [NO2] are mainly concentrated in NCP, YRD, and 292	
  

PRD, which is generally consistent with the measurements. The model also reasonably yields 293	
  

temporal variations of [NO2] compared to measurements, but the simulations of [NO2] are 294	
  

not as good as those of [O3], and the IOAs in Liaoning, Tianjin, and Shanghai are lower than 295	
  

0.5. The difference between simulations and observations are frequently rather large during 296	
  

nighttime, which perhaps caused by the model biases in modeling nighttime PBL or the 297	
  

complexity of nighttime chemistry. Another possible reason for NOx biases in simulations is 298	
  

lack of consideration of the NOx emissions in the agricultural region, which has been 299	
  

proposed to generate high NOx emissions under high-temperature conditions (Oikawa et al., 300	
  

2015). In general, the calculated distributions and variations of [O3] and [NO2] are consistent 301	
  

with the corresponding observations, showing that the simulations of meteorological fields 302	
  

and emissions inventories are reasonable, providing the base for sensitivity studies. 303	
  

3.3 Sensitivity Studies 304	
  

O3 formation in the PBL is a complicated nonlinear process, depending on its 305	
  

precursors of NOx and VOCs from biogenic and various anthropogenic sources. It is 306	
  

imperative to evaluate the O3 contribution from various sources for devising the O3 control 307	
  

strategy. Rapid growth of industries, transportation, and urbanization has caused increasing 308	
  

emissions of NOx and VOCs in Eastern China (e.g., Zhang et al., 2009; Huang et al., 2011; 309	
  

Wang et al., 2012; Wang et al., 2013; Yang et al., 2015). Numerous studies have also 310	
  

demonstrated that biogenic VOCs, such as isoprene and monoterpenes, play a considerable 311	
  

role in the O3 formation in the PBL (e.g., Chameides et al., 1988; Tao et al., 2003; Li et al., 312	
  

2007; 2014). Therefore, sensitivity studies are used to evaluate the O3 contributions of 313	
  

biogenic, industry, residential, and transportation sources in Eastern China, respectively. It is 314	
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worth to note that emissions of power plants are directly associated with residential living 315	
  

and industrial activities. So in the study, 75% of emissions from power plants are assigned to 316	
  

the industry source and the rest are assigned to the residential source according to the ratio of 317	
  

the power consumption used in industrial activities to residential living (Wang et al., 2016).  318	
  

The factor separation approach (FSA) is used to evaluate the contribution of some 319	
  

emission source to the O3 concentration by differentiating two model simulations: one with 320	
  

all emissions sources and the other without some emission source. Therefore, except the 321	
  

control simulations with all emissions, additional four sensitivity simulations are performed, 322	
  

in which the biogenic, industry, residential, and transportation emissions are excluded, 323	
  

respectively, to assess their corresponding contributions to the O3 formation in Eastern China.  324	
  

Figure 8 shows the contribution of near-surface [O3] averaged in the afternoon during 325	
  

the whole episode from industry, residential, transportation, and biogenic emissions. The 326	
  

industry source plays a more important role in the O3 formation than the rest three sources, 327	
  

with the O3 contribution of 10 ~ 50 µg m-3 in the afternoon in Eastern China. In highly 328	
  

industrialized areas, such as Hebei, Tianjin, Shandong, Zhejiang, et al., the O3 contribution of 329	
  

the industry source exceeds 30 µg m-3. The residential source is not important in the O3 330	
  

formation, and contributes about 2 ~ 15 µg m-3 O3 generally. The transportation source plays 331	
  

a considerable role in the O3 formation, accounting for about 5 ~ 30 µg m-3 O3 in Eastern 332	
  

China. The O3 enhancement due to biogenic emissions is mainly concentrated in NCPs and 333	
  

PRDs, particularly in PRDs, with the O3 contribution of around 5 ~ 50 µg m-3. 334	
  

In order to further evaluate the contribution of various sources to the [O3], the hourly 335	
  

near-surface [O3] in the control simulation are first subdivided into 16 bins with the interval 336	
  

of 20 µg m-3. [O3] in the control and sensitivity simulations as the bin [O3] are assembled 337	
  

respectively, and an average of [O3] in each bin are calculated. Figures 9 shows the 338	
  

contributions of various emissions sources to [O3] in the four sections of Eastern China 339	
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during the episode. The industry emission plays the most important role in the O3 formation, 340	
  

and is the culprit of the high O3 pollution. When the [O3] in the control simulation are less 341	
  

than 100 µg m-3, the industry source generally decreases [O3]. However, when the simulated 342	
  

[O3] are more than around 200 µg m-3, the O3 contribution from the industry emissions 343	
  

generally exceeds 50 µg m-3, and when the simulated [O3] are more than 300 µg m-3, the 344	
  

industrial O3 contribution can be up to 100 µg m-3, constituting one third of the [O3]. The O3 345	
  

contribution from the residential source is not significant, generally less than 20 µg m-3. The 346	
  

transportation source plays the second most important role in the O3 formation in NEC, NCPs, 347	
  

and YRDs, but its O3 contribution is much less than that from the industry source when the 348	
  

simulated [O3] are more than 150 µg m-3. VOCs from the biogenic source generally enhance 349	
  

the O3 formation, providing a background O3 source. The biogenic source contributes about 350	
  

10 ~ 50 µg m-3 O3 when simulated [O3] are more than 150 µg m-3 in NEC, NCPs, and YRDs. 351	
  

However, in PRDs, the biogenic emissions constitute the second most important O3 source, 352	
  

with the O3 contribution exceeding 50 µg m-3 when simulated [O3] are more than 250 µg m-3. 353	
  

Apparently, controlling the industry emissions can substantially mitigate the severer O3 354	
  

pollution in Eastern China. If the industry emissions are not considered in model simulations, 355	
  

on average, the [O3] are generally not more than 200 µg m-3 in NEC, YRDs, and PRDs, but 356	
  

still can exceed 160 µg m-3. In addition, excluding the industry source in NCPs does not 357	
  

mitigate [O3] as remarkably as in the other regions, indicating that other emission sources 358	
  

also play an important role in the O3 formation. Although the transportation emission is the 359	
  

second most important O3 source in NEC, NCPs, and PRDs, its O3 contribution is much less 360	
  

than that from the industry source. SI-Table 1 further presents the emission rates of major O3 361	
  

precursors from different emissions sources in the model domain during the study episode. 362	
  

The industrial source dominates the VOCs and NOx emissions, playing a key role in the O3 363	
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formation. The transportation source emits more NOx and active VOCs, such as olefins and 364	
  

aromatics, than the residential source, contributing considerably to the O3 formation. 365	
  

Another three sensitivity studies are conducted to further explore the high O3 formation 366	
  

in Eastern China, in which only the industry, residential, and transportation source is 367	
  

considered, respectively. It is worth to note that biogenic emissions are included in all the 368	
  

three sensitivity simulations considering that the biogenic emissions provide natural O3 369	
  

precursors and cannot be anthropogenically controlled. Figure 10 presents the O3 370	
  

contributions from individual anthropogenic source averaged in the afternoon during the 371	
  

whole episode in the four sections of Eastern China. If only the industry source is considered 372	
  

or the residential and transportation sources are excluded in the simulation, Eastern China 373	
  

still experiences high O3 pollution. The O3 contribution of the residential and transportation 374	
  

sources are less than 60 µg m-3 on average, further showing the important role of the industry 375	
  

source in the O3 pollution. When the industry and residential sources are not considered in 376	
  

the simulation, the transportation source still causes the simulated [O3] to exceed 160 µg m-3, 377	
  

particularly in NCPs. Taking into consideration the very fast increase of vehicles in China 378	
  

recently (X. Wu et al., 2016), the transportation source increasingly constitutes a more 379	
  

important O3 source, particularly when the industry source is under control. Apparently, 380	
  

when the industry and transportation sources are excluded or only residential source is 381	
  

included, the high O3 pollution is significantly mitigated and the simulated [O3] are less than 382	
  

160 µg m-3 on average.  Figure 11 provides the distribution of the [O3] averaged during the 383	
  

peak time on May 25 when the most serous O3 pollution occurs during the simulated episode. 384	
  

When only the industry emissions are considered, the O3 pollution is mitigated considerably 385	
  

in Eastern China, but still widespread in NCPs and PRDs. If only considering the 386	
  

transportation source, the O3 pollution still occurs in NCPs, with the [O3] exceeding 160 µg 387	
  

m-3. When the industry and transportation sources are excluded, the O3 pollution is generally 388	
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under control. Hence, reducing the emissions from industry and transportation is a key to 389	
  

mitigate O3 pollution in Eastern China.    390	
  

  391	
  

4 Summary and Conclusions 392	
  

In the present study, air pollutants observations, released by China MEP, have been 393	
  

analyzed to explore the O3 pollution situation in Eastern China. Analyses of air pollutants 394	
  

observations in 66 cities from 2013 to 2015 have shown that, although implementation of the 395	
  

APPCAP has considerably decreased the CO, SO2, NO2, and PM2.5 mass concentrations from 396	
  

April to September in Eastern China, the [O3] have increased by 9.2% and the frequency of 397	
  

O3 exceedance with hourly [O3] exceeding 200 µg m-3 has increased by about 25% in the 398	
  

afternoon. Mitigation of NOx and PM2.5 due to implementation of the APPCAP, increasing 399	
  

transportation activities, or variability of meteorological situations perhaps contributes to the 400	
  

deterioration of the O3 pollution in Eastern China. 401	
  

O3 observations from April to September in 2015 have shown that Eastern China has 402	
  

experienced widespread and persistent O3 pollution. Only two cities in Eastern China have 403	
  

observed the maximum 1-h [O3] less than 200 µg m-3. Over 25% of cities have observed the 404	
  

maximum 1-h [O3] exceeding 400 µg m-3, particularly more than 800 µg m-3 [O3] have been 405	
  

observed in six cities in Eastern China. The average daily maximum 1-h [O3] from April to 406	
  

September exceed 160 µg m-3 in 45% of cities in Eastern China, and the 1-h [O3] of 200 µg 407	
  

m-3 have been exceeded on over 10% of days from April to September in 129 cities, and on 408	
  

40% of days in 10 cities.  409	
  

A widespread and severe O3 pollution episode from 22 to 28 May 2015 in Eastern 410	
  

China has been simulated using the WRF-CHEM model. The model generally simulates 411	
  

reasonably well the temporal variations and spatial distributions of near-surface [O3], but the 412	
  

uncertainties of meteorological fields or emission inventories still cause model 413	
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overestimation or underestimation. The model performs reasonably in simulating NO2, but 414	
  

the model biases are rather large during nighttime. 415	
  

FSA is utilized to assess the O3 contribution of biogenic and various anthropogenic 416	
  

sources. Sensitivity studies have shown that the industry source plays the most important role 417	
  

in the O3 pollution formation. When the simulated [O3] are more than around 200 µg m-3, the 418	
  

O3 contribution from the industry emissions generally exceeds 50 µg m-3 in Eastern China, 419	
  

particularly when the simulated [O3] exceed 300 µg m-3, the industrial O3 contribution 420	
  

constitutes one third of the [O3]. The transportation emission is the second most important O3 421	
  

source in NEC, YRDs, and PRDs, but its O3 contribution is much less than that from the 422	
  

industry source when the simulated [O3] exceed 150 µg m-3. The biogenic source plays a 423	
  

more important role in O3 formation than the transportation source in PRDs, with the O3 424	
  

contribution exceeding 50 µg m-3 when simulated [O3] are more than 250 µg m-3. In general, 425	
  

the O3 contribution from residential source is not significant.  Further sensitivity studies have 426	
  

also indicated that if only considering the residential source or excluding the industry and 427	
  

transportation sources in simulations, the O3 pollution in Eastern China could be significantly 428	
  

improved. Only the industry or transportation source still causes O3 pollution, particularly 429	
  

with regard to the industry source. 430	
  

Widespread and persistent O3 pollution poses adverse impacts on ecosystems and 431	
  

human health. Considering the key role of the industry source in the high O3 formation, 432	
  

mitigation of the industry source becomes the top choice to improve the O3 pollution in 433	
  

Eastern China, particularly with regard to the VOCs emissions that are still not fully 434	
  

considered in the current air pollutant control strategy. Rapid increase of vehicles also 435	
  

enhances the VOCs and NOx emissions and the transportation source plays an increasingly 436	
  

important role in the O3 pollution. In addition, the rapid decrease of PM2.5 due to 437	
  

implementation of the APPCAP reduces the aerosol and cloud optical depth, which is subject 438	
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to enhance the O3 formation by increasing the photolysis. Hence, stringent control strategies 439	
  

of VOCs and NOx need to be designed comprehensively and implemented to avoid the 440	
  

looming severe O3 pollution in Eastern China.    441	
  

Although the model performs generally well in simulating O3 and NO2 during a seven-442	
  

day O3 pollution episode in Eastern China, uncertainties from meteorological fields 443	
  

simulations and emissions inventory still cause model biases. Meteorological conditions play 444	
  

a key role in the formation of air pollution, determining the formation, transformation, 445	
  

diffusion, transport, and removal of the air pollutants in the atmosphere (Bei et al., 2010, 446	
  

2012). A nudging of wind and temperature fields using observations generally improves the 447	
  

simulation of meteorological fields, reducing the model biases in reproducing the O3 448	
  

temporal variation and spatial distribution. So future studies are needed to improve the 449	
  

meteorological fields using the data assimilation, such as the four-dimension data 450	
  

assimilation (FDDA). Taking into consideration the complexity of the O3 formation and rapid 451	
  

changes of emissions inventories, further model studies need to be performed to investigate 452	
  

the O3 formation for supporting the design and implementation of emission control strategies, 453	
  

based on the improved meteorological fields simulations. 454	
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Table 1 WRF-CHEM model configurations 657	
  
 658	
  

Regions Eastern China 

Simulation period May 22 to 28, 2015 

Domain size 350 × 350 

Domain center 35°N, 114°E 

Horizontal resolution 10km × 10km 

Vertical resolution 35 vertical levels with a stretched vertical grid with spacing ranging 
from 30 m near the surface, to 500 m at 2.5 km and 1 km above 14 km 

Microphysics scheme WSM 6-class graupel scheme (Hong and Lim, 2006) 

Boundary layer scheme MYJ TKE scheme (Janjić, 2002) 

Surface layer scheme MYJ surface scheme (Janjić, 2002) 

Land-surface scheme Unified Noah land-surface model (Chen and Dudhia, 2001) 

Longwave radiation scheme Goddard longwave scheme (Chou and Suarez, 2001) 

Shortwave radiation scheme Goddard shortwave scheme (Chou and Suarez, 1999) 

Meteorological boundary and 
initial conditions NCEP 1°×1° reanalysis data 

Chemical initial and boundary 
conditions MOZART 6-hour output (Horowitz et al., 2003) 

Anthropogenic emission inventory SAPRC-99 chemical mechanism emissions (Zhang et al., 2009) 

Biogenic emission inventory MEGAN model developed by Guenther et al. (2006) 

Model spin-up time  28 hours 

 659	
  
  660	
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Table 2 Observed hourly mass concentrations of pollutants averaged in the afternoon from 661	
  
April to September 2013 and 2015 in 65 cities of Eastern China. 662	
  
 663	
  

Pollutants CO (mg m-3) SO2 (µg m-3) NO2 (µg m-3) O3 (µg m-3) PM2.5 (µg m-3) 
2013 1.05 24.8 27.7 100.5 46.9 
2015 0.77 15.4 23.9 110.5 38.2 
Change (%) -26.7 -37.8 -13.5 +9.9 -18.5 
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Figure Captions 666	
  
 667	
  

Figure 1 WRF-CHEM simulation domain with topography. The filled circles represent 668	
  
centers of cities with ambient monitoring sites and the size of circles denotes the 669	
  
number of ambient monitoring sites of cities. The red and blue filled circles show 670	
  
the cities with air pollutants observations since 2013 and 2015, respectively. 671	
  

 672	
  
Figure 2 Distribution of observed maximum 1-h [O3] in Mainland China from April to 673	
  

September 2015. 674	
  
 675	
  
Figure 3 Distribution of average daily maximum 1-h [O3] in Mainland China from April to 676	
  

September 2015. 677	
  
 678	
  
Figure 4 Distribution of days with the maximum 1-h [O3] exceeding 160 µg m-3 in Mainland 679	
  

China from April to September 2015. 680	
  
 681	
  
Figure 5 Distribution of days with the maximum 1-h [O3] exceeding 200 µg m-3 in Mainland 682	
  

China from April to September 2015. 683	
  
 684	
  
Figure 6 Pattern comparison of simulated vs. observed near-surface O3 at 15:00 BJT from 22 685	
  

to 27 May 2015. Colored circles: O3 observations; color contour: O3 simulations; 686	
  
black arrows: simulated surface winds. 687	
  

 688	
  
Figure 7 Comparison of measured (black dots) and predicted (blue line) diurnal profiles of 689	
  

near-surface O3 averaged over all ambient monitoring stations in provinces of 690	
  
Eastern China from 22 to 28 May 2015. 691	
  

 692	
  
Figure 8 Distributions of the contribution to near-surface [O3] averaged in the afternoon 693	
  

during the whole episode from (a) industry, (b) residential, (c) transportation, and 694	
  
(d) biogenic emissions. 695	
  

 696	
  
Figure 9 O3 contributions of industry (red line), residential (brown line), transportation (blue 697	
  

line), and biogenic emissions (green line) in NEC, NCPs, YRDs, and PRDs, as a 698	
  
function of simulated [O3] in the control case. 699	
  

 700	
  
Figure 10 O3 contributions when only the industry (red line), residential (brown line), and 701	
  

transportation emissions (blue line) are considered in NEC, NCPs, YRDs, and 702	
  
PRDs, as a function of simulated [O3] in the control case. 703	
  

 704	
  
Figure 11 Distributions of the average O3 concentration during peak time with (a) all 705	
  

anthropogenic emissions, (b) industry emissions alone, (c) residential emissions 706	
  
alone, and (d) transportation emissions alone on May 2015. 707	
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 709	
  
 710	
  
Figure 1 WRF-CHEM simulation domain with topography. The filled circles represent 711	
  
centers of cities with ambient monitoring sites and the size of circles denotes the number of 712	
  
ambient monitoring sites of cities. The red and blue filled circles show the cities with air 713	
  
pollutants observations since 2013 and 2015, respectively. 714	
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 716	
  
 717	
  
Figure 2 Distribution of observed maximum 1-h [O3] in Mainland China from April to 718	
  
September 2015. 719	
  
  720	
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 721	
  
 722	
  
Figure 3 Distribution of average daily maximum 1-h [O3] in Mainland China from April to 723	
  
September 2015. 724	
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 726	
  
 727	
  
Figure 4 Distribution of days with the maximum 1-h [O3] exceeding 160 µg m-3 in Mainland 728	
  
China from April to September 2015. 729	
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 731	
  
 732	
  
Figure 5 Distribution of days with the maximum 1-h [O3] exceeding 200 µg m-3 in Mainland 733	
  
China from April to September 2015. 734	
  
  735	
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 736	
  
 737	
  
Figure 6 Pattern comparison of simulated vs. observed near-surface O3 at 15:00 BJT from 22 738	
  
to 27 May 2015. Colored circles: O3 observations; color contour: O3 simulations; black 739	
  
arrows: simulated surface winds. 740	
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 741	
  
 742	
  
Figure 6 continued 743	
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 746	
  
Figure 6 continued 747	
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 749	
  
 750	
  
Figure 7 Comparison of measured (black dots) and predicted (blue line) diurnal profiles of 751	
  
near-surface O3 averaged over all ambient monitoring stations in provinces of Eastern China 752	
  
from 22 to 28 May 2015. 753	
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 755	
  
 756	
  
Figure 7 continued 757	
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 759	
  
 760	
  
Figure 8 Distributions of the contribution to near-surface [O3] averaged in the afternoon 761	
  
during the whole episode from (a) industry, (b) residential, (c) transportation, and (d) 762	
  
biogenic emissions. 763	
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 764	
  
 765	
  
Figure 8 continued 766	
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 769	
  
 770	
  
Figure 9 O3 contributions of industry (red line), residential (brown line), transportation (blue 771	
  
line), and biogenic emissions (green line) in NEC, NCPs, YRDs, and PRDs, as a function of 772	
  
simulated [O3] in the control case. 773	
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 775	
  
 776	
  
Figure 10 O3 contributions of industry alone (red line), residential (brown line), and 777	
  
transportation emissions (blue line) in NEC, NCPs, YRDs, and PRDs, as a function of 778	
  
simulated [O3] in the control case. 779	
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 781	
  
 782	
  
Figure 11 Distributions of the average O3 concentration during peak time with (a) all 783	
  
anthropogenic emissions, (b) industry emissions alone, (c) residential emissions alone, and (d) 784	
  
transportation emissions alone on May 2015. 785	
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 787	
  
Figure 11 continued 788	
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