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Abstract: Nitrogen dioxide (NO2) is one of the most important air pollutants that highly 13 

affect the formation of secondary fine particles and tropospheric ozone. In this study 14 

based on hourly NO2 observations from June 2014 to May 2019 and a regional air 15 

quality model (WRF−CMAQ), we comprehensively analyzed the spatiotemporal 16 

variations of NO2 concentrations throughout China and in 12 urban agglomerations 17 

(UAs) and quantitatively showed the anthropogenic and meteorological factors 18 

controlling the interannual variations (IAVs). The ground observations and tropospheric 19 

columns show that high NO2 concentrations are predominantly concentrated in UAs 20 

such as Beijing−Tianjin−Hebei (BTH), the Shandong Peninsula (SP), the Central Plain 21 

(CP), Central Shaanxi (CS), and the Yangtze River Delta (YRD). For different UAs, the 22 

NO2 IAVs are different. The NO2 increased first and then decreased in 2016 or 2017 in 23 

BTH, YRD, CS, and Cheng−Yu, and decreased from 2014 to 2019 in 24 

Harbin−Changchun, CP, SP, Northern Slope of Tianshan Mountain, and Beibu−Gulf, 25 
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while increased slightly in the Pearl River Delta (PRD) and 26 

Hohhot−Baotou−Erdos−Yulin (HBEY). The NO2 IAVs were primarily dominated by 27 

emission changes. The net wintertime decreases of NO2 in BTH, Yangtze River 28 

Middle−Reach, and PRD were mostly contributed by emission reductions from 2014 29 

to 2018, and the significant increase in the wintertime in HBEY was also dominated by 30 

emission changes (93%). Weather conditions also have an important effect on the NO2 31 

IAVS. In BTH and HBEY, the increases of NO2 in winter of 2016 are mainly attributed 32 

to the unfavorable weather conditions and for the significant decreases in the winter of 33 

2017, the favorable weather conditions also play a very important role. This study 34 

provides a basic understanding on the current situation of NO2 pollution and are helpful 35 

for policymakers as well as those interested in the study of tropospheric ozone changes 36 

in China and downwind areas. 37 

Keywords: NO2; urban agglomeration; spatiotemporal pattern; WRF−CMAQ; 38 

quantitative impacts 39 

Capsule: This study quantitatively separated the anthropogenic and meteorological 40 

contributions related to the NO2 interannual variations. 41 

1. Introduction 42 

The severe air pollution in China from accelerated urbanization has received 43 

widespread attention. Under the implementation of increasingly stringent and the 44 

toughest-ever clean air policies and legislations, the concentrations of fine particulate 45 

matter (PM2.5) decreased significantly in recent years in typical urban agglomerations 46 

(UAs) in China (Zhang et al., 2019a; Zhang et al., 2019b; Fan et al., 2020a). Nitrogen 47 

dioxide (NO2) is a primary gaseous pollutant that play an important role in atmospheric 48 

chemistry and human health (Tiwari et al., 2015; Sun et al., 2019a). NO2 is a major 49 

precursor of both secondary PM2.5 and ozone formations and is related to a series of 50 

environmental problems (Xie et al., 2009; Carmona-Cabezas et al., 2020). Additionally, 51 
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NO2 also causes various diseases and is associated with the mortality of pulmonary 52 

heart disease (Chen et al., 2019a), lung function impairment (Jiang et al., 2019), 53 

depression (Fan et al., 2020b), and changes in blood lipid levels (Mao et al., 2020). 54 

The spatiotemporal patterns of NO2 pollution were widely studied based on 55 

satellite NO2 retrievals from the Ozone Monitoring Instrument (OMI) for the large-56 

scale, high-spatial resolution and global coverage of the data (Xie et al., 2018; Silvern 57 

et al., 2019). The trend and spatial distribution of tropospheric NO2 columns in some 58 

areas of China, such as Henan Province, the Inner Mongolia region and the Sichuan 59 

Basin, were analyzed using OMI retrievals (Zhang et al., 2017; Zheng et al., 2018a; Ai 60 

et al., 2018). The most evident decline of NO2, which occurred at a rate of −7.3 ± 1.5% 61 

per year from 2012 to 2017, was detected in eastern China by tropospheric NO2 column 62 

analysis (Lin et al., 2019). Although satellite measurements can explain integrant 63 

spatial variability, they still presented some uncertainties (Just et al., 2015), therefore, 64 

many studies on the spatial and temporal variations of NO2 based on ground 65 

observations were also conducted worldwide (Chai et al., 2014; Chen et al., 2015; Li et 66 

al., 2017a; Ielpo et al., 2019; Hunova et al., 2020). For example, Kasparoglu et al. (2018) 67 

reported the first continuous records of NO2 concentrations, nitric oxide, and surface 68 

ozone at both rural and urban air quality sites in the Marmara region of Turkey. Studies 69 

on NO2 characteristics in China are primarily focused on the mega cities like Beijing, 70 

Shanghai, Guangzhou, Chengdu, and Hong Kong (Xu et al., 2019a; Liu et al., 2016; 71 

Wu et al., 2019; Shi et al., 2018; Anand and Monks, 2017); UAs such as the 72 

Beijing−Tianjin−Hebei (BTH), the Yangtze River Delta (YRD), the Pearl River Delta 73 

(PRD), and Hohhut−Baotou−Ordos region (Meng et al., 2018; Ma et al., 2019; Xie et 74 

al., 2019; Zheng et al., 2018a); and hot spots such as eastern China and the Sichuan 75 

Basin (Liu et al., 2018; Zhao et al., 2018). For example, the investigation conducted by 76 

Zhou et al. (2018) indicated that the concentrations of surface NO2 presented an upward 77 

trend from 2013−2016 in Lanzhou, a provincial capital city in China. Both OMI-78 

retrieved and surface NO2 data were used by Xie et al. (2018), and good consistency 79 
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was found between the two types of data in the Wanjiang City Belt in Anhui Province 80 

along the Yangtze River.  81 

In addition to the characteristics and variations of the spatiotemporal distribution 82 

of NO2, the drivers of the variations are also an important scientific issue. 83 

Meteorological conditions are generally primary drivers and can affect the 84 

environmental air pollution in many ways (Li et al., 2016; Yang et al., 2016; Zheng et 85 

al., 2017; Li et al., 2019; Sun et al., 2019b; Chen et al., 2020). Studies showed that 86 

higher NO2 concentrations are generally associated with lower planetary boundary 87 

layer height (PBLH), weaker wind speeds, lower temperature, and higher relative 88 

humidity (Zhang et al., 2015; Yang et al., 2020). Additionally, NO2 is primarily released 89 

by anthropogenic emissions and is considered an indicator of combustion sources, such 90 

as motor vehicle emissions in urban areas (Wheeler et al., 2008; Shi et al., 2018; Jin et 91 

al., 2019). He et al. (2017a) analyzed two-years ground observations of six pollutants 92 

in China’s 31 provincial capital cities and found that the air quality improvements in 93 

2015 primarily benefited from emissions reduction, because the meteorological 94 

conditions in 2015 were not conducive to pollutant diffusion compared to those of 2014. 95 

Yang et al. (2019) used the Weather Research and Forecasting with Chemistry 96 

(WRF−Chem) model to evaluate the air pollution emission control strategies in western 97 

China; results indicated that the reductions of industrial and transportation emissions 98 

are essential for reducing SO2 and NO2. Fan et al. (2020a) provided the spatio-temporal 99 

characteristics of air pollution over China and analyzed the influences of emission 100 

control policies on air pollutant variation. However, the analysis was qualitative and 101 

did not provide detailed meteorological conditions. 102 

In this study, based on five-year (June 2014 to May 2019) officially released NO2 103 

data and the tropospheric NO2 columns (XNO2) retrieved from the OMI satellite data, 104 

we comprehensively analyzed the characteristics of spatiotemporal distributions and 105 

the variations of NO2 concentrations in China and in 12 UAs in recent years. We also 106 

used the Weather Research and Forecasting model (WRF) and Community Multiscale 107 
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Air Quality (CMAQ) model to quantitatively study the drivers of interannual NO2 108 

variations. This paper is organized as follows: Section 2 briefly describes the study 109 

areas, data, and the air quality model; Section 3 presents the results and discussions, 110 

and Section 4 gives the conclusions. 111 

2. Materials and methods 112 

2.1. Study areas 113 

The study area includes all of mainland China (except for Hong Kong, Macau, and 114 

Taiwan) and focuses on five national UAs, six regional medium-sized UAs and one 115 

sub-regional UA (Figure 1). The UAs were selected according to the "5 + 9 + 6" spatial 116 

organization pattern of Chinese UAs (Fang et al., 2018). The five national UAs are 117 

BTH, YRD, PRD, the Yangtze River Middle−Reach (YRMR), and Cheng−Yu (CY). 118 

The six medium−sized regional UAs are Harbin−Changchun (HC), the Shandong 119 

Peninsula (SP), the Central Plains (CP), Central Shaanxi (CS), the Beibu Gulf (BG), 120 

and the Northern Slope of Tianshan Mountain (NSTM). The sub−regional UA is 121 

Hohhot−Baotou−Erdos−Yulin (HBEY). The acronym and the population and GDP of 122 

each typical UA are listed in Table 1. 123 

 124 

Figure 1. Locations of the 12 UAs, the national air quality monitoring sites (the red 125 
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dots) and the meteorological measurement sites (the black dots). The black dashed 126 

frame depicts the CMAQ computational domain. 127 

Table 1. Population and GDP of selected UAs a 128 

UA Acronym of UA Permanent population (million) GDP (trillion yuan) 

Beijing−Tianjin−Hebei 2 BTH 110.00 7.46 

Yangtze River Delta 2 YRD 150.00 12.67 

Yangtze River Middle−Reach 2 YRMR 121.00 6.00 

Cheng−Yu 2 CY 91.00 3.76 

Pearl River Delta 4 PRD 57.20 6.78 

Harbin−Changchun 1 HC 39.00 2.16 

Central Shaanxi 5 CS 38.65 2.16 

Central Plains 5 CP 78.62 3.45 

Shandong Peninsula 3 SP 67.48 5.09 

Northern Slope of Tianshan 

Mountain 5 

NSTM 4.58 0.22 

Beibu Gulf 3 BG 41.41 1.63 

Hohhot−Baotou−Erdos−Yulin 4 HBEY 11.38 1.42 

a Data were drawn from the China City Statistical Yearbook. The superscripts of 1, 2, 3, 4 and 5 indicate 129 

that the statistical year of population and GDP is 2013, 2014, 2015, 2016 and 2017, respectively. 130 

Details of the five national UAs, and the regional medium−sized UAs of HC, CS 131 

and NSTM can be found in Shen et al. (2019). SP is the focus of economic and urban 132 

development in Shandong province (Zhao and Shu, 2019) and one of the fastest-133 

growing UAs in China's economy and society. CP is an important energy and equipment 134 

industry base in central and western China (Duan et al., 2017) and is the hub and core 135 

area for industrial transfer between developed countries and the eastern part of China. 136 

BG, located in the northwestern part of the South China Sea, is a semi closed bay 137 

surrounded by the land on three sides. The key industries are primarily traditional with 138 

high energy consumption and emissions that inevitably increase various atmospheric 139 

pollutants in the Beibu Gulf area (Hu and Li, 2016). HBEY is an important heavy 140 
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chemical industry area with a relatively high level of resource consumption and 141 

environmental impacts; thermal power, mining, and metallurgy have significant 142 

impacts on air quality (Li et al., 2020a). 143 

2.2. Data 144 

2.2.1. Measurement data 145 

Hourly NO2 observations from June 2014 to May 2019 were collected from the 146 

China National Environmental Monitoring Platform (http://106.37.208.233:20035/). 147 

All observations were measured by the chemiluminescence and differential optical 148 

absorption spectroscopy methods at monitoring sites with the height of sampling port 149 

from the ground within 3-20 meters (MEP, 2009, 2012, 2013). These monitoring sites 150 

situated in all prefecture-level cities are presented in Figure 1. Before using these data, 151 

the hourly observations that equal to zero were removed, the rest data were averaged to 152 

daily, monthly, seasonal and annual concentrations of each city and each UA using the 153 

arithmetic mean method. During the calculating of daily and monthly concentrations, 154 

based on the requirements of the statistical validity of data stated in GB3095−2012 155 

(MEP, 2012), for each site, the daily NO2 averages were calculated only when there are 156 

at least 20 hours valid data, and the monthly means were calculated when there are at 157 

least 27 days valid data per month (at least 25 days in February). Since September 1, 158 

2018, NO2 measurement was changed from a standard temperature and pressure (STP) 159 

state (i.e., atmospheric temperature: 273 K, atmospheric pressure: 1013.25 hPa) to a 160 

reference state (i.e., atmospheric temperature: 298.15 K, atmospheric pressure: 1013.25 161 

hPa) (MEP, 2018). In order to guarantee consistency, all the data were converted to STP 162 

state concentrations. Table S1 in the Supplementary material shows the number of 163 

monitoring sites selected after data quality control in each UA.  164 

2.2.2. OMI XNO2 retrieval 165 

Satellite XNO2 retrievals were widely used to investigate the temporal and spatial 166 

http://106.37.208.233:20035/
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variations of NO2 concentrations and estimate the nitrogen oxides (NOx) emissions 167 

changes over China and the other regions around the world (e.g., Castellanos and 168 

Boersma, 2012; Liu et al., 2017a; Bauwens et al., 2020). To investigate whether the 169 

temporal and spatial variations of satellite XNO2 are consistent with those of the ground 170 

observations over different UAs in China in recent years, the XNO2 retrieved from the 171 

OMI satellite observations (Boersma et al., 2018) were obtained and compared with the 172 

ground observations. The OMI, which provides chemical information on atmospheric 173 

trace gases, is located on the NASA Earth Observation System Aura satellite, which 174 

overpasses at approximately 13:45 mean local solar time (Levelt et al., 2006). The OMI 175 

NO2 monthly mean data with the spatial resolution of 0.125° × 0.125° (QA4ECV 176 

version 1.1, Boersma et al., 2017) were obtained from the website of the Royal 177 

Netherlands Meteorological Institute (http://www.temis.nl/airpollution/no2.html). 178 

There will be no values or somewhat a higher frequency of negative values in regions 179 

that are cloudy or snow-covered (Bucsela et al., 2013). The affected pixels have been 180 

removed in this product. The monthly data given are the results of averaging and 181 

gridding mostly-clear retrievals, with the associated uncertainties cancelling out or 182 

being smoothed when averaging over multiple pixels (spatially) or over time (Boersma 183 

et al., 2018). 184 

2.3. Air quality model and configurations 185 

The WRF model (version 3.6) and the CMAQ model (version 5.0.2) were applied 186 

to simulate NO2 concentrations (Skamarock, 2008; Binkowski and Roselle, 2003). The 187 

simulation periods were June, July, August (summer), and December of each year from 188 

2014 to 2018, and January and February (winter) of each year from 2015 to 2019, a 189 

total of 30 months. The WRF domain covers most areas of East Asia and the horizontal 190 

grid resolution is 36 km × 36 km. There is a total of 51 vertical layers and the top of the 191 

model is fixed at 50 hPa. The configuration of the CMAQ domain is the same as that 192 

of the WRF model, except for three grid cells cut from each side of the WRF domain. 193 
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The CMAQ has 15 sigma layers in vertical that were extracted from the WRF model. 194 

More details about physical and chemical configurations can be found in Feng et al. 195 

(2018). 196 

The Final (FNL) Operational Global Analysis data from the National Center for 197 

Environmental Prediction (NCEP) were utilized for lateral boundary conditions and 198 

initial conditions of meteorological fields with a resolution of 1° × 1° at a 6−h interval. 199 

In mainland China, the anthropogenic emissions were obtained from the Multi-200 

resolution Emission Inventory of China in 2012 (MEIC 2012) (Zheng et al., 2018b); 201 

outside mainland China, the anthropogenic emissions were derived from the mosaic 202 

Asian anthropogenic emission inventory (MIX) (Li et al., 2017b). Additionally, 203 

biogenic emissions were calculated by using the Model of Emissions of Gases and 204 

Aerosols from Nature (MEGAN) (Guenther, 2012). 205 

2.4. Method 206 

In this study, WRF−CMAQ runs were conducted with fixed anthropogenic 207 

emissions (MEIC 2012) and monthly variational meteorological conditions from 2014 208 

to 2019. The WRF simulation was run continuously for each month, and grid-nudging 209 

was applied to stabilize results. These fixed-emission and varied-meteorology 210 

simulations provide NO2 variation contributions from the meteorological condition 211 

changes (Xu et al., 2020), enabling the quantification of the yearly meteorological 212 

impact. Emission-related NO2 variations can be derived by subtracting meteorology-213 

related NO2 variations from observed variations (Liu et al., 2017b; Zhang et al., 2019a). 214 

3. Results and discussions 215 

3.1. Spatial distributions of NO2 concentrations 216 

3.1.1. Spatial patterns of annual mean NO2 concentrations 217 

Figure 2a shows the four-year mean spatial distribution of surface NO2 218 
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concentrations in China from 2015 to 2018. The high values of NO2 concentrations are 219 

primarily distributed in the UAs of BTH, western SP, northern CP, central CS, eastern 220 

YRD, and some cities in PRD, CY, NSTM, HBEY, and HC; this is similar to the spatial 221 

distribution of PM2.5 concentrations (Shen et al., 2019). The distributions are basically 222 

the same for different years (annual average concentrations maps of surface NO2 from 223 

2015 to 2018 presented in Figure S1). The OMI XNO2 retrieval shows a spatial 224 

distribution similar to that of ground observations (Figure 2b and Figure S2). Figure 3 225 

shows the mean annual surface NO2 concentrations of each UA from 2015−2018. BTH, 226 

YRD, and CP have the highest NO2 concentrations, followed by SP, HBEY, and CS. 227 

HC, YRMR, and BG have the lowest concentrations—below the national average. 228 

Overall, these distributions across UAs are primarily related to NOx emissions (Figure 229 

3); the areas with high NO2 values generally have high NOx emissions, and vice versa. 230 

Due to the short lifetime in the atmosphere, the areas with high NO2 concentrations are 231 

usually close to the places with strong NOx emissions (Lamsal et al., 2013, Feng et al., 232 

2019a, Zhao et al., 2019). Moreover, weather condition is another factor that highly 233 

affects the NO2 concentrations. Usually, strong wind, high temperature, strong radiation 234 

and heavy rainfall will result in a low NO2 concentration (Harkey et al., 2015). The 235 

stronger wind is conducive to the transport and diffusion of air pollutants, higher 236 

temperature causes faster atmospheric reactions and a higher boundary layer (better 237 

vertical mixing), stronger radiation brings faster photolysis, and more rainfall leads to 238 

more wet deposition. It could be found that the differences of NOx emissions among 239 

different UAs are more significant than those of NO2 concentrations. Some UAs have 240 

relatively higher NOx emissions but relatively lower NO2 concentrations. For example, 241 

the emissions of YRD and SP are higher than those of BTH and CP, but the NO2 242 

concentrations of the former are much lower, primarily because they are located in 243 

coastal areas, which have better diffusion conditions than the inland locations (i.e., BTH 244 

and CP). Additionally, YRD and SP are located in the transition regions of north and 245 

south China and, therefore, have more rainfall than BTH and CP (Li et al., 2020b), 246 
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which may cause more wet deposition and lead to lower concentrations. Similarly, PRD 247 

has much higher emissions but lower concentrations than HBEY, CS, and NSTM. In 248 

addition, HC and YRMR have similar NO2 concentrations, area, and discrete cities, but 249 

HC has much weaker emissions than YRMR. HC is located in Northeast China, while 250 

YRMR is located in Central China, indicating that HC has much weaker radiation and 251 

lower temperature than YRMR, resulting in higher NO2 concentrations per unit NOx 252 

emitted in HC (Chen et al., 2019b; Yang et al., 2015).  253 

 254 

Figure 2. Spatial distributions of annual average (a) surface NO2 concentrations and (b) 255 

tropospheric column NO2 (XNO2) in China from 2015−2018. 256 

 257 

Figure 3. Annual mean NO2 concentrations from 2015−2018 and annual NOx 258 
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emissions in 2012 (Emission data are from MEIC 2012) in the 12 UAs. 259 

3.1.2. Spatial autocorrelation of NO2 concentrations 260 

Air pollutants in adjacent areas generally interact through atmosphere transmission 261 

(Yan et al., 2018). Spatial autocorrelation analysis measures the interactions of air 262 

pollutants in adjacent areas. For example, based on emission inventory data, Fang (2015) 263 

used global and local spatial autocorrelation methods to analyze the spatial 264 

autocorrelation of urban air quality indexes and quantitatively evaluated the 265 

comprehensive effect of urbanization process on air quality in China. In this study, the 266 

local Moran's index (LMI) (Anselin, 1995) was used to identify the spatial 267 

autocorrelation distribution and the agglomeration pattern (AP) of atmospheric NO2 268 

pollution; the Z-score was used to test the significance of the spatial autocorrelation. 269 

Details for the calculations of LMI and the Z-score can be found in Li and Zhang (2011). 270 

A Z-score is greater than 1.96 (95% confidence interval) shows a significantly positive 271 

autocorrelation between a city and the surrounding ones. The city and its neighbors 272 

could both have relatively high or low concentrations; these possibilities are called 273 

high-high and low-low APs, respectively. A Z-score less than −1.96 shows a 274 

significantly negative autocorrelation and can also be divided into high-low and low-275 

high APs based on different concentrations. A Z-score greater than −1.96 but less than 276 

1.96 represents a city with no significant correlation with surrounding cities. The 277 

operation of the spatial autocorrelation calculation was implemented with the GeoDa 278 

(version 1.12.1.139) software (http://geodacenter.asu.edu/software/downloads). 279 

Figure 4 shows the patterns of the spatial autocorrelations of averaged NO2 280 

concentrations in different prefecture-level cities in China. The distribution of NO2 281 

pollution is spatially autocorrelated with two high-high APs. The first is located in the 282 

North China Plain, the Guanzhong Plain, and most of Shanxi Province, which form the 283 

area with the worst air pollution in China. This AP covers four UAs and includes BTH, 284 

SP, CP, and CS. The area approximately overlaps with that covered by the BTH air 285 

http://geodacenter.asu.edu/software/downloads
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pollution transmission channel cities (“2 + 26” cities and Fenwei Plain cities) (Feng et 286 

al., 2019b; Cheng et al., 2019; Liu and Yuan, 2020), indicating a strong NO2 pollution 287 

interaction in this area. The second high-high AP is located in YRD and includes 288 

southern Jiangsu and the adjacent cities in Jiangsu and Anhui provinces. Previous 289 

studies showed the strong interactions of air pollution in this area (He et al., 2017b; Bai 290 

et al., 2018). The low-low NO2 APs are primarily distributed in the remote areas of 291 

China. Among the 12 UAs, only BG shows low-low AP because of the coastal 292 

geographical location and good air diffusion conditions. The number of cities showing 293 

high-high and low-low AP account for 18.9% and 17.7%, respectively. Compared to 294 

PM2.5, the distributions of high-high NO2 APs are more concentrated, because the high-295 

high NO2 APs are primarily located in BTH, SP, CS, CP, and YRD. The agglomeration 296 

characteristics of PM2.5 are not only present in the aforementioned UAs, but also in HC, 297 

YRMR, NSTM, and CY (Shen et al., 2019).  298 

 299 

Figure 4. Spatial agglomeration of averaged NO2 autocorrelations in China from 300 

2015−2018. 301 
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3.2. Temporal variability of NO2 concentrations 302 

3.2.1. Monthly variations 303 

Figure 5 shows the monthly mean surface NO2 concentrations in the 12 UAs from 304 

June 2014 to May 2019. Clearly, typical UAs have remarkable monthly NO2 variations. 305 

Monthly variations throughout the year for different UAs are similar with high values 306 

in January and December and low values in July or August, showing a typical “U” 307 

shape. Since the monthly variation of anthropogenic NOx emissions in China usually 308 

presents a “W” shape (Qu et al., 2017), which is basically opposite to those of the 309 

atmospheric NO2 concentrations, thus the monthly NO2 variation is dominated by the 310 

changing of meteorological factors (Kui and Liu, 2019). Generally, in warm season, 311 

there are higher temperature and boundary layer height, stronger radiation, and more 312 

rainfall, resulting the lower NO2 concentrations (Wei et al., 2012). Additionally, most 313 

UAs experience a small peak in March or April, i.e., the concentration of NO2 decreases 314 

quickly from January to February, and then, it increases again, which is attributed to the 315 

Chinese Spring Festival, generally happening in February. From 2014 to 2019, the 316 

seasonal variations are different among different UAs. BTH and HBEY have much 317 

lower concentrations during the winter of 2017; YRMR, CY, PRD, and BG have 318 

relatively lower concentrations during the winters of 2015 and 2018. In BTH, YRD, 319 

CS, and CY, the NO2 concentrations increase in 2017 and decrease in 2018; in HC, CP, 320 

SP, NSTM, and BG, the NO2 concentrations show a slightly downward trend from 2014 321 

to 2019—especially in HC; in PRD and HBEY, the NO2 show an upward trend that is 322 

especially pronounced in HBEY. 323 



15 

 

 324 

Figure 5. Time series of monthly surface NO2 concentrations and OMI-retrieved 325 

tropospheric NO2 columns in the 12 UAs; r1 is the Pearson correlation coefficient 326 

between OMI-retrieved tropospheric NO2 columns and the 24 h mean values of surface 327 
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NO2 concentrations; r2 is the Pearson correlation coefficient between OMI-retrieved 328 

tropospheric NO2 columns and the mean values of surface NO2 concentrations from 329 

12:00 to 17:00, coinciding with the local overpass time of the Aura satellite. 330 

Figure 5 also shows the monthly mean OMI-retrieved XNO2 concentrations. There 331 

are interannual variation differences between surface and column concentrations. For 332 

example, in BTH, the XNO2 shows a peak in December 2015 before decreasing each 333 

subsequent year, but the surface concentration is the highest in December 2016. In PRD, 334 

the XNO2 and surface NO2 show slightly downward and upward trends, respectively. 335 

In HBEY, there is no notable trend in the XNO2 but a significantly upward trend in the 336 

surface NO2. In HC, the surface NO2 decreases each year, but XNO2 increases, peaks 337 

in December 2016, and rapidly decreases. Xie et al. (2018) found large differences in 338 

the interannual variations of the surface and column concentrations. One possible 339 

reason for the discrepancy is that surface NO2 was measured hourly, whereas XNO2 is 340 

sensed at most once a day (at the satellite transit time). Mean surface NO2 341 

concentrations near the satellite transit times are also shown in Figure 5. Here, the 342 

observations during the afternoon (from 12:00 to 17:00) are used. The interannual 343 

changes of surface NO2 at the satellite transit times are relatively consistent with XNO2 344 

in most UAs. The Pearson linear correlation coefficients between the two data are 345 

greater than 0.8, except for in HC, BG, and NSTM. A possible reason for the low 346 

correlations in HC, BG, and NSTM is the shortage of valid retrievals in these three UAs 347 

because of the extensive cloud cover or strong surface albedo (Boersma et al., 2018). 348 

BG, located in southernmost mainland China, experiences abundant cloud coverage and 349 

precipitation. PRD is located near BG and has a relatively low (0.81) correlation 350 

coefficient. NSTM, in western China is surrounded by desert and HC, in northeast 351 

China, has the longest snow cover of the 12 UAs. Desert or snow-covered areas 352 

generally feature high surface albedo. These indicate that the satellite retrievals could 353 

not well reflect the temporal variations in surface NO2 concentration probably due to 354 
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that the changes of NO2 concentrations during the daytime may be different from those 355 

during the nighttime. Besides, the monthly XNO2 retrievals are less representative in 356 

those areas with heavy cloud cover and strong albedo. 357 

3.2.2. Interannual variations 358 

Figure 5 shows that the interannual variations of NO2 in winter and summer are not 359 

consistent in most UAs. A possible reason is that pollution is much more severe and 360 

control measures much stricter during the winter; during the summer, pollution is much 361 

less intense, and control measures may be more lenient (SCPRC, 2018). To be clear, 362 

yearly NO2 changes in winter and summer are shown in Figure 6. In addition, annual 363 

averaged NO2 concentrations are given in Figure 6 to better represent the interannual 364 

trends. The trends in some UAs, such as CP, SP, NSTM, HC, and BG, are similar 365 

(Figure 5); therefore, this manuscript only presents the interannual variations and their 366 

causes in the five national UAs, HC, and HBEY. 367 

The interannual variabilities of NO2 concentrations in winter are more significant 368 

and different—except for HC—than that in summer. In BTH and YRD, the NO2 369 

concentrations changed little from 2014 to 2017 but significantly decreased in 2018 370 

during the summer; in winter, however, they first increased, peaking in 2016 and 2017 371 

in BTH and YRD, respectively, before decreasing. In YRMR, summer concentrations 372 

decreased significantly from 2014 and 2015 but showed little change from 2015 to 2018; 373 

winter concentrations decreased in 2015, increased from 2015 to 2017, and significantly 374 

decreased in 2018. CY and HBEY showed a gradual downward trend in summer 375 

concentrations with an increase in 2017; however, during the winter, the changes 376 

between CY and HBEY were significantly different. CY experienced changes similar 377 

to those of YRMR, whereas HBEY showed a significant increase. In PRD, there were 378 

no significant changes from 2014 to 2018 during the summer, and in winter, there was 379 

no significant trend as well, but featured large interannual variations. In HC, 380 

concentrations in summer and winter gradually decreased from 2014 to 2018, but the 381 
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decline rate was faster in winter. Additionally, the interannual variations of the annual 382 

mean concentrations in all UAs agreed with the changes in summer, indicating that—383 

in addition to the pollution control in winter—the government needs to pay attention to 384 

the NOx control in the summer. 385 

 386 

Figure 6. Interannual variations of summer, winter, and annual NO2 concentrations in: 387 

(a) BTH, (b) YRD, (c) YRMR, (d) CY, (e) PRD, (f) HC, and (g) HBEY. 388 
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3.2.3. Frequency of daily mean concentrations 389 

Figure 7 shows the frequency distributions of daily averaged NO2 concentrations 390 

in the five national UAs, HC, and HBEY. We divided the concentrations into 8 sections 391 

and counted the frequency of each section in all seven UAs. The 8 concentration 392 

sections are 0−10 μg·m−3 (S1), 10−25 μg·m−3 (S2), 25−40 μg·m−3 (S3), 40−60 μg·m−3 393 

(S4), 60−80 μg·m−3 (S5), 80−100 μg·m−3 (S6), 100−150 μg·m−3 (S7), and greater than 394 

150 μg·m−3 (S8). The frequency generally shows a single-peak distribution, with the 395 

highest frequency appearing in S2 in all the UAs. As the concentration increased, the 396 

frequency rapidly decreased. In BTH, the frequency distribution of NO2 was broader 397 

than in other UAs. In the range of greater than 80 μg·m−3 (Chinese Ambient Air Quality 398 

Standards (CAAQS) Grade II standard) (MEP, 2012), the frequency in BTH was 399 

significantly higher than that of other UAs, indicating severe NO2 pollution in BTH. 400 

The overall annual S2 frequency increased each year in the seven UAs, indicating 401 

a development towards low NO2 concentration range and also affecting the frequency 402 

of other sections, whereas the interannual changes for sections greater than S2 varied 403 

by UA. In BTH, the S5 and S6 frequencies increased from 2015 to 2017 and decreased 404 

in 2018, but in the high sections (S7 and S8), the frequencies gradually decreased, 405 

indicating that extreme pollution was decreasing. In YRD, only S4 shows a gradually 406 

downward frequency, and an upward trend exists in the high sections. In YRMR, from 407 

S3 to S8, there was a downward trend for the frequency in each section, but in the 408 

sections greater than S5, there was an increase in 2017, coinciding with the relatively 409 

higher NO2 concentration (Figure 6). In CY, the frequencies changed very little from 410 

2015 to 2017 in each section, but decreased in most sections in 2018. In PRD, the 411 

overall frequencies changed slightly in each section, and in the high sections (greater 412 

than S5), the frequencies trended upward. In HBEY, there was no significant trend in 413 

S3, but all sections greater than S3 featured downward trends with an increase in 2017. 414 

In HC, the frequencies decreased each year in all sections greater than S2. 415 
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 416 

Figure 7. Interannual variations of the frequency distributions of the observed daily 417 

mean NO2 concentrations for the five national UAs, HC, and HBEY from 2015−2018. 418 

Black lines represent the CAAQS Grade II standard (80 μg·m−3) of NO2. The dashed 419 

lines are Gaussian fitting curves. 420 

3.3. Drivers of interannual variations 421 

3.3.1. Model evaluation 422 

The performance of the WRF model is critical to simulated the meteorologically 423 
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driven interannual NO2 variations. Previous studies showed that temperature, relative 424 

humidity, and wind speed are the important meteorological factors in determining near-425 

surface NO2 variability (Harkey et al., 2015; Li et al., 2019). The simulated 2 m 426 

temperature (T2), 2 m relative humidity (RH2) and 10 m wind speeds (WS10) were 427 

evaluated against the ground-level observations. The observations from the 428 

meteorological measurement sites over China (Figure 1) were used for comparison. The 429 

data were obtained from the National Climate Data Center (NCDC) 430 

(ftp://ftp.ncdc.noaa.gov/pub/data/noaa/isd-lite/). Table 2 shows the evaluation results in 431 

each year. Overall, the WRF model well reproduced the domain-wide T2 and RH2 with 432 

fairly low deviations and high correlation coefficients. Their deviations are about -433 

0.9 °C and 3.9, and correlation coefficients are greater than 0.93 and 0.85, respectively. 434 

The simulated WS10 was slightly overestimated due to the underestimation of the 435 

effects of urban topography and the lack of capture of all spatial features in the WRF 436 

model, which was also found in other studies using the WRF model (Jiang et al., 2012; 437 

Fan et al., 2015; Hu et al., 2016). PBLH is another meteorological factor that highly 438 

affect the diffusions of NO2 and generally with large uncertainties in WRF simulations 439 

(Zhao et al., 2009), however, due to lack of PBLH observations, we did not evaluate 440 

the simulated PBLH in this study. According to criteria provided by Emery et al. (2001), 441 

the WRF model run in this study has acceptable performance in simulating 442 

meteorological parameters. In addition, it also could be found that the statistical results 443 

of each year are very close, indicating that the WRF simulations well reproduced the 444 

interannual variations of weather conditions. 445 

We also evaluated the simulated NO2 concentrations against the observations in 446 

each city in 2014 (Figure 8). The results show that the spatial variability of the 447 

simulated data is basically consistent with the observations, and their levels in most 448 

cities are close with each other. For temporal variations, the simulated and observed 449 

daily NO2 concentrations also have good correlations, with correlation coefficients in 450 

range of 0.51 ~ 0.85 in different UAs. Overall, in both summer and winter seasons, the 451 
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simulated NO2 concentrations are overestimated to a certain extent, the deviations are 452 

in the range of 10~30 μg·m−3 in most UAs. The deviations between the simulated and 453 

observed concentrations may be partly due to the use of emissions in 2012, since 454 

compared with 2012, the NOx emission in 2014 was estimated to have declined by 13% 455 

(Zheng et al., 2018b). In addition, the large uncertainties in the emission inventory itself, 456 

the coarse model resolution (36 km) used in this study as well as the model structure 457 

also have contributions on the deviations (Kong et al., 2020). 458 

Table 2. Evaluation for meteorological parameters simulated by the WRF model over 459 

2014-2019 460 

Meteorological 

parameters 
Year 

Sample 

Number 

Mean 

Observation 

Mean 

Simulation 
MB RMSE NMB NME R 

2m Temperature 

(°C) 

2014 401 12.1 13.0 -0.9 2.9 -7.4 13.8 0.93 

2015 398 12.3 13.1 -0.8 2.7 -5.7 3.4 0.94 

2016 400 12.2 13.2 -1.0 3.0 -7.6 10.5 0.93 

2017 400 12.4 13.2 -0.8 2.6 -6.3 9.8 0.95 

2018 404 12.4 13.3 -0.9 3.3 -6.4 14.6 0.94 

2019 399 12.4 13.3 -0.9 2.8 -6.7 13.3 0.94 

2 m Relative 

Humidity 

(%) 

2014 401 63.8 59.7 4.1 9.4 6.7 11.8 0.85 

2015 398 64.9 61.9 3.0 9.7 5.3 3.7 0.86 

2016 400 65.8 61.7 4.1 8.8 6.7 8.7 0.87 

2017 400 64.0 60.1 3.9 9.8 6.9 9.7 0.85 

2018 404 64.1 60.2 3.9 11 7.4 12.3 0.86 

2019 399 63.6 59.7 3.9 9.2 6.6 11.5 0.85 

10 m Wind 

Speed 

(m·s−1) 

2014 401 3.0 2.6 0.4 1.0 18.0 28.9 0.60 

2015 398 3.1 2.6 0.5 1.0 19.6 11.8 0.65 

2016 400 3.1 2.7 0.4 1.0 17.5 19.2 0.64 

2017 400 3.1 2.6 0.5 1.0 17.5 19.3 0.66 

2018 404 3.1 2.7 0.4 1.1 18.3 30.6 0.64 

2019 399 3.0 2.6 0.4 1.0 16.3 28.6 0.63 
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Note: Sample Number is the number of sites with available observation for statistics. Units for Mean 461 

Observation, Mean Simulation, MB (Mean Bias), RMSE (Root Mean Squared Error) are given below 462 

the name of each parameter in the first column, and units for NMB (Normalized Mean Bias), and NME 463 

(Normalized Mean Error) are %. 464 

 465 

Figure 8. Comparisons of the averaged simulated (shaded) and observed (dotted) NO2 466 

concentrations in (a) summer and (b) winter of 2014. 467 

3.3.2. The contributions of weather and emission changes on NO2 concentrations 468 

The variations of NO2 concentrations are usually determined by three major factors: 469 

emissions, meteorology, and atmospheric chemical processes. Generally, the 470 
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interannual variation of NO2 caused by atmospheric chemical processes is not 471 

independent, but closely related to the changes in meteorological conditions and 472 

emissions. Meteorological conditions directly affect the concentration of atmospheric 473 

oxidants, thereby indirectly affecting the consumption of NO2 by these oxidants. 474 

Meanwhile, weather factors like temperature also directly affect the reaction rate of 475 

atmospheric oxidants with NO2 (Jacob, 1999). In addition, the concentration of 476 

atmospheric oxidants is also closely related to the changes in anthropogenic emissions 477 

(Vermeuel et al., 2019). Take ozone as an example, which is one of the main 478 

atmospheric oxidants that oxidize NO2, besides weather condition, its concentration is 479 

mainly dominated by the emissions of its precursors (i.e., NOx and volatile organic 480 

compounds, Wang et al., 2019). Therefore, researchers usually only attribute the inter-481 

annual variations in air pollutant concentrations to the changes in meteorological 482 

conditions and emissions. For example, Liu et al. (2017b) explores the major reasons 483 

behind the severe pollution in BTH from the perspective of meteorology and emissions, 484 

Xu et al. (2019b) and Xu et al. (2020) applied the WRF-CMAQ modeling system to 485 

investigate the impact of meteorological conditions and emission reduction on PM2.5 486 

pollution in China, and Zhang et al. (2019a) used WRF-CMAQ model to simulate 487 

variations in PM2.5 concentrations from 2013 to 2017, and separate the contributions of 488 

PM2.5 variations to anthropogenic emissions and meteorological factors. 489 

The emission-fixed and meteorology-varied simulation could provide the 490 

contribution of meteorological conditions to variations. By comparing the observed and 491 

simulated NO2 concentrations, emission-related NO2 contributions could also be 492 

derived (observed minus simulated). As shown in section 3.3.1, there are unignorable 493 

deviations between the simulated and observed NO2 concentrations. To avoid the 494 

impact of these deviations, when comparing the trends between the simulations and 495 

observations, for each UA, we used relative changes from 2014 levels for both 496 

simulated and observed NO2; and when quantifying the weather and emission 497 

contributions, for each two consecutive years, we adjusted the simulated concentration 498 
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in the first year to be equal to the observed one, and scaled the simulated concentration 499 

in the second year using the ratio of the simulated NO2 to the observed one in the first 500 

year (Zhang et al., 2019a). 501 

Figure 9 shows the interannual variations of observed and simulated NO2 trends 502 

for the summer and winter in the five national UAs, HC, and HBEY from 2015–2018. 503 

Simulated NO2 generally shows a much weaker trend and smaller interannual variations 504 

in each UA than the observed levels. In summer, the simulated NO2 in BTH, YRD, 505 

YRMR, CY, and HBEY is rather stable from 2014 to 2018, indicating that the decrease 506 

of observed NO2 in 2015 and 2018 in BTH and the downward trends from 2014–2016 507 

and 2014–2018 in HBEY and CY respectively, are primarily attributed to emission 508 

reductions. Zhang et al. (2019c) showed that in YRD, the decline of PM2.5 was far 509 

greater than the contribution of the improved meteorological conditions. Additionally, 510 

the simulated NO2 decrease in 2018 in YRD and HBEY, and in 2015 in YRMR, of a 511 

much lower magnitudes than the observed reductions, suggesting that these decreases 512 

are influenced by both weather changes and emission reductions. In PRD, the trend of 513 

the simulated NO2 is opposite to that of the observed, indicating that the interannual 514 

variations are dominated by emission changes. During the wintertime, in YRD, YRMR, 515 

CY, and PRD, the simulated NO2 is very stable in the study period, implying that the 516 

interannual changes of NO2 concentrations in these UAs are primarily attributed to 517 

emission changes. In BTH and HBEY, the changes of the simulated NO2 are basically 518 

in line with the ones of the observed NO2. From 2014 to 2016, the observed changes in 519 

BTH and HBEY are completely consistent with those of the simulations, indicating that 520 

the changes are exclusively caused by the weather. However, from 2016 to 2018, the 521 

simulated changes in BTH and HBEY are much weaker than the observed ones, 522 

especially for the significant rise in 2018 in HBEY, suggesting the important 523 

contribution of emission changes. In HC, the simulated NO2 have downward trends in 524 

both summer and winter, but are much weaker than the observed changes, indicating 525 

that the gradual decrease in NO2 concentrations in summer and winter are the result of 526 
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the combined effects of meteorological conditions and emission reductions. Therefore, 527 

the interannual variations of NO2 are primarily dominated by the emissions changes. 528 

Nevertheless, the contributions from the meteorological changes are also important and 529 

can be dominant in some regions or seasons. This finding is consistent with the drivers 530 

of improved PM2.5 concentrations in China from 2013 to 2017 that the anthropogenic 531 

emission is the dominant contribution, and the interannual meteorological variations 532 

could significantly alter PM2.5 concentrations as well (Zhang et al., 2019a). 533 

 534 

Figure 9. Comparisons of the simulated and observed trends for the mean NO2 in 535 

summer and winter from 2014−2018 in the five national UAs, HC, and HBEY. 536 

Figure 10 shows the quantitative contributions of the changes of meteorological 537 

conditions and anthropogenic emissions on the variations in NO2 concentrations in the 538 

five national UAs, HC, and HBEY. In BTH, anthropogenic emission reductions in the 539 

summers of 2015 and 2018 reduced the NO2 concentration by 2.8 and 5.0 μg·m−3, 540 

respectively, whereas the influence of meteorological conditions in winter was more 541 

pronounced than in other regions. We estimated that variation in meteorological 542 

conditions changed NO2 concentrations in 2015, 2016, 2017, and 2018 by 1.3, 4.3, −7.3, 543 

and 5.3 μg·m−3, respectively. PBLH and wind speed changes are the primary 544 
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meteorological factors that affect NO2 concentrations (Figure S3). Zhang et al. (2019c) 545 

reported that during the winter of 2017, meteorological drivers played a very significant 546 

role in reducing PM2.5 in BTH. In the winter of 2018 in YRD and CY, emission 547 

reductions contributed 78.5% and 73.8% of the NO2 concentration reductions, 548 

respectively. Similarly, Zhang and Geng (2019) found that, although the interannual 549 

variations in meteorological conditions can partially explain the reduction in PM2.5 550 

pollution, the decrease of PM2.5 pollution in the winter of 2018 in YRD was dominated 551 

by emissions reduction. Anthropogenic emission reductions accounted for 66.9% of the 552 

5.4 μg·m−3 decrease in NO2 in YRMR during the summer of 2015. Additionally, in the 553 

winters of 2015 and 2018 in YRMR, and in the winter of 2015 and 2018 in PRD, the 554 

emissions reduction contributed to decreases of NO2 concentrations by 8.0, 8.5, 8.3, 555 

and 10.0 μg·m−3, respectively. However, emission control in PRD failed in some years, 556 

and anthropogenic emissions caused an increase in NO2 concentration. For example, 557 

anthropogenic emissions in PRD in the summer of 2017 and in the winter of 2016 558 

caused NO2 to rise by 6.3 μg·m−3. Due to the significant increase in wind speed (Figure 559 

S3), the meteorological conditions of PRD in the summer of 2017 reduced NO2, but 560 

were outweighed by the impact of interannual changes in emissions that caused an 561 

overall rise in NO2 concentration. In HC, the contribution of emissions reduction is 562 

much more significant than that of meteorological conditions. In HBEY, the impact of 563 

anthropogenic emissions during the summer caused NO2 changes of −4.8 μg·m−3, 6.6 564 

μg·m−3, and −5.1 μg·m−3 in 2016, 2017, and 2018, respectively. Of the large NO2 565 

increase of 31.4 μg·m−3 in the winter of 2018 in HBEY, 23.5 μg·m−3 was caused by 566 

changes in anthropogenic emissions, while the remaining 7.9 μg·m−3 is attributed to the 567 

weather changes. Overall, from 2014 to 2018, except for the summer of PRD and the 568 

winter of HBEY, the NO2 concentrations in other regions and seasons decreased 569 

significantly, and these decreases are mainly attributed to the emission changes, which 570 

is consistent with the NOx emission declines in inventory since 2013 (Zheng et al., 571 

2018b). The slight increase in PRD may be related to the fact that the NOx emission in 572 
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PRD mainly comes from motor vehicles (Zhong et al., 2018), while the declines of NOx 573 

emission in recent years in China is mainly attributed to the emission reductions in 574 

power plants (Zheng et al., 2018a; Zheng et al., 2018b). The significant increase of NO2 575 

in HBEY from 2017 to 2018 may be related to the coal-to-gas policy implemented 576 

began in the autumn and winter of 2018 (Zhao et al., 2020), since HBEY is an important 577 

base for converting coal to natural gas in China. 578 

 579 

Figure 10. The yearly changes in NO2 concentrations contributed by anthropogenic 580 
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emission and meteorological condition changes between 2014 and 2018 for the five 581 

national UAs, HC, and HBEY. The dotted green boxes indicate a predominantly 582 

meteorological influence. The dotted orange boxes indicate a significant reduction of 583 

NO2 from anthropogenic emissions control. The solid orange boxes indicate a large 584 

NO2 increase caused by anthropogenic emissions. 585 

4. Summary and Conclusions 586 

In this study based on hourly NO2 observations in China from June 2014 to May 587 

2019, we analyzed the spatial distribution of NO2 concentrations and the temporal 588 

variations in 12 typical UAs. We found that BTH, YRD, and CP had the highest NO2 589 

concentrations, followed by SP, CS, and HBEY; HC, YRMR, and BG had the lowest 590 

concentrations—even lower than the national average. The OMI XNO2 retrievals 591 

showed a spatial distribution similar to that of ground observations. These spatial 592 

distributions were dominated by the emission strength of NOx and are also highly 593 

affected by weather conditions. The interannual variations of NO2 decreased in 2016 in 594 

BTH and in 2017 in YRD, CS, and CY; HC, CP, SP, NSTM, and BG featured a 595 

downward trend from 2014 to 2019, especially in HC, while in PRD and HBEY, it 596 

shows an upward trend, especially pronounced in HBEY. 597 

We quantitatively study the drivers of NO2 interannual variations using the 598 

WRF−CMAQ model with fixed anthropogenic emissions and variational 599 

meteorological conditions and find that the interannual variations of NO2 are primarily 600 

dominated by emissions changes, while the contribution from meteorological changes 601 

cannot be ignored as well. In BTH, for example, meteorological conditions caused NO2 602 

changes of more than 5 μg·m−3 in the winters of 2017 and 2018. In the winter of 2018 603 

in YRD and CY, emission reductions contributed 78.5% and 73.8% of the NO2 604 

reductions, which is same for PM2.5 that the improvement of PM2.5 pollution was 605 

dominated by emission reductions. In the winters of 2015 and 2018, the emissions 606 

reduction contributed to significant NO2 decreases of 8.0 and 8.5 μg·m−3 in YRMR and 607 
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of 8.3 and 10.0 μg·m−3 in PRD. However, in PRD, emissions increase NO2 to more than 608 

6 μg·m−3 in the summer of 2017 and the winter of 2016. In the two regional UAs, the 609 

contribution of emission reductions is much more significant than that of 610 

meteorological conditions, especially in HBEY, the impact of anthropogenic emissions 611 

caused a change of 6.6 μg·m−3 in the summer of 2017 and a huge increase of 31.4 612 

μg·m−3 in the winter of 2018. 613 

Because the simulation error of the WRF−CMAQ model will be transmitted 614 

downward, the "relative change" method (the change in the next year is relative to that 615 

of the previous year) was used to partially reduce the impact of model simulation 616 

uncertainty (Xu et al., 2019b). Because comprehensive studies of NO2 characteristics 617 

and a quantitative analysis of the effects related to meteorology and emissions on NO2 618 

concentrations in several UAs across the country is rare, this study may provide a basic 619 

understanding of current NO2 pollution and provide a scientific basis for policy-makers 620 

to propose effective strategies. 621 
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List of Figures   1081 

 1082 

Figure S1. Spatial distribution of annual surface average NO2 concentrations in China 1083 

for (a) 2015, (b) 2016, (c) 2017, and (d) 2018. Pie charts give the percentage of stations 1084 

exhibiting annual mean NO2 concentrations within the Chinese Ambient Air Quality 1085 

Standards (CAAQS) Grade I and II annual standards for each year. The sites with the 1086 

annual averaged concentration of NO2 below the CAAQS Grade II annual standard (40 1087 

μg·m−3) account for more than 70% from 2015 to 2017 and exceed 80% in 2018.  1088 
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 1090 

Figure S2. Spatial distribution of annual averaged OMI-retrieved NO2 columns in 1091 

China for (a) 2015, (b) 2016, (c) 2017, and (d) 2018.  1092 
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 1094 

 1095 

 1096 

Figure S3. (a) The average planetary boundary layer height (PBLH) and interannual 1097 

variations of PBLH in winter from 2014 to 2018 in BTH; (b) The same as (a), but for 1098 

wind speed. (c) and (d) are the same as (a) and (b), respectively, but for the summer of 1099 

PRD. ERA-Interim reanalysis monthly mean data (PBLH and wind speed data at 10 m) 1100 

were acquired from the European Center for Medium−Range Weather Forecasts 1101 

(ECMWF). 1102 
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List of Tables   1104 

 1105 

Table S1. Number of air quality monitoring sites selected in typical urban 1106 

agglomerations and the whole country from June 2014 to May 2019 1107 

Urban 

Agglomeration 

The number of sites per year 

2014 2015 2016 2017 2018 2019 

BTH 83 84 87 87 88 85 

YRD 115 135 148 143 147 149 

YRMR 70 148 151 152 150 150 

CY 52 88 91 92 90 89 

PRD 73 73 72 73 75 74 

HC 44 56 55 55 57 56 

CS 39 54 54 55 58 57 

CP 28 58 58 59 66 62 

SP 59 58 56 63 60 62 

NSTM 11 17 4 12 17 17 

BG 30 41 41 41 41 41 

HBEY 19 23 23 23 25 24 

 1108 

 1109 

Table S2. Research time range and the division of seasons in this study 1110 

Year 
Seasons 

Spring Summer Autumn Winter 

2014 / Jun., Jul., Aug. Sep., Oct., Nov. Dec., Jan., Feb. 

2015 Mar. Apr., May. Jun., Jul., Aug. Sep., Oct., Nov. Dec., Jan., Feb. 

2016 Mar. Apr., May. Jun., Jul., Aug. Sep., Oct., Nov. Dec., Jan., Feb. 

2017 Mar. Apr., May. Jun., Jul., Aug. Sep., Oct., Nov. Dec., Jan., Feb. 

2018 Mar. Apr., May. Jun., Jul., Aug. Sep., Oct., Nov. Dec., Jan., Feb. 

2019 Mar. Apr., May. / / / 
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