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Abstract 41 

Ultrahigh-resolution air quality models that resolve sharp gradients of pollutant 42 

concentrations benefit the assessment of human health impacts. Mitigating fine particulate 43 

matter (PM2.5) concentrations over the past decade has triggered ozone (O3) deterioration in 44 

China. Effective control of both pollutants remains poorly understood from an ultrahigh-45 

resolution perspective. We propose a regional-to-local model suitable for quantitatively 46 

mitigating pollution pathways at various resolutions. Sensitivity scenarios for controlling 47 

nitrogen oxide (NOx) and volatile organic compound (VOC) emissions are explored, focusing 48 

on traffic and industrial sectors. The results show that concurrent controls on both sectors 49 

lead to reductions of 17%, 5%, and 47% in NOx, PM2.5, and VOC emissions, respectively. 50 

The reduced traffic scenario leads to reduced NO2 and PM2.5, but increased O3 concentrations 51 

in urban areas. Guangzhou is located in a VOC-limited O3 formation regime, and traffic is a 52 

key factor in controlling NOx and O3. The reduced industrial VOC scenario leads to reduced 53 

O3 concentrations throughout the mitigation domain. The maximum decrease in median 54 

hourly NO2 is >11 µg/m³, and the maximum increase in the median daily maximum 8-hour 55 

rolling O3 is >10 µg/m³ for the reduced traffic scenario. When controls on both sectors are 56 

applied, the O3 increase reduces to <7 µg/m³. The daily averaged PM2.5 decreases by <2 57 

µg/m³ for the reduced traffic scenario and varies little for the reduced industrial VOC 58 

scenario. An O3 episode analysis of the dual-control scenario leads to O3 decreases of up to 59 

15 µg/m³ (8-h metric) and 25 µg/m³ (1-h metric) in rural areas. 60 

 61 

Plain Language Summary 62 

Spatial concentration maps of air pollutants showing variations over small distances are 63 

useful for assessing human health in metropolitan regions. The combined control of fine 64 

particulate matter and ozone is not yet fully understood at a high resolution. This study 65 

implements a regional-to-local urban modeling system for quantitatively assessing 66 

opportunities for pollution reduction. Typical air pollutants are explored, focusing on 67 

emissions from the traffic and industrial sectors. We find that implementing combined 68 

controls in both sectors leads to considerable reductions in emissions. Scenario analysis 69 

reveals the most substantial contributors to ozone pollution in various locations. The 70 

contributions of air pollution from both sectors are assessed. The research findings will 71 

improve the awareness of air quality management strategies and benefit multi-level 72 

governments by facilitating joint control of regional air pollution issues.  73 

 74 
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1 Introduction 84 

Air pollution has attracted substantial research interests in recent years owing to its 85 

adverse effects on human health (Che et al., 2020; Conibear et al., 2021; Wu et al., 2019) and 86 

climate change (Li et al., 2019c; Qin et al., 2017). Since President Xi announced a bold 87 

pledge that Chinese carbon emissions would peak before 2030 and China would achieve 88 

carbon neutrality by 2060, greater efforts have been made to alleviate air pollution (Cheng et 89 

al., 2021; Cui et al., 2021). The Chinese government has devoted tremendous efforts and 90 

released a series of emissions control policies to address this challenge (Cai et al., 2018; Jiang 91 

et al., 2015; Wu et al., 2019; Zhang et al., 2020). Zhang et al. (2020) proposed a holistic 92 

emissions control system that utilized a chemical transport model method to assess the 93 

impacts of the implemented emissions control policies in various sectors during the 13
th

 Five-94 

Year-Plan in China. In response to stringent national controls, ambient fine particulate matter 95 

(PM2.5) pollution has decreased substantially, whereas ozone (O3) pollution levels are 96 

becoming increasingly severe (Li et al., 2019b; Zhao et al., 2021). The combined impact of 97 

PM2.5 and O3 on human health has improved over the past decade (Zhang et al., 2021a); 98 

however, high O3 concentrations have an adverse effect on ecosystems (Yli-Pelkonen et al., 99 

2017), so long-term controls of atmospheric O3 are necessary. As such, strategies for 100 

effectively controlling the absolute concentrations of O3 and PM2.5 simultaneously in urban 101 

regions are of increasing interest and importance.  102 

A growing number of studies have devoted great efforts to the mechanism of coupled 103 

O3 and PM2.5 pollution levels in regions throughout China. Li et al. (2019a) found that the 104 

main cause of increasing O3 concentrations in the North China Plain (NCP) after 2013 was a 105 

significant reduction in PM2.5 concentrations, which slowed hydroperoxy radical 106 

consumption and increased the rate of O3 formation. Zhao et al. (2021) confirmed the 107 

interactions between the two pollutants and called for their concurrent control following an 108 

analysis of 4-year observational data in China. Li et al. (2019b) proposed aggressive 109 

reductions of nitrogen oxide (NOx) and volatile organic compound (VOC) emissions to 110 

control air pollution in the NCP following analysis of summer O3 surface data collected 111 

during 2013–2018. Gong et al. (2021) utilized the Community Multiscale Air Quality 112 

(CMAQ) model at a 12-km resolution to trace the precursors of PM2.5 and O3; exploring the 113 

regional effects of pollution transport on the interaction among the PM2.5 and O3 from cities in 114 

the Yangtze River Delta (YRD) region. In addition, using the same CMAQ model, Li et al. 115 

(2021a) concluded that industrial and traffic emissions were the dominate sources of both 116 
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pollutants in the YRD. These findings have motivated further studies on the impact of 117 

precursors NOx and VOC emissions from traffic and industrial sources in China.  118 

Other studies have focused on quantifying the effects of model resolutions on air 119 

pollution simulations and health risks. A study conducted in the United States proved that a 120 

CMAQ model with finer resolution (4-km versus 12-km grid spacing) was better for 121 

estimating the effects on health in urban areas; the results for rural areas were comparable for 122 

both 4 and 12 km resolutions (Jiang and Yoo, 2018). Tao et al. (2020) found that finer-123 

resolution modeling could better capture and reproduce the temporal trends and magnitudes 124 

of meteorological conditions and air quality in Beijing. In contrast, a localized study 125 

indicated that grid resolution had little effect on PM2.5 and O3 simulations in the YRD (Wang 126 

et al., 2021). Liu et al. (2020) demonstrated that model resolution did not significantly 127 

improve predictions of PM2.5 and daily maximum 8-hour O3 in Nanjing. However, the spatial 128 

distributions of both pollutants were better captured by a finer resolution model, leading to a 129 

>20% difference in estimates of premature mortality due to O3 exposure (Liu et al., 2020). 130 

The impact of model resolutions on pollutant simulations and estimates of health risks has 131 

varied across different cities and regions (urban or rural). Consequently, exploring whether 132 

higher-resolution modeling techniques benefit model simulations for highly urbanized cities 133 

is of particular interest. 134 

Previous studies have typically used a coarse-resolution (>1 km) model and an 135 

observation-oriented method to explore pollution sources or estimate health impacts for O3 136 

and PM2.5 in the coupled systems (Li et al., 2021b; Silver et al., 2020). One study (Silveira et 137 

al., 2019) summarized a large number of coupled regional-to-local models that have been 138 

applied in urban regions worldwide; however, model calculation algorithms and assumptions 139 

have varied widely among other studies. The regional-to-local scale coupling system used in 140 

the current study follows the approach introduced in Hood et al. (2018) and Stocker et al. 141 

(2012). In this system, double-counting of local emissions is avoided by deducting local 142 

urban-scale modeling of all emissions, represented as grid sources, from the regional 143 

modeling of all emissions before adding street-scale local modeling with explicit and gridded 144 

sources. We balance the additional high-resolution emissions in the local urban-scale model 145 

by using a corresponding negative amount of emissions at the same gridding as the regional 146 

CMAQ model to emulate the effects of removing such emissions from the regional model 147 

grid. The coupled modeling system redistributes emissions within each of the regional grids 148 

for the purpose of running the local urban-scale model. The local modeling of road sources in 149 
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an Urban Atmospheric Dispersion Modelling System (ADMS-Urban) can include street 150 

canyon effects, which affect the predicted concentrations both inside and outside a canyon 151 

(Hood et al., 2021). In the ADMS model, the H/W ratio is considered in street canyons, 152 

where a street is flanked by buildings on both sides to form a canyon-like environment. The 153 

H/W ratio is defined as the average building height on both sides of the street canyon divided 154 

by the distance between the two sides. The ADMS-Urban street canyon module was designed 155 

to account for street canyons with higher H/W ratios than the popular Operational Street 156 

Pollution Model (OSPM) model, which was developed for H/W ratios around 1. Few studies 157 

have applied coupled regional and very high-resolution (street level) modeling techniques to 158 

investigate the traffic and industrial contributions to complex coupled O3 and PM2.5 issues 159 

through testing of emissions scenarios. A street-scale model that provides a detailed 160 

representation of the spatial variation of pollutant gradients has clear advantages in terms of 161 

calculating health exposure over previous studies that have applied regional or global models.  162 

Although urban-scale models have been used to investigate air pollution interactions 163 

in megacities, very few coupled model systems based on an ADMS-Urban and CMAQ 164 

models have been applied in the metropolitan region of the Greater Bay Area (GBA). Zhang 165 

et al. (2015) integrated the CMAQ model with the CALifornia PUFF (CALPUFF) model to 166 

simulate the contribution of SO2 concentrations from local emissions in the GBA region. A 167 

regional European Monitoring and Evaluation Program Unified Model for the UK 168 

(EMEP4UK) with a resolution of 5 km was coupled with ADMS-Urban to perform street-169 

level air pollutant simulations in London (Hood et al., 2018). Although ADMS-Urban was 170 

applied within the Sixth-Ring Road area in Beijing to simulate various pollutants (Biggart et 171 

al., 2020), it was not coupled with a regional model; instead the background concentration 172 

levels were adapted directly from measurement data and were assumed to be distributed 173 

uniformly across the model domain. As a result, our study is the first localized regional-to-174 

local scale model system that couples ADMS-Urban and CMAQ to assess the sensitivity of 175 

two pollutants to emissions from traffic and industrial sectors in the GBA. The motivation for 176 

targeting these two sectors is related to the importance of the O3 precursors, VOC and NOx, 177 

derived from the anthropogenic industrial and traffic sectors in the GBA, respectively. 178 

Consequently, assessing the impact of changes to emissions of NOx (and hence NO2) and 179 

VOCs is of particular interest. Section 2 of this paper describes the regional and local street-180 

scale model configurations and the sensitivity scenarios. The regional and local model 181 

simulation results and the model performance of selected monitoring stations are discussed in 182 
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section 3. Section 4 presents a discussion of the research findings, followed by the 183 

conclusions in section 5. 184 

2 Research Methods 185 

2.1 Model configuration  186 

Figure S1 shows a research framework for the CMAQ–ADMS-Urban air quality 187 

modeling system. The street-scale resolution ADMS-Urban dispersion model was coupled 188 

with the regional CMAQ model using the ADMS-Urban Regional Model Link (ADMS-189 

Urban RML) to investigate O3 and PM2.5 concentrations and the sensitivity of both pollutants 190 

to emissions from the traffic and industrial sectors. The ADMS-Urban RML is used to 191 

automatically prepare nested data from the regional model (CMAQ) and the meso-scale 192 

meteorological model (WRF) for the street-level ADMS-Urban model. ADMS-Urban inherits 193 

the concentration outputs from the CMAQ model as background concentrations at each 194 

modeled hour. Most of the slow reactions are considered by the CMAQ chemical reaction 195 

scheme. The ADMS-Urban model is specialized in capturing the fine concentration gradient 196 

and rapid chemical reactions when emissions are released from pollution sources, such as in 197 

traffic settings. Over time, the concentration gradient lowers; the CMAQ model can simulate 198 

regional transport and the associated chemical reactions. In addition to the CMAQ output, the 199 

following reaction sets are calculated by the ADMS-Urban model. For NOx–O3, the Generic 200 

Reaction Set (Malkin et al., 2016) is used with an extra reaction introduced, i.e., 2NO + O2 201 

=> 2NO2. For sulfates, sulfur dioxide is oxidized to particulates via the reactions 2SO2 + O2 202 

=> 2SO3, SO3 + H2O =>H2SO4, and H2SO4 + 2NH3 => (NH4)2SO4. 203 

The regional CMAQ model applied in this study is the same as that used to assess 204 

holistic emission control policies (Zhang et al., 2020), combined health effects (Zhang et al., 205 

2021a), and data assimilation of model bias corrections (Zhang et al., 2021b) in our previous 206 

publications. In terms of the regional model configuration, detailed settings are described in 207 

the aforementioned publications, and only key points are listed below. The Sparse Matrix 208 

Operations Kernels Emissions (SMOKE) model was used to process the localized bottom-up 209 

emission inventory, including industrial sources, mobile sources, power plants, residential 210 

sources, and marine sources in the GBA. The marine emissions were split into ocean going 211 

vessels, local vessels, and river vessels and were calculated using automatic identification 212 

system data. The emission inventory outside the GBA was adapted from Multi-resolution 213 

Emission (MEIC) data (Tong et al., 2020). As shown in Figure S2, four nested domains with 214 
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resolutions of 27 km (D1), 9 km (D2), 3 km (D3), and 1 km (D4) were utilized for the 215 

regional CMAQ model, and Domain 5 (6 km × 6 km), in an urban area of Guangzhou City, 216 

was chosen to drive the street-level ADMS-Urban model. The GBA includes Hong Kong 217 

(HK), Macau (MC), and the Pearl River Delta Economic Zone (PRD EZ), which includes 218 

nine cities; i.e., Guangzhou (GZ), Shenzhen (SZ), Foshan (FS), Dongguan (DG), Zhuhai 219 

(ZH), Zhongshan (ZS), Jiangmen (JM), Huizhou (HZ), and Zhaoqing (ZQ). The WRF 220 

domains are larger than the CMAQ domain by at least 3–5 grids to remove the boundary 221 

effects of the WRF model on the CMAQ model. The boundary conditions of the outermost 222 

D1 domain were obtained from a global chemical transport model GEOS-chem (Lam and Fu, 223 

2010); boundary conditions for the remaining nested domains D2–D4 were obtained from the 224 

respective mother domains. Outputs from the SMOKE and CMAQ models were used to drive 225 

the ADMS-Urban model. 226 

ADMS-Urban is a street-scale resolution, quasi-Gaussian plume dispersion model 227 

from the ADMS family, which has been widely applied worldwide to assess environmental 228 

impacts, mitigation strategies, and pollution concentration forecasts (Biggart et al., 2020; 229 

Carruthers et al., 1994; Hood et al., 2018; Lao and Teixidó, 2011). The model simulates the 230 

dispersion of pollutant emissions in urban areas by representing sources at high spatial 231 

resolution (primarily traffic and industry); modeling the influence of urban morphology on 232 

dispersion processes (street canyons, building density, tunnels, and road elevation); and 233 

applying simplified near-field chemical schemes. Sharp concentration gradients resulting 234 

from emissions released from sources such as traffic can be resolved in the model 235 

calculations and captured for output using the irregularly spaced receptor grid generated by 236 

the model. Spatially variable meteorological parameters from the Weather Research and 237 

Forecast (WRF) model, such as wind and surface sensible heat flux, have been used as inputs 238 

for the ADMS-Urban model to drive pollutant dispersion. “Background” pollutant 239 

concentrations, representing long-range pollutant transport, have been derived from the 240 

CMAQ model hourly simulation data. Owing to a lack of representative source parameters 241 

(stack heights, efflux parameters), industrial and power plant sources were coarsely 242 

represented in the regional model using appropriate factors to disaggregate emissions 243 

vertically, whereas an explicit road network was applied to distribute the ground-level traffic 244 

emissions in the ADMS-Urban model. Two sets of explicit traffic emissions were prepared: 245 

one set emulated the CMAQ grid concentrations that were distributed evenly across the 246 

traffic emissions model grid and extracted from the CMAQ model grids; the second set 247 
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redistributed the CMAQ grid traffic emissions into explicit high-resolution traffic emissions 248 

within the facilitated road network. The emulated ADMS-Urban concentrations using the 249 

evenly distributed grid emissions were reduced from the ultimate ADMS-Urban 250 

concentration calculations to avoid double-counting of emissions. The allocation formula for 251 

redistributing the traffic emissions is detailed in Biggart et al. (2020). The road length was 252 

determined and calculated on the basis of the CMAQ grids. Different weighting factors were 253 

given to different types of roads, but the same factors were assigned to different air 254 

pollutants. The road network data were obtained from the OpenStreetMap source 255 

(http://openstreetmap.org/), with some minor roads removed to reduce the computational 256 

costs. Urban morphology data, such as street canyon and building data, are lacking in the 257 

Guangzhou region; these could be considered in the coupled model in future if such data 258 

become available. Detailed descriptions of the methodology of coupling a regional model 259 

with ADMS-Urban are provided in previous publications (Hood et al., 2018; Stocker et al. 260 

2012).  261 

2.2 Sensitivity scenario design 262 

The control measures affecting emissions from the traffic and industrial sectors were 263 

applied in the regional CMAQ model over the PRD EZ, and explicit traffic emissions 264 

scenarios were applied to the road traffic network modeled in ADMS-Urban for the 265 

Guangzhou urban area. The provincial government in mainland China focuses largely on how 266 

the concentrations of air pollutants change if control measures are implemented in the PRD 267 

EZ; therefore, we assumed that there were no changes in emissions for HK and MC. The aim 268 

of the scenario was to investigate the concentration responses of local control measures. Four 269 

potential sensitivity scenarios were designed. As shown in Table 1, the Base case was a 270 

business as usual (BAU) scenario for both the regional CMAQ and local ADMS-Urban 271 

models. Evaluation of the system was performed for a historical period with readily available 272 

measurement data. Meteorological conditions influence the likelihood of O3 episodes. As 273 

higher concentrations were recorded in the spring and autumn of 2019, O3 episodes in April 274 

and May 2019 were chosen for the control measures scenario. Table 1 lists three control 275 

scenarios. As NOx and VOC are important precursors for O3 formation, the non-linear 276 

relationship between the precursors and O3 is of great importance. Because of the short 277 

lifetime of NOx, which is emitted mainly from the traffic sector, the half traffic case considers 278 

a 50% reduction in traffic emissions for all standard pollutants in the coupled modeling 279 

system. As the majority of anthropogenic VOC emissions come from the industrial sector, the 280 

http://openstreetmap.org/
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half industrial VOC case considers a 50% reduction in industrial VOC emissions only in the 281 

regional model, with BAU in the local model. The Both control case integrates the control 282 

measures in both the half traffic and half industrial VOC scenarios.  283 

2.3 Scenario emissions comparison 284 

It is important to place the “50% reduction” control measures in the context of total 285 

emissions. The main reason for halving the precursor emissions was to assess the sensitivity 286 

of the air pollutant concentrations to corresponding changes in emission. The brute-force 287 

method used in the sensitivity analysis would cause accuracy issues if small emission 288 

changes were applied (Clappier et al., 2017; Yarwood et al., 2017). A previous study 289 

(Tsimpidi et al., 2008) utilized the same strategy to assess fine particulate matter changes 290 

corresponding to halved NOx and VOC emissions in the United States. However, although 291 

PM2.5 concentrations were investigated in different regions, no analyses were conducted for 292 

specific sectors. Therefore, halving the precursor emissions in sensitivity analyses of air 293 

quality modeling is a typical and effective way to evaluate the sectoral concentration 294 

responses. A summary of the total annual anthropogenic NOx, VOC, and PM2.5 emissions for 295 

the regional model domain covering the central GBA is presented in Figure S3. Both the 296 

“point” and “area” emissions categories are considered to represent primarily industrial 297 

activities, with VOC emissions affected by the “half industrial VOC” control. Relative to 298 

total emissions, the maximum reduction in NOx is ~17%, and that for PM2.5 is only 5%. For 299 

VOCs, which are impacted by both control measures in traffic and industrial sectors, 300 

emissions are reduced by a much larger amount, 47%. Although the proportions of biogenic 301 

and anthropogenic VOC may vary in different seasons and environmental conditions (e.g., 302 

temperature, humidity), a previous study estimated that biogenic emissions represent nearly 303 

50% of China’s total VOC emissions (Cao et al., 2018). Therefore, biogenic emissions are 304 

likely to contribute substantially to VOC emissions in the GBA. As a result, the maximum 305 

VOC reduction due to control measures is likely to be closer to 25%. In terms of a reduction 306 

in traffic emissions, the modeled scenario corresponds to a reduction in vehicle numbers 307 

and/or driving distances, rather than to improvements in vehicle technologies. Although 308 

technological improvements (including the introduction of electric vehicles) may reduce 309 

vehicle exhaust emissions to zero, non-exhaust particulate emissions, such as brake and tire 310 

wear, are a direct result of vehicle activity. Consequently, non-exhaust vehicle emissions are 311 

not mitigated by improvements to engine technology, although there may be associated 312 

technological improvements in relation to non-exhaust emissions, such as regenerative 313 
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braking. Daily column emissions comparisons for NOx, VOC, and PM2.5 are provided in the 314 

supporting information (Figures S3–S9). We assumed no emissions control activities in HK, 315 

as this study focuses on evaluating how air pollution in the PRD EZ changes in response to 316 

local controls.  317 

3 Results 318 

The regional model was configured and run for April 1–May 31, 2019. The ADMS-319 

Urban model results were generated for the same period for the urban sub-domains developed 320 

as a demonstration area for this study; i.e., a 6-km × 6-km area in central Guangzhou. Period-321 

averaged concentrations were calculated. Both urban and rural locations were selected to 322 

illustrate variations in pollution. The period-averaged prediction is the hourly average value 323 

for the entire modeling period (April 1–May 31, 2019). This period was chosen owing to the 324 

occurrence of frequent O3 episodes, and the local government is particularly interested in 325 

exploring the mechanisms of occurrence in the Guangzhou urban area. A 1-week spin-up 326 

period was used.  327 

Statistical parameter performances (Table 2) and time series plots for typical 328 

monitoring stations (Figures S10–S12) in the GBA were analyzed to validate the base case of 329 

the regional CMAQ model at a 1-km resolution. Table 2 clearly shows that the CMAQ model 330 

obtains an acceptable level of accuracy for PM2.5 simulations (with mean fractional bias ≤ 331 

±0.6 and mean fractional error ≤ 0.75) according to the criteria proposed by Hu et al. (2016). 332 

The averaged O3 observation is 28.6 ppb, and the mean O3 simulation is 28.9 ppb, with an 333 

Index of Agreement (IOA) of 0.63. Although the CMAQ model underestimates NO2 334 

concentrations by 2.5 ppb, the IOA of NO2 is up to 0.57, and the root mean square error is 335 

around 10. Overall, the CMAQ model simulation is considered an acceptable input to drive 336 

the ADMS-Urban model. In addition to the capability of the CMAQ model to capture the 337 

main trend in the time series plots during the modeling period, Figures S13–S15 show the 338 

time series comparisons of the base case for both the CMAQ and ADMS-Urban models. 339 

Substantial improvement was observed during specific pollution episodes, which illustrates 340 

the advantages of coupled urban dispersion models.  341 

3.1 Regional model period-averaged air quality maps 342 

The regional CMAQ model was run for 2 typical months for the base case and the 343 

three sensitivity scenarios to drive the respective ADMS-Urban base case and corresponding 344 

sensitivity scenarios. The spatial concentration maps of the differences among the scenarios 345 
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show the concentration changes due to the designed halved emissions in different sectors. 346 

Figure 1 shows the simulated spatial concentration maps of period-averaged NO2 347 

concentrations from the regional CMAQ model, in which the half traffic case dominants by a 348 

substantial margin. Therefore, the traffic sector-related scenarios are selected to demonstrate. 349 

Figure 1a and b display the period-averaged NO2 concentrations for major PRD EZ cities for 350 

the base case and half traffic case, respectively, at a 1-km grid resolution. As expected, there 351 

were clear reductions in NO2 in Guangzhou and Shenzhen, especially for the road network, 352 

owing to the implementation of increased controls on emissions from the traffic sector in 353 

these two cities; the traffic sector is the dominant source of NO2. In terms of the spatial 354 

distributions illustrated in Figures 1a and b, NO2 concentrations are markedly higher in HK 355 

(south of Shenzhen), in industrial areas towards Guangzhou, and along shipping lanes than in 356 

the urban area in the GBA. Figure 1c quantifies the reductions in NO2 concentrations for the 357 

modeling period, which are as large as 5 ppb in central Guangzhou and Shenzhen.  358 

Figure 2 shows the simulated spatial distribution maps of period-average O3 359 

concentrations from the CMAQ model for major PRD EZ cities in the (a) Half traffic minus 360 

Base case; (b) Half industrial VOC minus Base case, (c) Both controls minus Base case; and 361 

(d) Wind Rose diagram showing regional wind directions. The Red shading indicates 362 

worsening O3 concentrations, and blue indicates improving conditions. Figure 2a relates to 363 

the effectiveness of the half traffic case. Owing to the substantial reduction in NOx 364 

concentrations (Figure 1c), the half traffic scenario leads to significant increases in O3 365 

concentrations in Guangzhou and Shenzhen, mainly from the traffic sector. A slight increase 366 

(>1 ppb) is observed in other areas, aside from upwind rural areas where an improvement 367 

(around 1 ppb) is noted. When the half traffic measures are implemented, the NOx 368 

concentrations drop substantially, leading to less NOx titration. Therefore, worsening O3 369 

concentrations are observed in urban areas of Guangzhou and in Shenzhen, especially near 370 

road networks. This phenomenon suggests a VOC-limited O3 formation regime in 371 

Guangzhou, which is consistent with the results of previous studies (Wang et al., 2019a; 372 

Zhang et al., 2020a). Conversely, in the rural areas to the northeast of the domain, i.e., 373 

downwind of the highly polluting areas in mainland China (outside the GBA), O3 374 

concentrations decrease in response to the controls because lower levels of oxidants (the sum 375 

of NO2 and O3) are present in the atmosphere. 376 

Figure 2b relates to the effectiveness of the half industrial VOC case on O3 377 

concentrations. We observe that O3 concentrations are reduced throughout the domain. This 378 
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verifies the importance of controlling VOC in areas susceptible to VOC-limited O3 379 

formation, such as Guangzhou and Shenzhen. The main reason for this observation is that the 380 

limited VOCs correspond to lower levels of RO2 radicals, causing excess NO to react with O3 381 

in the atmosphere, resulting in less O3 being generated. During this process, NO2 382 

concentrations drop owing to the decrease in RO2 radicals but then increase owing to the 383 

consumption of O3 by excess NO, producing more NO2. Therefore, the change in net NO2 384 

would be minimal. Figure 2b also shows that O3 concentrations are transported from upwind 385 

areas, highlighting the impact of regional transport on O3 concentrations. 386 

Figure 2c shows the contributions of the control cases in both the half traffic and 387 

industrial VOC cases simultaneously. Although the O3 concentrations in urban regions still 388 

increase owing to NOx controls, the magnitude of the increase is mitigated. In most locations 389 

outside the urban areas, the O3 concentrations are reduced. It is noteworthy that, in a large 390 

area of the domain (upper left locations in Figure 2c), the trend of O3 concentrations is 391 

inverted, changing from an increase in response to traffic controls to decreases in both control 392 

cases. This finding highlights the importance of coordinated controls for both traffic and 393 

industrial VOC sources. However, the trend in the downwind area (lower left corner of 394 

Figure 2c) remains positive, mainly because of the accumulation of transported O3, which 395 

indicates long-range transport of O3.  396 

Figure 3 shows the simulated spatial distribution maps of period-averaged PM2.5 397 

concentrations from the CMAQ model at a 1-km resolution in the: (a) Base case, (b) Half 398 

traffic case; and (c) Difference plot: Both controls minus Base case. Although the PM2.5 399 

emissions are not dominated by the traffic sector (Figure S3), a considerable reduction in 400 

PM2.5 concentrations is observed in the urban Guangzhou area and central Shenzhen, 401 

highlighting the strengthened traffic control measures implemented in mega-cities. We 402 

consider marine sources as being separate from traffic sources, which is why little change is 403 

observed along shipping routes in the half traffic case. The half industrial VOC case has a 404 

small impact on PM2.5, which will be discussed under the ADMS-Urban results (section 3.2). 405 

Figure 3c shows that both control scenarios lead to a considerable reduction in PM2.5 406 

concentrations across the mitigation domain, with reductions of up to 3 µg/m³ in central 407 

Shenzhen and Guangzhou, focused mainly on the road network.  408 

3.2 Street-level urban model variation of air quality maps. 409 
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Concentrations within the ADMS-Urban system in the Guangzhou urban region were 410 

calculated at a high spatial resolution (<10 m), specifically for traffic emissions. Hourly 411 

concentrations were obtained rather than average concentrations over the 2 months, as was 412 

done for the regional CMAQ model domain. For some pollutants, the resultant detailed, 413 

hourly air quality maps are consistent with the metrics included in Chinese air quality 414 

standards (i.e., the 160 µg/m³ standards for O3 concentrations, which are applicable in urban 415 

areas). Figure 4 shows the simulated high-resolution spatial distribution maps for NO2 416 

(Guangzhou domain) from the ADMS-Urban model in the: (a) Base case; (b) Half traffic 417 

case; (c) Half industrial VOC case; and (d) Both control case during an afternoon in May. 418 

High concentrations of NO2 are clearly observed on the road network. The largest hot spot 419 

occurs near the inner ring road and Haiyin Bridge, where traffic is heavy during afternoon 420 

peak times. NOx concentrations in the urban-scale model are determined by emissions 421 

sources, pollution dispersion, chemical reactions, and background concentrations. NOx has a 422 

short life cycle; therefore, it is derived mainly from local sources. The half traffic case in 423 

Figure 4b shows substantial decreases in NO2 concentrations throughout the urban domain 424 

owing to increasing traffic controls implemented in Guangzhou. The area with excessive NO2 425 

is significantly reduced. However, local NO2 concentrations do not change with variations in 426 

the reduced industrial VOC cases (Figures 4c). This is mainly because the ADMS-Urban 427 

model does not include explicitly industrial emissions, and less NO2 may be transported from 428 

the background regional CMAQ model. Therefore, the case with both controls (Figure 4d) is 429 

consistent with the reduced traffic case (Figure 4b).  430 

Figure 5 presents the simulated high-resolution spatial distribution maps of O3 431 

(Guangzhou domain) from the ADMS-Urban model in the middle of the day during May for: 432 

(a) Base case; (b) Half traffic case; (c) Half industrial VOC case; (d) Both control case. For 433 

the road network, O3 concentrations are lower than NO2 concentrations. As indicated earlier 434 

in relation to the regional model results, reducing traffic emissions increases the spatial extent 435 

of excessive O3 in urban areas owing to reduced NOx titration of O3 (Figure 5a vs. 5b). 436 

Conversely, reducing industrial VOCs leads to a reduction in the area of O3 exceedance 437 

within the local domain (Figure 5a vs. 5c). When both controls are applied in the local area 438 

(Figure 5a vs. 5d), the net effect is a slight increase in near-road O3 concentrations but a 439 

decrease in concentrations elsewhere. This is an interesting result that again demonstrates the 440 

importance of accounting for both regional and local dispersion and chemistry.  441 



manuscript submitted to GeoHealth Journal 

14 

 

The modeled PM2.5 concentrations reflect a different time of day, as the atmospheric 442 

conditions associated with PM2.5 pollution episodes differ from those associated with O3 and 443 

NO2. PM2.5 concentrations at 18:00 on April 17, 2019 are shown for all four scenarios in 444 

Figure 6. Although there is a very small relative reduction in PM2.5 emissions (Figure S3), the 445 

impact in urban areas is significant during this episode (Figures 6a vs. 6b), as this reduction 446 

relates to near-ground traffic sources. The change in industrial VOC emissions has little 447 

effect (Figure 6a and 6c) on PM2.5 concentrations. In our scenario, the negative impacts on 448 

PM2.5 on reduced industrial VOC emissions is mainly observed in the background regional 449 

CMAQ model, as the ADMS-Urban model has no explicit industrial sources in the reduced 450 

industrial VOC scenario. Reducing industrial VOC emissions will directly impact oxidant 451 

levels, thus impacting the formation of nitrate, sulfate, and secondary organic aerosols, which 452 

are important components of PM2.5. When VOC emissions are reduced by 50%, the level of 453 

oxidants in summer will increase, leading to increased sulfate or nitrate formation. However, 454 

organic matter will be reduced, as more secondary organic aerosol will be generated by 455 

increased VOC emissions. Therefore, the net change in PM2.5 would be small. This result is 456 

consistent with a previous study (Tsimpidi et al., 2008) indicating that controlling industrial 457 

VOC emissions may not be an efficient method of controlling PM2.5. The simultaneous 458 

control of PM2.5 and O3 is a complex issue, and mitigation strategies will vary between areas 459 

with different formation regimes (i.e., VOC-limited, NOx limited, or NH3-rich/poor) (Xing et 460 

al., 2019). NH3 emissions need to be considered to further mitigate PM2.5 concentrations in 461 

the PRD EZ, as NH3 has also been detected in eastern China, as well (Geng et al. 2019). 462 

3.3 Modeled concentrations at selected urban and rural locations 463 

This section discusses pointwise concentrations. Where possible, the locations 464 

considered relate to air quality measurement sites within the domain. Figure S2 shows the 465 

locations of the three reference monitors located within the coupled-system urban model 466 

domain of Guangzhou; in addition to other pollutants, NO2, O3, and PM2.5 concentrations 467 

were recorded at these sites. Figure 7 compares the modeled concentrations to the 468 

measurements recorded at these three locations, for the base case and three coupled model 469 

scenarios in addition to the base case regional model. Box plots of the short-term pollutant 470 

metrics are shown, including the daily maximum hourly NO2, daily maximum 8-hour rolling 471 

O3, and daily mean PM2.5. As this is the first time the regional model concentrations have 472 

been presented alongside the coupled model concentrations, it is worth noting the differences 473 

in the concentrations obtained using the two modeling approaches. Specifically, for NO2 and 474 
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PM2.5 at most of the sites, the coupled system predicts higher concentrations than the 475 

relatively coarse resolution regional model; for O3, the coupled system predicts lower 476 

concentrations. These differences are expected at the monitoring locations, which are 477 

strongly influenced by local road traffic source increments. The respective concentration 478 

changes at the selected monitoring stations in the various sensitivity scenarios are similar to 479 

the trend illustrated in the comparisons of the spatial concentration map. Figure 7a shows that 480 

the NO2 concentrations are derived mainly from the traffic sector. The effects of NOx 481 

titration on the O3 concentration in Figure 7b drive up the O3 concentrations; therefore, 482 

reducing industrial VOC emissions sources is more effective for O3 control, revealing a 483 

VOC-limited regime in this region.  484 

In terms of the differences in modeled concentrations for the three scenarios, across 485 

all sites, the maximum decrease in the median NO2 hourly metric owing to emissions controls 486 

is >11 µg/m³ at the roadside site, which corresponds to the implementation of traffic controls. 487 

In terms of O3, the maximum increase in the median value is >10 µg/m³ for the half traffic 488 

scenario. However, this increase is reduced to <7 µg/m³ when both controls are applied 489 

simultaneously. The decreases in the median PM2.5 is <2 µg/m³ for the low traffic scenario.  490 

It is of interest to quantify the decrease in O3 concentrations to the northeast of the 491 

model domain, as shown in Figures 2c. Unfortunately, data were unavailable for this rural 492 

location. Furthermore, the coupled system has only been configured for the example urban 493 

sub-domains in Guangzhou. Consequently, the only comparison to be made at this location is 494 

between concentrations calculated by the regional model. Concentration data for the location 495 

indicated by the white star in Figure 2 are presented in Figure 8; the metrics calculated for 496 

NO2, O3, and PM2.5 are the same as those presented in Figure 7. Of the three pollutants 497 

modeled at this rural location, the different emissions mitigation options only significantly 498 

alter the NO2 concentrations. This is unsurprising because Figure S3 shows that traffic 499 

emissions contribute a large proportion of the NOx emissions over the whole domain, so 500 

changes to NOx emissions are likely to impact NO2 concentrations in either rural or urban 501 

areas. Conversely, traffic makes up a relatively small proportion of primary PM2.5 emissions 502 

in rural areas, where ambient PM2.5 levels are more influenced by industrial point and area 503 

source emissions, in addition to the formation of secondary organic and inorganic particulate 504 

matter (Wu and Xie, 2018).   505 

In terms of O3, there is a relatively minimal reduction in terms of the median 506 

maximum 8-hour averaged concentrations resulting from the reduced VOC emissions 507 
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scenario. This is perhaps surprising when considering Figure 5 as, for the corresponding 508 

scenarios, decreases of tens of µg/m³ are shown throughout the urban model domain. To 509 

understand this, it is helpful to look at a time series of modeled O3 concentrations during an 510 

episode (Figure 9a). Here, we see that although there usually is very little difference in 511 

concentrations, the mitigation scenarios have a substantial impact in this rural location when 512 

O3 levels are at their highest (up to 15 µg/m³ for the 8-hour rolling average metric) and with 513 

greater hourly concentration differences (up to 25 µg/m³) over the same period. 514 

4 Discussion 515 

A regional-to-local scale coupled modeling system consisting of a regional CMAQ 516 

model (Zhang et al., 2020) and a street-scale ADMS-Urban model (Biggart et al., 2020) was 517 

implemented to explore the sensitivity of NO2, O3, and PM2.5 to controls on traffic sources 518 

and industrial VOC emissions in the GBA, at varied resolutions. The high-resolution 519 

concentration gradients (<10 m) have been cautiously resolved (Figures 4, 5, and 6) using 520 

specific traffic emissions, which aid the assessment of health impacts in densely populated 521 

urban regions (Schmitz et al., 2019). A growing number of studies using satellite instruments, 522 

land use regression models, or directly measured personal exposure have been conducted to 523 

obtain high-resolution spatial air pollution concentration maps (Apte et al., 2017), 524 

highlighting the importance of high-resolution (10–20 m) spatial datasets. Our coupled 525 

modeling system makes uses of a coarse regional model that provides time-varying 526 

background concentrations to drive street-level air dispersion models such as ADMS-Urban, 527 

which specializes in capturing rapid chemical reactions. The initial results of the presented 528 

Guangzhou case are promising, providing more information on NOx–O3 sensitivity that is 529 

consistent with findings from previous modeling studies (Chen et al., 2021; Ma et al., 2021; 530 

Wu et al., 2021; Zhang et al., 2021a,). This finding indicates that synergistic controls of NOx 531 

and VOCs are promising means for the simultaneous mitigation of PM2.5 and O3, consistent 532 

with the findings of Wu et al. (2021). By coupling the regional-to-local scale model, the 533 

background concentration fields play a key role in the spatial variations of urban modeling 534 

simulations (Figures 4c, 5c, and 6c). Further efforts to refine emissions in both the regional 535 

and urban-scale models are necessary, especially for more explicit emissions sectors. 536 

More stringent controls on industrial VOC emissions are found to be essential for 537 

inverting O3 concentrations from a worsening trend to a slight improvement (Figures 2b and 538 

4b). This finding sheds light on the importance of applying stringent VOC control measures 539 
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to the industrial sector in the near future. Previous studies (Chen et al., 2019; Mozaffar et al., 540 

2020) have shown the efficiency of O3 controls in response to different VOC/NOx ratios and 541 

varying O3 formation regimes. The effects of reducing these ratios should be further explored 542 

from a high-resolution perspective in light of the substantial influence of biogenic VOC 543 

emissions on climate change (Li et al., 2018).  544 

Urban/rural locations were selected for analysis of the relative changes in the metric 545 

of different pollutants during pollution episodes. The magnitude of these relative changes 546 

should be taken in the context of the metric considered: hourly values (i.e., NO2) demonstrate 547 

the greatest variations because the maximum differences at peak traffic times are quantified; 548 

conversely, for daily averaged values (i.e., for PM2.5), the impact of peak values is smoothed 549 

out by the inclusion of hours where pollutant concentrations may be dominated by regional 550 

rather than local air pollution. O3 episodes are currently of particular interest to government 551 

officials and stakeholders. Our modeling work has demonstrated while O3 concentrations 552 

increase in urban areas as a result of the mitigation options considered, O3 concentrations 553 

decrease in upwind areas. Inspection of the modeled pollutant concentrations at a rural 554 

location to the northeast of the modeling domain during an O3 episode shows that the 555 

concentrations were reduced by up to 15 µg/m³ for the 8-hour metric and up to 25 µg/m³ for 556 

the 1-hour metric.  557 

Although the implemented coupled CMAQ–ADMS-Urban modeling system is 558 

capable of resolving the fine concentration gradient near road networks in this study, several 559 

limitations remain to be further investigated in future studies. First, more complete emission 560 

sectors, such as point, industry, or residential sources, should be included to construct 561 

holistic, high-resolution concentration maps. Second, the urban domain should be further 562 

expanded to cover the whole GBA to obtain more complete measurements for model 563 

validation and exploration of photochemical mechanisms. Finally, the street canyon module 564 

and more detailed building data will most certainly benefit accurate calculations of the 565 

dispersion of air pollutants.  566 

5 Conclusion 567 

To address the challenges of controlling PM2.5 and O3 concentrations simultaneously 568 

using an ultrahigh spatial resolution approach, this study presents the regional air quality 569 

CMAQ model coupled to the street-scale ADMS-Urban model. This coupled system allows a 570 

thorough assessment of the impacts of halved traffic emissions and industrial VOC emissions 571 
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on ambient NO2, O3, and PM2.5 concentrations, creating a holistic representation of pollution 572 

mitigation at a range of spatial resolutions and highlighting the interactions between 573 

emissions, meteorological conditions, and O3 concentrations. Both the regional and urban-574 

scale models illustrate the VOC-limited O3 formation regime in Guangzhou and highlight the 575 

importance of synergistic control of NOx and VOC for mitigating O3 and PM2.5 pollutions, 576 

especially with regard to strengthening controls on industrial VOC sources. With coupling, 577 

the street-scale ADMS-Urban model resolves the sharp concentration gradients in the vicinity 578 

of road sources. Urban and rural locations in central Guangzhou are used as examples to 579 

better interpret the findings, which will be beneficial for government policymaking. 580 

Although the detailed mitigation pathways modeled here support the second phase of 581 

the Air Pollution Prevention and Control Action Plan—the Three-Year Action Plan for Clean 582 

Air—released by the State Council of China in 2018, further refinements will be required 583 

through future studies. Subsequent studies will benefit from analysis using a more 584 

comprehensive observational pollutant concentrations dataset; application of the model over 585 

larger urban areas in the region; and application of the coupled street-scale air quality 586 

modeling system to similar urban cities. In addition, a more advanced emission preparation 587 

methodology (Lam et al., 2021) could be applied to minimize the uncertainties associated 588 

with the emission inventory, and more elaborate emission sources could be modeled 589 

explicitly in the ADMS-Urban model; e.g., industrial stacks (Hood et al., 2018). As 590 

meteorological factors (e.g., wind) are of great importance to coupled model simulations 591 

(Wang et al., 2019b), improving the representation of urban morphological data in the model 592 

could improve baseline model biases. Finally, assessing reduction in the NOx/VOC radio in 593 

various areas of a city or in different cities should be cautiously assessed for efficient 594 

complex co-photochemical controls. 595 
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Table captions 1 

Table 1. Summary of the Scenarios for Data Assimilation. 2 

Table 2. Statistical performance of the CMAQ base scenario in Domain 4, at a resolution of 1 3 

km. The units of NO2 and O3 are ppb, the unit of PM2.5 is µg/m
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Table 1. Scenario design for the CMAQ–ADMS-Urban coupling system integrating the regional 29 

CMAQ model and local street-level ADMS-Urban model. 30 

Scenarios I. Base case II. Half Traffic case III. Half Industry 

VOC case 

IV. Both Control case 

Scenario 

description 

Business As 

Usual (BAU) 

50% reduction in traffic 

emissions 

50% reduction in 

industrial VOC 

emissions 

Scenarios II & III 

Regional 

CMAQ model 

emissions 

BAU 50% emission reduction in 

Mobile sector (all pollutants) 

50% emission 

reduction in VOC from 

Industrial sector 

50% emission reduction in a) 

mobile sector (all pollutants) 

and b) VOC emissions from 

the industrial sector  

Local street-

level model 

emissions 

BAU 50% reduction in emissions 

from explicitly defined road 

traffic sources   

BAU 50% reduction in emissions 

from explicitly defined road 

traffic sources   

 31 

 32 

 33 

 34 

 35 

 36 

 37 

 38 

 39 

 40 

 41 

 42 

 43 

 44 

 45 

 46 

 47 

 48 

 49 

 50 

 51 



3 
 

Table 2. Statistical performance of the CMAQ base scenario in regional model domain 4, at a 52 

resolution of 1 km. The units of NO2 and O3 are ppb, the unit of PM2.5 is µg/m
3
.  53 

 OBS Model IOA RMSE MNB MNE MFB MFE 

NO2 15.3 12.8 0.57 10.37 0.26 0.81 -0.19 0.61 

O3 28.6 28.9 0.63 18.51 1.32 1.63 0.18 0.61 

PM2.5  18.2 13.92 0.49 12.03 0.07 0.65 -0.25 0.57 
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