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Abstract 10 

Tropospheric ozone pollution has been a major environmental issue, and mitigation of this 11 

persistent problem requires a comprehensive understanding of the sensitivity of ozone to its 12 

precursors, i.e., nitrogen oxides (NOx) and volatile organic compounds (VOCs). Recent studies 13 

have proposed several “new” reactive nitrogen chemical processes, including additional sources 14 

of nitrous acid, heterogeneous uptake of dinitrogen pentoxide, and production of nitryl chloride. 15 

These processes significantly affect the budgets of radicals and NOx and hence the formation of 16 

ozone. In present study, we aim to investigate to what extent these processes alter the relationships 17 

between ozone and its precursors. A revised Weather Research and Forecasting model coupled 18 

with Chemistry incorporating the “new” nitrogen chemistry was adopted to simulate the ozone 19 

sensitivity regime in China in summer. The results showed that nitrogen chemistry changed the 20 

ozone sensitivity regime for approximately 40% of the simulated area with human influence, 21 

mostly from VOC-sensitive or NOx-sensitive regimes to mixed-sensitive regime. The nitrogen 22 

chemistry changed the isopleth plots of the ozone peak values for major cities, suggesting a 23 

different strategy for controlling ozone pollution. This study underscores the need to consider 24 

unconventional nitrogen chemistry in air quality models used in the design of ozone control 25 

strategies. 26 
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 27 

1. Introduction 28 

Ozone (O3) in the lower atmosphere has long been recognized as an air pollutant that adversely 29 

affects the health of human, the yields of crops, and the welfare of ecosystems.1-3 In the troposphere, 30 

O3 is formed by the photolysis of NO2 (R1 and R2), and the formed O3 then reacts with NO to 31 

produce NO2 (R3). This cycle of NO2–NO–O3 is commonly referred to as the null cycle of O3 32 

formation, because it does not result in the net production or destruction of any O3 molecules. In 33 

the presence of volatile organic compounds (VOCs), the hydroxyl (OH) radical initiates the 34 

degradation of the VOC to form the organic peroxy radical (RO2) and hydroperoxy radical (HO2), 35 

both of which transform NO into NO2 without consuming O3 (R4–R6), and the resulting NO2 36 

undergoes photolysis to generate O3 (R1 and R2).4  37 

NO2 + hν → NO + O3P (R1) 38 

O3P + O2 → O3 (R2) 39 

NO + O3 → NO2 + O2 (R3) 40 

OH + VOC → RO2 + H2O (R4) 41 

RO2 + NO → NO2 + HO2 + OVOC (R5) 42 

HO2 + NO → NO2 + OH (R6) 43 
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The scientific basis for controlling O3 levels lies in the sensitivity of O3 to the emission of its 44 

precursors (NOx and VOCs). The relationship of O3 to its precursors is determined by the source 45 

strength of ROx radicals (the sum of OH, HO2, and RO2) relative to that of NOx.
5-7

  The sources of 46 

ROx generally include the photolysis of O3 (R7) and oxygenated VOCs (OVOCs), e.g., HCHO 47 

(R8), and the sinks of ROx consist of the reaction of OH with NO2 (R9) and the reactions between 48 

the peroxy radicals (R10 and R11). When the NOx concentration is low, the ROx level is largely 49 

controlled by the reactions between peroxy radicals and it is relatively insensitive to changing NOx 50 

or VOC levels.8 Under this condition, the production of O3 is determined by the reactions of HO2 51 

and RO2 with NO (R5 and R6) and it increases almost linearly with increasing NOx emission. This 52 

condition is defined as the NOx-sensitive regime and it is common in rural areas.5 When the NOx 53 

emission is high, the ROx level is mainly controlled by the loss pathway via the reaction of OH 54 

with NO2 (R9). An increase in NOx emission results in a lower OH concentration and reduced 55 

production of RO2 and O3 locally. Under this condition, increased VOC levels lead to more VOCs 56 

reacting with OH and the higher production of RO2 and O3. Such a condition is defined as the 57 

VOC-sensitive regime and it often occurs in urban/industrial regions.5 According to the above 58 

understanding of the underlying cause of the split between the VOC-sensitive and NOx-sensitive 59 

regimes, any new emission source or atmospheric process that influences the relative abundance 60 

of radicals and NOx could potentially affect the determination of the O3 sensitivity classification 61 

and therefore the design of precursor control strategies. 62 

O3 + hν → 2OH (R7) 63 

HCHO + hν → 2HO2 + CO (R8) 64 

OH + NO2 → HNO3 (R9) 65 

HO2 + HO2 → H2O2 + O2 (R10) 66 

HO2 + RO2 → ROOH + O2 (R11) 67 

In the last decade, various sources of HONO, heterogeneous uptake of N2O5, and production of 68 

ClNO2 have been reported, which have significant influences on the budgets of ROx and NOx.
9 69 

The sources of HONO include direct emissions from traffic and soil and heterogeneous production 70 

on aerosol, ground, and ocean surfaces.10-14 The direct emission of HONO from soil adds NOx into 71 

the atmosphere. The formation of HONO by the heterogeneous processes reduces the NOx levels 72 

(R12–R14). The photolysis of HONO is the predominant source of the OH radical in the polluted 73 

troposphere and also serves to recycle NOx (R15).15 The heterogeneous chemistry of N2O5 and 74 
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ClNO2 consists of the heterogeneous uptake of N2O5 on the aerosol surface, production of ClNO2, 75 

and photolysis of ClNO2. The N2O5/ClNO2 process acts as one of the major loss pathways of NOx, 76 

one of the production source of HNO3, and the dominant source of the chlorine (Cl) radical, which 77 

reacts with VOC as OH radical leading to the production of ROx and O3 (R16–R18).16-19 This “new” 78 

nitrogen chemistry increases the ROx sources and alters the fate of NOx, thereby influencing the 79 

formation of O3 and its sensitivity to the precursors. 80 

2NO2 + H2O → HONO + HNO3 (R12) 81 

NO + HNO3 → HONO + NO2 (R13) 82 

NO + NO2 + H2O → 2HONO (R14) 83 

HONO + hν → OH + NO (R15) 84 

N2O5 + H2O + yCl− → (2−y)HNO3 + yClNO2 (R16) 85 

ClNO2 + hν → Cl + NO2 (R17) 86 

Cl + VOC → RO2 + HCl (R18) 87 

Because of the nonlinear nature of O3 chemistry, comprehensive mathematical tools, mainly 88 

chemical transport models (CTMs), have been used by the research community and regulatory 89 

agencies to investigate the O3 sensitivity regime and establish control strategies. This pioneering 90 

research was initiated in the early 1990s in the U.S. by Sillman and co-workers, who used 91 

photochemical models to examine the sensitivity of O3 concentrations to changes in the emissions 92 

of the precursors,5, 20, 21 and similar research was later carried out in other parts of the world. Liang 93 

et al. evaluated the sensitivity of O3 production in California using the Comprehensive Air Quality 94 

Modeling System with Extensions model (CAMx 22).23 Sillman and West conducted sensitivity 95 

simulations for Mexico City using the California Institute of Technology airshed model (CIT 24, 96 

25).26 The Community Multiscale Air Quality modeling system (CMAQ) was used to evaluate the 97 

O3 formation regime in China.27 Wang et al. also used CMAQ (v4.5) to investigate the O3 98 

sensitivity in the Pearl River Delta (PRD).28 Itahashi et al. used CMAQ (v4.7.113) to study the O3 99 

sensitivity regime in East Asia.29 Tie et al. applied the Weather Research and Forecasting model 100 

coupled with Chemistry (WRF-Chem v3 30) to evaluate the O3 regime in Shanghai (in the Yangtze 101 

River Delta, YRD).31 102 

The CTMs used in these previous O3 sensitivity studies, except for CMAQ v4.7.1, only considered 103 

the gaseous formation of HONO from the OH+NO reaction, which is negligible compared with 104 
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the direct emission and the heterogeneous formation of HONO,32 and the homogeneous hydrolysis 105 

of N2O5 with water vapor, which is negligible compared with the heterogeneous uptake of N2O5 106 

on aerosol surfaces.33 The CMAQ v4.7.1 model includes the heterogeneous uptake of N2O5 on 107 

aerosols to form nitrate, the heterogeneous formation of HONO on aerosol and ground surfaces, 108 

and the direct emission of HONO from traffic sources, but it does not consider the source of HONO 109 

from soils and oceans, the heterogeneous production of ClNO2, or the gas-phase chemistry of the 110 

Cl radical with VOCs. Recent modeling studies have suggested significant influences of the 111 

additional HONO sources, ClNO2 production, and subsequent Cl chemistry on the ambient 112 

concentrations of radicals and NOx and the ozone production.9, 32-36 It would be of great interest to 113 

explore whether and to what extent these “new” nitrogen chemical processes affect the simulations 114 

of ozone and precursor relationships and thereby the ozone precursor control strategies due to 115 

changes in the levels of radicals and NOx. 116 

In this study, we adopted an updated WRF-Chem model,9 which incorporates all of the reported 117 

emissions/productions of HONO, the heterogeneous uptake of N2O5, the production of ClNO2, and 118 

the gas-phase chlorine chemistry. The impact of the nitrogen chemistry on the levels of ROx 119 

radicals and NOx and the relationship of O3 to its precursors were investigated. We then explored 120 

the implications of these results for the design of control strategies based on the isopleth of O3 121 

derived from the sensitivity simulations. 122 

2. Model experiments 123 

The original WRF-Chem (v3.6.1) and a revised version of WRF-Chem were utilized in this study. 124 

The original model includes the gaseous formation of HONO from OH and NO and the gaseous 125 

reaction between N2O5 and water vapor, but not the emission of HONO from traffic and soil, the 126 

heterogeneous formation of HONO from surfaces, the heterogeneous uptake of N2O5, subsequent 127 

production of HNO3 and ClNO2, nor the gas phase chlorine chemistry. The Reactive Nitrogen 128 

Oxides Mechanism (ReNOM), which considers the “new” chemistry of HONO and N2O5/ClNO2, 129 

was implemented in the CBMZ_MOSAIC chemical module in WRF-Chem.9 The incorporated 130 

HONO chemistry included the direct emissions of HONO from traffic exhaust and soil bacteria 131 

activity, and the heterogeneous production of HONO on ground, ocean, and aerosol surfaces, while 132 

the added N2O5/ClNO2 chemistry consisted of the heterogeneous uptake of N2O5 on aerosol 133 
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surfaces, subsequent heterogeneous production of ClNO2, photolysis of ClNO2, and the gaseous 134 

reactions of the Cl radical and VOCs.9 The revised model increases and has improved the 135 

prediction of O3 in East China; the reader is referred to Zhang et al. for the details of the model 136 

development and validation.9 137 

For this study, we followed Zhang et al. in the emission inventories of the routine air pollutants, 138 

the setting of domain, and the selection of the chemical and physical parameterizations, e.g., 139 

boundary layer scheme, land surface scheme, etc.9 The emission inventories used in this study 140 

include the Multi-resolution Emission Inventory for China (MEIC; http://meicmodel.org/) from 141 

2013 and the emission inventory for Asia (MIX; http://meicmodel.org/) from 2010, both of which 142 

have a resolution of 0.25° × 0.25°.9 For the chlorine source, Zhang et al. used the Reactive Chlorine 143 

Emission Inventory (RCEI37), which was the only emission inventory available for East Asia at 144 

that time and was compiled for the year 1990 with a coarse resolution (1° × 1°).9 For this study, 145 

we used an updated chlorine emission inventory for 2013 with a higher resolution (0.25° × 0.25°), 146 

and the reader is referred to supplement S2 for the details of this updated inventory. We adopted 147 

the parameterizations of dust emission and sea salt emission provided by the WRF-Chem model.38 148 

The simulations were run with one domain which has a horizontal resolution of 27 Km and 31 149 

vertical layers with 8 layers within 1000 m above ground level. The relatively coarse grid 150 

resolution is adopted due to the spatial resolution of the emission inventory (0.25°, ~25 Km) and 151 

the large geophysical domain under study. The limitation of using such grid size is discussed in 152 

section 3.3. The final analysis data obtained from the National Centers for Environmental 153 

Predictions (NCEP) were used as the initial and boundary meteorological data 154 

(https://rda.ucar.edu/datasets/ds083.2/). The output from the Model for Ozone and Related 155 

Chemical Tracers model was used as the initial and boundary chemical data.39 156 

The original WRF-Chem (Base) and the updated WRF-Chem (ReNOM) were run for one-month 157 

(July 2014) for the domain of East Asia with 100% NOx and 100% anthropogenic VOC (AVOC) 158 

emissions, as shown in the emission matrix (the blue square in Fig. S1). The differences in the ROx 159 

and NOx levels between the Base and ReNOM cases represent the effect of the nitrogen chemistry 160 

on these species, as discussed in Section 3.1. Sensitivity runs were then conducted using the Base 161 

and ReNOM models over the same period by reducing the AVOC or NOx emissions by 50%, as 162 

suggested by Sillman and West and shown in the emission scenarios matrix (the red triangles in 163 

http://meicmodel.org/
http://meicmodel.org/
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Fig. S1).26 The Base, Base-50%NOx, and Base-50%AVOC cases were used to determine the 164 

sensitivity of O3 production with the original model. The differences between O3 in the ReNOM 165 

and ReNOM-50%NOx or ReNOM-50%AVOC cases were used to assess the O3 sensitivity using 166 

the revised WRF-Chem model. The results are shown in Section 3.2. 167 

To investigate whether the inclusion of the aforementioned chemical processes significantly 168 

changed the ozone isopleth for the major cities of China, sensitivity simulations were undertaken 169 

with the Base and ReNOM models for three days (July 28–30, 2014; during which the O3 170 

concentrations were elevated in East China) by reducing the NOx and/or AVOC emissions by 0%, 171 

25%, 50%, 75%, or 100% (in total 25 cases), as depicted in the emission scenarios (the black 172 

crosses in Fig. S1). The peak O3 concentrations for the large cities in the North China Plain (NCP) 173 

and YRD, including Beijing (BJ), Tianjin (TJ), Shijiazhuang (SJZ), Jinan (JN), Zhengzhou (ZZ), 174 

Hefei (HF), Nanjing (NJ), and Shanghai (SH), were used to generate the O3 isopleth figure, which 175 

was applied to design the O3 control strategy (Section 3.3). 176 

3. Results and discussion 177 

3.1 Simulation of HONO and ClNO2 and their effects on ROx and NOx 178 

The simulation based on WRF-Chem with the “new” nitrogen chemistry (ReNOM case) showed 179 

elevated concentrations of HONO (average of 1h daily maximum > 1 ppb) at the surface over the 180 

five city clusters (NCP, YRD, PRD, central China (CC), and the Sichuan Basin (SCB)), as shown 181 

in Fig. 1a. The simulated ClNO2 concentrations were concentrated over the NCP, YRD, CC, and 182 

SCB (average of 1h daily maximum > 0.3 ppb) at ground level (Fig. 1b). The simulated ClNO2 183 

level was at low level in another urban cluster, PRD, whereas the highest ClNO2 level was 184 

observed in the PRD region in the winter of 2013,40 which is probably due to the seasonal 185 

difference in meteorological conditions (summer and winter) as suggested by Zhang et al.9 The 186 

HONO level simulated using the Base case was negligible (data not shown), and there was no 187 

ClNO2 in the Base case. The use of the ReNOM model indicated significantly higher levels of 188 

HONO and ClNO2. 189 

The addition of the HONO and N2O5/ClNO2 chemistry substantially changed the simulated 190 

photochemical characteristics over East Asia. The simulated daytime-averaged levels of ROx 191 
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radicals increased across the domain mostly by 2-10 ppt and with a maximum increase of 20.5 ppt 192 

(~54.9%) for the ReNOM case compared with the Base case (Fig. 2a and b), due to the increased 193 

sources of radicals in ReNOM case. The areas with significant increases in the ROx levels were 194 

mostly over the city clusters, especially the NCP and YRD, because the increases in the HONO 195 

and ClNO2 levels were mostly over urban areas, particularly in these two clusters. The simulated 196 

NOx concentrations were generally 2-5 ppb and with a maximum of 12.7 ppb (~15.3%) lower in 197 

most of the region in the ReNOM case (Fig. 2c and d), mainly because the N2O5/ClNO2 chemistry 198 

reduces the NOx level. The photolysis of HONO and ClNO2 recycled the NO/NO2 and hence 199 

partially offset the removal of the NOx. The impact of the HONO and N2O5/ClNO2 chemistry on 200 

the ROx and NOx levels in the PRD was smaller compared with that in the NCP and YRD, because 201 

the simulated HONO and ClNO2 concentrations were lower in the PRD during summer. 202 

3.2 Impact of the nitrogen chemistry on the determination of O3 sensitivity 203 

The effect of the nitrogen chemistry on the O3 sensitivity to its precursors can be determined by 204 

comparing the differences in O3 concentrations between the simulations with the original 205 

emissions and the simulations with reduced NOx/AVOC emissions.26 The changes in the simulated 206 

O3 concentrations due to the reduced NOx/AVOC emissions are shown in Fig. 3, in which we used 207 

the daytime-averaged O3 concentrations (10:00–17:00, local time). For the Base case, the reduced 208 

NOx level led to an O3 increase over urban areas and a decrease in rural regions with no significant 209 

changes observed over remote areas and ocean (Fig. 3b). The reduced AVOC emissions resulted 210 

in decreased O3 levels, mostly over urban areas (Fig. 3c). The pattern of O3 changes was reshaped 211 

in the ReNOM case (Fig. 3e and f). In particular, the region with the O3 increase due to the NOx 212 

reduction significantly shrunk in the NCP and YRD and modestly altered in the PRD. 213 

To quantitatively evaluate the effect of the nitrogen chemistry on the O3 sensitivity, the definitions 214 

of O3 sensitivity regimes proposed by Sillman and West were adopted, namely, NOx-sensitive, 215 

VOC-sensitive, mixed-sensitive, NOx-titration, and no sensitivity.26 Briefly, a location is defined 216 

as NOx-sensitive region (VOC-sensitive region) where the O3 change in response to reduced NOx 217 

(VOC) emission is larger than that to reduced VOC (NOx) emission, while a place is regarded as 218 

mixed-sensitive region if the O3 change due to reduced NOx and VOC emission are comparable. 219 

Please see the supplement S3 for the details of these definitions. The determined O3 sensitivity 220 

regime in East Asia in the Base case is shown in Fig. 4a and Table 1. The majority of the area 221 
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(mostly remote regions and ocean) in the modeling domain showed no sensitivity to the precursor 222 

emissions in the Base case. For the grids influenced by the anthropogenic emissions, the NOx-223 

sensitive grids dominated the rural areas, whereas the urban areas (where the NOx concentration 224 

is elevated in Fig. 2c) were mostly determined to be VOC-sensitive, and the suburban regions were 225 

diagnosed as mixed-sensitive regions. The NOx-sensitive grids accounted for 63.1% of the areas 226 

with intense human influence, whereas the proportions of mixed- and VOC-sensitive grids were 227 

16.9% and 19.7%, respectively, and the NOx-titration regime only appeared in a few grids. The 228 

simulated O3 regime simulated in the Base case is consistent with the previous studies, which used 229 

the model without the comprehensive nitrogen chemistry. Liu et al. used the CMAQ model to 230 

study the O3 sensitivity through emission reduction sensitivity runs and suggested the occurrence 231 

of VOC-sensitive characteristics in the urban areas and NOx-sensitive characteristics in other 232 

regions in China.27 Li et al. also applied CMAQ to study the O3 formation regime in the YRD and 233 

concluded that the urban area of Shanghai was a VOC-sensitive region whereas the rural area was 234 

a NOx-sensitive region.41 Furthermore, Tie et al. reported a strong VOC-sensitive regime for 235 

Shanghai and its surrounding region based on simulations using the WRF-Chem model.31 Wang 236 

et al. performed sensitivity studies of O3 formation for the PRD using the CMAQ, and the results 237 

suggested VOC-sensitive features in the central PRD and NOx-sensitive characteristics in the 238 

southwestern PRD.28 239 

The addition of the HONO and N2O5/ClNO2 chemistry showed some effects on the O3 sensitivity 240 

regime in East Asia (Fig. 4b and Table 1). The percentages of NOx-sensitive and VOC-sensitive 241 

regions dropped to 57.6% (from 63.1%) and 17.2% (19.7%), respectively, while that of mixed-242 

sensitive regions increased considerably to 24.9% (from 16.9%), compared with the results from 243 

the Base case. The grids assigned as the NOx-titration regime remained negligible in the ReNOM 244 

case. In the urban areas, the sensitivity of O3 to the emissions of its precursors was mostly VOC-245 

sensitive in the Base case, but a significant portion changed to the mixed-sensitive regime after 246 

considering the nitrogen chemistry. These changes were due to (1) the increased levels of radicals 247 

in the urban atmosphere and hence the increased levels of VOC oxidation, and (2) the reduced 248 

levels of NOx and hence a decrease in the NOx titration effect. In the regions where high levels of 249 

non-anthropogenic (soil and ocean) sources of HONO were simulated, the grid changed from the 250 

NOx-sensitive regime in the Base case to the mixed-sensitive (coastal regions), VOC-sensitive 251 

(urban Japan), or no sensitivity (rural Taiwan and Japan) regimes. This result was probably due to 252 
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the additional HONO increasing the NO levels in the atmosphere, which reduces the dependence 253 

of O3 formation on the NOx level. Overall, the consideration of the HONO and N2O5/ClNO2 254 

chemistry led to changes in the simulated O3 sensitivity for approximately 40% of the areas 255 

influenced by anthropogenic emissions, and an increase of the areas in the mixed-sensitive regime. 256 

3.3 Implications for ozone control strategies 257 

Here we conducted 50 sensitivity simulations with the original and updated WRF-Chem models 258 

by reducing the NOx and/or AVOC emissions by 0%, 25%, 50%, 75%, or 100% for July 28–30, 259 

2014, during which the O3 levels in East China were elevated, with average simulation of daily 260 

maximum O3 concentrations in the NCP and YRD of 145.6 ppb and 108.3 ppb, respectively. The 261 

isopleths of the average daily maximum values of O3 concentrations from the 50 sensitivity runs 262 

with the Base and ReNOM models are shown in Fig. 5 for eight major cities in the regions where 263 

the nitrogen chemistry showed a strong influence during the simulation period, i.e., the NCP and 264 

YRD, including BJ, TJ, SJZ, JN, ZZ, HF, NJ, and SH. We used 9 grids (3x3 grids, i.e. 81x81Km2) 265 

to represent each city. The general locations of these cities were shown in Fig 4.  266 

For the Base case, the simulated O3 values with 100% NOx and 100% AVOC emissions for six 267 

out of the eight cities, except for ZZ and HF, were above the ridge line (i.e., strong VOC-sensitive). 268 

If only NOx control is implemented, these six cities would be expected to experience an increase 269 

of O3, the so-called “NOx disbenefit”, before the decrease of O3 (Fig. 5), highlighting the nonlinear 270 

relationship of O3 production and NOx emission in urban areas. If only the AVOC emission is 271 

reduced, the peak values of O3 concentrations in the urban areas would be reduced, but the overall 272 

production of O3, which is determined by the NOx emission, would remain the same.5 An effective 273 

strategy in these regions would be to implement NOx and AVOC control in parallel, and the 274 

NOx:AVOC reduction ratio should be designed according to the O3 isopleth to avoid the negative 275 

effects of NOx reduction.42 276 

For the ReNOM case, the pattern of the O3 isopleth was clearly altered upon considering the 277 

additional nitrogen chemistry. The O3 concentrations with 100% NOx and AVOC emissions were 278 

mostly on or near the ridge line (i.e., mixed- or slightly VOC-sensitive). Seven out of the eight 279 

cities (except for SH) would not experience the NOx disbenefit with the reduction of NOx, 280 

suggesting that the negative effect of NOx reduction is lower than previously predicted without the 281 
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new nitrogen chemistry. Moreover, reductions in either NOx or AVOC emissions would decrease 282 

the O3 levels in these cities in the NCP and YRD, which permits more flexibility when designing 283 

the control strategies. Our result from the comprehensive model is supported by a previous 284 

observation-based study in Beijing, which indicated a transition (mixed-sensitive) regime based 285 

on field measurements and box model calculations at an urban site.43 Therefore, we conclude that 286 

consideration of the new chemical processes would not only improve air quality models for 287 

simulating the budgets of radicals and NOx and the production of ozone9 but may also alter the 288 

simulated sensitivity of ozone to its precursors and thereby have important implications for the 289 

design of O3 control strategies. One such implication, as demonstrated by the simulation of one 290 

summer episode in the present study, is that controlling NOx may be more effective than previously 291 

thought for mitigating O3 pollution in urban areas of East China. Apart from alleviating O3 292 

pollution, reducing NOx emissions will also decrease NO2 and nitrate aerosol, of which the latter 293 

is an important contributor to PM2.5 levels in many cities in East China.44-47  294 

The present work focuses on China and on a summer season. More studies are needed on the 295 

effects of controlling NOx emissions in different regions and seasons, and to this end we 296 

recommend that air quality models should include the newly reported nitrogen chemical processes. 297 

Our study adopted a relatively coarse grid resolution (27Km), in view of a large region of study 298 

and access to an emission inventory of 0.25 degree resolution. A previous modeling study, Cohan 299 

et al., has shown some dependence of O3 sensitivity on the grid resolution and that with finer 300 

resolution, the NOx emission is more intense in the grids with large NOx sources, e.g. urban or 301 

industrial regions, and the O3 formation is more limited by the AVOC in these grids.48 If an 302 

emission inventory of higher resolution were available for our study, the O3 formation would be 303 

more limited by AVOC in the domain with finer grids than that with coarser grids. The HONO 304 

level in the finer grids would be higher than that in coarse grids, considering that the direct 305 

emission and heterogeneous production of HONO on surfaces would be more intense with higher 306 

NOx emission. Therefore, the influence of nitrogen chemistry on O3 sensitivity in urban/industrial 307 

regions would likely be larger in the domain with finer grids compared to what is observed in the 308 

present work, and more urban/industrial areas would become mixed- or NOx-sensitive regimes. It 309 

would be of great interest to perform simulations with finer resolution emission inventories in 310 

future research.  311 
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Table 1. The areas (model grids) and the proportions of the O3 sensitivity regimes in East Asiaa 312 

 Base ReNOM 

 grid 

(27*27 km2) 
percentage 

grid 

(27*27 km2) 
percentage 

NOx-sensitive 4363 63.1% 3647 57.6% 

mixed-sensitive 1171 16.9% 1577 24.9% 

VOC-sensitive 1359 19.7% 1087 17.2% 

NOx-titration 18 0.26% 22 0.35% 

a. Note that this table excludes the model grids with no-sensitivity which account for 21144 grids and 21722 313 

grids for Base and ReNOM cases, respectively.  314 

 315 

Fig. 1. Average of 1h daily maximum concentrations of (a) HONO (ppb) and (b) ClNO2 (ppb) at ground 316 

level simulated using the ReNOM model with 100% NOx and AVOC emissions for July 2014. 317 
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 319 

Fig. 2. The daytime average (10:00–17:00) concentrations of (a) ROx radicals (ppt) and (c) NOx (ppb) using 320 

the Base model, and the impacts of nitrogen chemistry on the (b) ROx radicals (ppt) and (d) NOx (ppb) for 321 

July 2014. 322 
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 323 

Fig. 3. Simulated daytime average O3 in July 2014 using the (a) Base and (d) ReNOM models; the changes 324 

in the O3 levels upon a 50% reduction in the NOx levels in the (b) Base and (e) ReNOM models; and the 325 

changes in the O3 levels upon a 50% reduction in the VOC levels in the (c) Base and (f) ReNOM models. 326 
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  327 
Fig. 4. The determined O3 sensitivity regimes for East Asia using the (a) Base and (b) ReNOM models, and 328 
(c) the changes in simulated O3 sensitivity for this region upon considering the nitrogen chemistry. The 329 
triangles represent the locations of the eight major cities in the NCP and YRD.  330 



- 16 - 

 

 331 

Fig. 5. The simulated isopleth of peak O3 concentrations for BJ, TJ, SJZ, JN, ZZ, HF, NJ, and SH using the 332 

Base and ReNOM models. The blue and green lines represent the ridge lines of the isopleth. 333 
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