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Abstract: Tropospheric ozone pollution is a critical air quality concern in China. 60 

However, the most effective mitigation approach remains unclear, with prioritizing the 61 

reduction of volatile organic compounds or nitrogen oxides (NOX) currently still under 62 

debate. Here, we analyze observational measurements of ozone in August, and its 63 

precursors, from urban Beijing between 2006 and 2020. We show that despite a 64 

continuous increase of the primary atmospheric oxidant (hydroxyl radical, OH), ozone 65 

increased until 2014 and then decreased. This ozone trend can be explained by changes 66 

in OH turnover rate, primarily determined by the reactivity ratio between volatile 67 

organic compounds and NOX. Overall, reactive abatement of volatile organic 68 

compounds should be a near-future priority for ozone pollution control in China, 69 

followed by further NOX controls. 70 
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During past decades China experienced rapid industrialization, which brought 82 

economic advantages, but also caused significantly deteriorated air quality 1, 2. 83 

According to WHO guidelines, ozone (O3) and fine particulate matter with a diameter 84 

of less than 2.5 micrometers (PM2.5) are the chief hazards of China's air pollution 3. 85 

Over the past decade, China launched the toughest-ever clean air policy in the country 86 

4. These efforts, by reducing emissions of primary pollutants such as VOCs, NOX, SO2 87 

and others, improved PM2.5 air quality 4, 5. However, O3 continued to increase and only 88 

began to stabilize at a later stage 2, 6. This contrasts with the generally decreasing O3 89 

trend in Europe and North America due to continuous reductions of VOCs and NOX 90 

emissions since the 1990s 7, 8, 9, 10. The causes of the contrasting trends and adverse O3 91 

pollution trends in China are still not well understood, representing a grand challenge 92 

for O3 pollution control and development of effective strategies for continued air quality 93 

improvement. Several studies have devoted efforts to explore the causes of rising O3 94 

levels in Beijing, a typical megacity in China. Wang and Zhang et al reported that the 95 

local photochemistry driven by VOCs and NOX emissions plays a vital role in 96 

determining O3 trend in the city 11, 12, 13. Other research has evaluated the impact of 97 

meteorological variability on the long-term trend of O3 in Beijing 14, 15, showing a minor 98 

effect of meteorological variability compared to variations in anthropogenic emissions. 99 

Tropospheric O3 is directly produced from photolysis of nitrogen dioxide (NO2). 100 

NO2 can be produced during the gas-phase oxidation of NO by peroxyl radicals, which 101 

are produced from the oxidation of VOCs by hydroxyl (OH) radicals 16. We 102 

demonstrate that the dependence of OH radical cycling on ambient NOX and VOCs 103 



concentrations is key to understanding the O3 trend in China and the contrast in O3 104 

trends between China and other regions. 105 

Trends of O3 and its precursors in Beijing 106 

Beijing is one of the megacities in China, suffering from severe O3 pollution. The 107 

implementation of emission reductions in Beijing began earlier and has been more 108 

stringent than in other cities in China 17, which provides a good opportunity to study 109 

the response of O3 pollution to precursors’ abatements from a long-term perspective. 110 

The experience of Beijing can serve as a model for other cities in China that still suffer 111 

from rapidly increasing O3. This study is based on August measurements in Beijing 112 

from 2006 to 2020, which is the most comprehensive, long-term observational data set 113 

of O3 and its precursors VOCs and NOX that is available in China (Methods M1; 114 

Extended data Table 1). Although the O3 concentrations in August are not the highest 115 

in summer, they are not much different from other months of the O3 pollution season 116 

(May to August) (Extended data Fig. 1). The highest O3 concentration occurred in June 117 

and July with mean maximum daily 8-hour average (MDA8) O3 concentration of 80 118 

ppbv during 2014-2020, which is higher than that in August by 9 ppbv. 119 

Given that variations in meteorological and other physical conditions can affect 120 

O3 trends, we use a multiple linear regression method to remove the impact of 121 

photolysis frequencies, temperature, relative humidity, wind speed and wind direction 122 

on O3, thereby obtaining a normalized O3 (Methods M2) 18, 19. Figure 1B shows that 123 

mean MDA8 O3 concentrations in August increased before 2014, and then decreased in 124 



the following years. The normalized O3 also shows a non-monotonic trend, with a 125 

smaller increase before 2014, compared to the mean MDA8 O3 concentrations (Fig. 126 

1D). Similar variable trends are also found for other secondary oxidation products such 127 

as formaldehyde (Extended data Fig. 2).  128 

Figure 1A shows the changes in OH reactivity of NOX and VOCs (NOX
R and 129 

VOCR) based on August measurements in Beijing from 2006 to 2020. NOX
R and VOCR 130 

are defined as the concentration of NOX and VOCs multiplied by their respective 131 

reaction rate coefficients with OH (CO is included in the calculation of VOCR as 132 

detailed in Supplementary S2). Both NOX
R and VOCR show consistently decreasing 133 

trends, confirming the effects of emission controls reported in earlier studies 4, 20. 134 

Clearly, the trend of O3 precursors is distinct from that of O3. 135 

To understand the relationship between OH radical cycling and the O3 trend, we 136 

first investigate the ratio VOCR/NOX
R where VOCR and NOxR represent the main 137 

production and sink terms of OH radicals, respectively 21, 22. VOCR acts as a production 138 

term because the reaction of VOCs with OH produces peroxyl radicals and oxygenated 139 

VOCs (OVOCs) which will increase OH through recycling and amplification of OH 23, 140 

24. It is notable that the trend of VOCR/NOX
R

 (Fig. 1C) is similar to that of normalized 141 

O3; both remained approximately constant before 2014, and then decreased rapidly after 142 

2014. The rapid decrease in VOCR/NOX
R after 2014 is attributed to decreases in 143 

industrial emissions with high emission ratios of VOC to NOX and in solvent usage 17 144 

under the more rigorous emissions standards implemented during the clean air action 145 

plan in 2013-2020 4, 20. As shown in Fig. 1A, compared to an almost constant decreasing 146 



trend of NOX
R

 (-3.4% yr-1, r2=0.66), VOCR decreased faster after 2014 (-7.6% yr-1, 147 

r2=0.68) than before 2014 (-3.0% yr-1, r2=0.45). In addition to Beijing, the similarity of 148 

trends between VOCR/NOX
R

 and normalized O3 is also seen in other Chinese urban 149 

areas such as Shanghai in the Yangtze River Delta and Hong Kong in the Pearl River 150 

Delta (Extended data Fig. 3); however, in contrast to Beijing these two variables have 151 

consistently increased in Shanghai from 2011 to 2019 and in Hong Kong from 2013 to 152 

2019, rather than showing recent decreases.  153 

The relationship between OH radical cycling and the O3 trend 154 

To gain a deeper insight, we investigated the detailed radical cycling and 155 

photochemistry by applying an advanced box model based on the updated Master 156 

Chemical Mechanism v3.3 chemistry scheme (MCM 3.3) 25. This model is constrained 157 

by the comprehensive observations and accounts for the diurnal evolution of the 158 

planetary boundary layer 26 and heterogeneous uptake of HO2 radicals and reactive 159 

nitrogen species onto aerosols (Methods M3). The model accurately simulates the 160 

observed O3 (Fig. 1B), OH (Fig. S7) and other photochemical products (Fig. S6 and 161 

Fig. S10) with biases smaller than 20%. 162 

The box model simulation shows that OH increased continuously during 2006-163 

2020, giving an approximate doubling (Fig. 2A). Besides the box model simulations, 164 

we have also adopted another approach, using a measurable proxy, the ratio of daytime 165 

methyl vinyl ketone plus methacrolein (MVK+MACR) to isoprene 27, 28 which is 166 

approximately proportional to the OH concentration (Supplementary S5), to represent 167 



the OH trend. As shown in Fig. 2A, the observed and simulated 168 

(MVK+MACR)/isoprene agree, and display an increasing trend from 2010 to 2020, 169 

providing strong support for the modeled OH trend. To identify the primary causes of 170 

the continuous OH increase, we performed sensitivity analyses of the relevant factors. 171 

The main drivers of the OH change are the increase of photolysis frequencies29, 172 

decrease in NOX emissions, decrease in VOC emissions, and reduced heterogeneous 173 

uptake 30, which leads to relative changes of +44%, +56%, -23% and +15%, 174 

respectively (Fig. 2B). As the photochemical conditions over this period (2006 to 2020) 175 

were always in the NOX-saturated regime (Methods M4), NOX reduction increased OH, 176 

and VOC reduction decreased OH (Extended data Fig. 4). The combined effect of other 177 

factors (including the changes in O3, H2O and temperature) played only a minor role in 178 

the OH budget change.  179 

Given the trend of OH radicals, we can approximate the ozone production rate 180 

P(O3) by Eq (1) and Eq (2), as detailed in Methods M4: 181 

𝑃(O3) = 𝛼𝑘𝐻𝑂2+𝑁𝑂[HO2][NO]     (1) 182 

𝛼𝑘𝐻𝑂2+𝑁𝑂[HO2][NO] = 𝛼𝑘𝑂𝐻+𝑉𝑂𝐶[OH][VOC] = 𝛼[OH]VOCR   (2) 183 

where the coefficient 𝛼  is equal to ([RO2]+[HO2])/[HO2], which remained 184 

approximately constant over the 2006-2020 period according to the model output 185 

(Methods M4). Equation (2) holds under conditions when the radical chain cycling is 186 

much more important than chain initiation 22, 31; these conditions are established in 187 

Beijing (Methods M4; Extended data Fig. 5). 188 

Figure 2C shows the trend of O3 production calculated from the OH turnover rate 189 



induced by VOCs ([OH]×VOCR) according to Eq (2). Consistent with the trend of 190 

observed O3 concentrations (Fig. 1B), [OH]×VOCR also shows two distinct trends, 191 

increasing before 2014 and decreasing after 2014. The strong positive correlation of 192 

[OH]×VOCR with O3 and OX (OX=O3+NO2) concentrations (Fig. 2D) also demonstrates 193 

that the change of ambient O3 over the entire 2006 to 2020 period is consistent with our 194 

understanding of O3 photochemistry and OH cycling. Given that O3 production 195 

primarily depends on [OH]×VOCR, the contrasting O3 trends before and after 2014 can 196 

be explained by a reduction in VOCR that was smaller than the increase in OH before 197 

2014, but larger after 2014.  198 

Figures 1 and 2 show that by affecting OH cycling, VOCR/NOX
R controls the 199 

trends of P(O3) and O3 concentration. The underlying mechanisms, however, remain 200 

under debate. A key parameter here is the radical chain length (ChL), defined as 201 

𝛼𝑘𝐻𝑂2+𝑁𝑂[HO2][NO]/P(ROX), which characterizes the average number of cycles each 202 

ROX radical makes prior to termination. Tonnesen and Dennis 32 suggested that the 203 

effect of VOC/NOX on P(O3) changes is mainly through changing the ChL, while 204 

several studies suggested its effects are mainly on primary production of ROX 205 

(ROX=OH+HO2+RO2) radicals (P(ROX)) 23, 33. P(ROX) has contributions from the 206 

photolysis of radical precursors (including carbonyls, nitrous acid and O3) and alkene 207 

ozonolysis (Methods M4). ChL primarily depends on the levels of VOCs and NOX
34. 208 

To elucidate the actual mechanism in Beijing, we investigated the effects of both 209 

ChL and P(ROX) as shown in Eq (3), where P(O3) is expressed as the product of P(ROX) 210 

and ChL: 211 



𝑃(O3) = P(ROX) × ChL     (3) 212 

As shown in Fig. 3A, the P(ROX) increased only slightly before 2014 but decreased 213 

after 2014 with a trend similar to that of [OH]×VOCR (i.e., P(O3)), while the ChL level 214 

remained stable with no significant change. This is clear evidence that in Beijing it is 215 

the change of P(ROX) rather than ChL that controls the distinct trends of O3 production 216 

before and after 2014. Among the different contributors to P(ROX), photolysis of 217 

oxygenated VOCs (OVOCs) was the largest contributor (Fig. 3B). Both measurements 218 

and model simulations show a strong dependence of OH reactivity of OVOCs (OVOCR) 219 

on VOCR/NOX
R (Fig. 3C). The decreasing VOCR/NOX

R after 2014 (Fig. 1C) weakened 220 

OH radical cycling, resulting in a decrease in the production of OVOCs, which in turn 221 

reduced P(ROX) to further reduce the production of O3 (Fig. 3D). Note that reduction 222 

of VOCs also contributed to the reduction of OVOCs but is less important than the 223 

reduction of VOCR/NOX
R. The source apportionment of OVOCs indicates that 224 

reductions in primary emissions and secondary production contribute 28% and 70% of 225 

the reduction in the OVOCR, respectively (Supplementary S6). 226 

O3 mitigation strategy for Chinese cities 227 

Figure 4 shows the combined effect of VOCs and NOX on normalized O3 and total 228 

OH turnover rate induced by all reactive gases (including VOCs, NOX and SO2). The 229 

total OH turnover rate is the total reaction rate of all reactive species with OH radical, 230 

which closely relates to the level of secondary pollution (Methods M4). The Beijing 231 

environment during 2006-2020 was overall in the VOC-limited regime for both O3 and 232 



total OH turnover rate, with a trend of moving toward to the transition regime (between 233 

VOC-limited and NOX-limited regimes). The O3 trend line parallels the isopleths before 234 

2014, followed by efficiently decreasing O3 after 2014 (Fig. 4A), which is consistent 235 

with the observed trend of normalized O3 as shown in Fig. 1D. Figure 4 clearly shows 236 

that the turning point of the O3 trend appears in 2014 due to a faster decrease in 237 

VOCR/NOX
R after 2014 than before 2014.  238 

If VOCs and NOX in Beijing maintain their current declining trends over the next 239 

five years (blue lines from 2020 to 2025 in Fig. 4), both O3 and total OH turnover rate 240 

will continue to decrease. By 2025 anthropogenic VOCs will have decreased to a very 241 

low level and biogenic VOCs will dominate the total VOCs reactivity, which means 242 

that further reduction of anthropogenic VOCs may have little impact on VOCR/NOX
R. 243 

Moreover, in 2025, the O3 production will have moved to a transition regime. In this 244 

case, a faster NOX reduction after 2025 will help O3 production rapidly enter a NOX-245 

limited regime, which favors O3 mitigation through further reducing NOX (magenta 246 

lines after 2025 in Fig. 4). The situation in Shanghai (Extended data Fig. 6) is similar 247 

to that in Beijing. In addition to the two largest cities, most urban regions in China have 248 

been changing from a VOC-limited regime to a transition regime 35, 36. These findings 249 

suggest that priority on VOCs abatement in the short term, followed by NOX abatement 250 

in the long term is the optimal strategy for summertime O3 air quality improvement in 251 

Chinese cities. 252 

 253 
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Figure Legends 285 

 286 

Figure 1. Variations in ozone and OH reactivity of precursors derived from 287 

observations in Beijing, August between 2006 and 2020. Variations in daytime (6:00-288 

19:00) averages of VOCR (including primary hydrocarbons plus carbon monoxide), 289 

NOX
R and column concentrations of NO2 (A), MDA8 O3 concentrations (B), the ratio 290 

of VOCR to NOX
R (C), and normalized MDA8 O3 concentrations (D). Dashed lines 291 

show linear regression fits to observations in periods before and after 2014. Model-292 

simulated MDA8 O3 concentrations are included in (B). 293 

 294 

Figure 2. Variations in model-simulated OH concentrations and its driving forces 295 

in Beijing. (A) Variations in simulated daytime average OH concentrations (red dots) 296 

and measured and simulated (MVK+MACR)/isoprene ratios (blue dots and circles) in 297 

Beijing in August between 2006 and 2020. Dashed lines show exponential regression 298 

fits to trends. (B) Apportionment of the causes of the change in OH derived from box 299 

model sensitivity analysis. (C) Variations in OH turnover rate induced by VOCs 300 

(OH×VOCR). Dashed lines show linear regression fits to trends in periods before and 301 

after 2014. (D) Correlation of OH×VOCR with observed MDA8 O3 and daytime OX 302 

concentrations.  303 

 304 

Figure 3. The impact of the VOCR/NOX
R ratio on ozone production. (A) Variations 305 
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in P(ROX) and ChL. The three metrics are colored by the VOCR/NOX
R ratio. (B) Hourly 306 

mean diurnal profiles of modeled rates of primary ROX production during 2006-2020. 307 

(C) Modeled (circle dots) and observed (black diamonds) dependence of OVOCR on 308 

VOCR/NOX
R ratio. The modeled results are colored by different VOCR levels. The 309 

observed results indicate mean values of OVOCR with standard deviations at each 310 

VOCR/NOX
R range, with sample size of 132 daily average values in total. (D) 311 

Mechanism diagram showing the impact of decreased VOCR/NOX
R ratio on ozone 312 

production. 313 

 314 

Figure 4. Isopleth plots for (A) ozone and (B) total OH turnover rate as a function 315 

of NOX
R and VOCR. Red solid circles represent the average levels of MDA8 O3 and 316 

daytime OH turnover rate for each year during 2006-2020, and the solid lines indicate 317 

fits to the trends during 2006-2014 and 2014-2020. The yellow dotted lines indicate the 318 

VOCR level from biogenic emissions. The blue and magenta arrows indicate future 319 

routes for VOCs and NOX abatement that mitigate ozone effectively in the short term 320 

(2020-2025) and long term (after 2025), respectively.  321 
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Methods 454 

M1 Measurements  455 

Field measurements were performed at an urban site in Beijing, August between 456 

2006 and 2020. The site (39.99° N, 116.31°E) is located on the roof of a six-story 457 

building (~ 20 m above the ground level) on the campus of Peking University 458 

(PKUERS). Ozone (O3) nitric oxide (NO) nitrogen dioxide (NO2), sulfur dioxide (SO2), 459 

carbon monoxide (CO), VOCs, aerosol optical properties, aerosol surface area 460 

concentration (Sa), photolysis frequencies of O3, NO2, HONO and formaldehyde 461 

(HCHO) and meteorological factors including temperature, relative humidity, wind 462 

speed, wind direction and air pressure were measured during the study period. VOCs 463 

include nonmethane hydrocarbons (NMHCs) with 56 species and C2-C6 OVOCs. For 464 

all these gas pollutant measurements, the calibration of instruments was regularly 465 

conducted. The measurement techniques are summarized in the Extended data Table 1. 466 

In addition, OMI tropospheric NO2 columns and HCHO columns were also used for 467 

analysis (see details in Supplementary S1). Planetary boundary layer height in Beijing 468 

was obtained from the NOAA Air Resource Laboratory website 469 

(https://ready.arl.noaa.gov/READYamet.php). 470 

Figure S1 shows a comparison between the PKUERS site and the other 12 sites 471 

from the national monitoring network (NMN) in Beijing (https://quotsoft.net/air/, NMN 472 

data available from 2014). The O3 concentration exhibits very similar trends at the 473 

PKUERS site and the NMN sites. We have also looked at the O3 precursor NO2 (VOC 474 

https://ready.arl.noaa.gov/READYamet.php
https://quotsoft.net/air/
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measurements are not available at the NMN sites), which exhibits also similar 475 

decreasing trends at both the NMN sites and the PKUERS site. These results show that 476 

data from the PKUERS site can represent the long-term trends of both O3 and its 477 

precursor NO2 in Beijing. 478 

In addition to data set in Beijing, data collected at sites in Shanghai and Hong 479 

Kong were also used for additional support. Field measurements of trace gases (O3, 480 

VOCs, NOX, CO, SO2,), aerosols, photolysis frequencies and meteorological 481 

parameters were performed at typical urban sites in Shanghai between 2011 and 2019 482 

and Hongkong between 2013 and 2019. Relevant measurement data were analyzed for 483 

comparison with Beijing. For all analysis, we eliminated the days with abnormally high 484 

cloud optical depth when O3 concentrations were extremely low. 485 

M2 Multiple linear regression 486 

We applied a multiple linear regression (MLR) method to quantify the effect of 487 

meteorological and other physical factors on O3: 488 

 [𝑂3] = β0 + ∑ β𝑖𝑋𝑖 + interaction terms𝑛
𝑖=1        (1) 489 

interaction terms = ∑ β𝑖,𝑗𝑋𝑖𝑋𝑗, for 1≤i, j≤n,     (2) 490 

where [O3] is the daily MDA8 O3 concentration and (X1, ..., Xn) are major 491 

meteorological and physical variables. The interaction terms are up to second order, 492 

including both Xi
2 and XiXj≠i. Similar MLR methods have been successfully applied to 493 

quantify the effect of meteorological variability on air pollutants in North America, 494 

Europe, and China19, 37, 38. Seven variables (j(O1D), temperature, relative humidity, 495 

wind speed, wind direction, air pressure and boundary layer height) are candidates for 496 
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the regression. According to the fitting test, j(O1D), temperature, relative humidity, 497 

wind speed and wind direction are more important than air pressure and boundary layer 498 

height in determining the coefficient of determination (R2). Accordingly, the five 499 

dominant meteorological variables were selected for the regression. The lag terms (i.e., 500 

the effect of July conditions on August ozone) have a small effect on R2, thus they were 501 

not considered in this study. 502 

Hourly values of O3 were used to calculate daily MDA8 O3 concentrations, and 503 

hourly values of meteorological factors were averaged to daily averages. Daily averages 504 

of the five dominant meteorological variables were regressed onto daily MDA8 O3 505 

concentrations to fit the effect of meteorological variability on O3. The coefficient of 506 

determination (R2) for the MLR model is 0.65. Then the fitting results were averaged 507 

to acquire the monthly O3 anomaly of each year induced by meteorological variability. 508 

The effect of meteorological factors on O3 can be normalized by subtracting the 509 

monthly O3 anomaly from observed monthly O3 concentrations. 510 

Notably, the decreases of PM2.5 over this 15-year period resulted in increases of 511 

actinic flux and photolysis frequencies (Fig. S2 and Fig. S5), which could increase O3 512 

production 11, 29. According to the model simulation of Wang et al 11, the rapid increase 513 

in actinic flux causes an increase in MDA8 O3 by 1.6 ppbv (2.3%) yr-1 during 2006-514 

2014, accounting for 66% of the increase in O3 concentrations during this period. In 515 

this study, we aim to explore emission control strategy for O3 mitigation by 516 

investigating the relationship between O3 trend and precursor trend. In this case, we 517 

must remove the effect of the change in photolysis frequencies on the O3 trend by the 518 



 

 

30 

 

normalization of j(O1D), which helps to show a clearer relationship between O3 trend 519 

and precursor trend. 520 

M3 Model simulation 521 

The photochemistry of radicals and ozone in Beijing were studied by using a zero-522 

dimension photochemical box model. Previous studies indicate that the variation in 523 

ozone concentrations at PKUERS site was mainly influenced by local photochemistry, 524 

and background ozone contributed < 30% of the variation in ozone concentrations 11, 12. 525 

In this case, box model is suitable for studying the photochemistry of ozone and OH 526 

radicals at PKUERS site. The box model has the advantage of allowing detailed 527 

treatment of the VOC oxidation chemistry, at the expense of a comprehensive 528 

representation of dynamical processes.  529 

The photochemical box model uses the Master Chemical Mechanism (MCM) 530 

v3.3.1 as chemical mechanism 39. The MCMv3.3.1 chemistry scheme contains 5832 531 

species and 17224 reactions, which can accurately simulate the radical source, 532 

conversion and termination to understand the O3 formation. Model calculations are 533 

constrained to measured meteorological factors (i.e., photolysis frequencies, 534 

temperature, relative humidity and air pressure), inorganic species (NO, NO2, CO, O3 535 

and SO2), NMHCs and aerosol surface area concentrations. The OVOC species that 536 

were continuously measured during the 15 years including acetaldehyde, acetone, 537 

methyl ethyl ketone, MVK and MACR were constrained in the model. HCHO was not 538 

constrained in the model due to the limitation of measurement data and thus was 539 
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simulated by the model. To consider the contribution of primary emissions to HCHO, 540 

we set emission rates of HCHO in Beijing in the model (3.3-11.510-12 kg m-2 s-1), 541 

which is derived from local emission inventories - the MEIC inventory 542 

(http://www.meicmodel.org/). To evaluate the model performance, the model-simulated 543 

HCHO was compared with observations in August 2008, 2011 and 2012, which shows 544 

a difference of 14% for daytime averages (Fig. S10). This difference is smaller than the 545 

uncertainty of model simulation (30%) associated with the uncertainty of various 546 

measurement parameters, reaction rate constants and emission rates of HCHO 547 

(Supplementary S7), suggesting a good performance of the model in the simulation of 548 

HCHO. The five constrained OVOCs and HCHO totally contribute >65% of total 549 

OVOCR and >70% of total P(ROX) from OVOC photolysis (Fig. S11). 550 

The model runs were performed in a time-dependent mode with a 1-hour 551 

resolution. A whole month (August) of each year was simulated with three days’ spin-552 

up. The diurnal variation in boundary layer height was expressed as a dilution term in 553 

the box model to represent the physical losses. The convection of O3 between near 554 

surface air and the residual layer aloft was considered in the box model, according to 555 

the method of Womack et al. 26. The dry deposition rate for O3 was set as 0.42 cm s-1 in 556 

the daytime and 0.14 cm s-1 in the nighttime, as the deposition rate is known to decrease 557 

after sunset 26, 40, 41. To account for background O3 transported from outside the 558 

investigated cities, we set the background O3 of 35 ppbv, which are derived from 559 

observed O3 concentrations at regional background sites in China 42. For other species 560 

such as radicals and OVOCs, the concentrations mixed into the box was set as zero 561 
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because of their short lifetime. 562 

Aerosols can influence O3 production by heterogeneous reactions such as uptake 563 

of HO2, N2O5, NO2 and NO3. This includes the uptake coefficients are 0.08 for 564 

conversion of HO2 to H2O 43, 0.007 for conversion of N2O5 to HNO3 44, 2 × 10–5 for 565 

conversion of NO2 to HONO and HNO3 (which yields a good simulation of 566 

HONO/NO2 concentration ratios in Beijing 45) and 1 × 10−3 for conversion of NO3 to 567 

HNO3 
30.  568 

Direct measurements of OH concentration were not made during the study period; 569 

hence, we simulated OH concentrations by the box model. To identify the primary 570 

causes of the continuous OH increase from 2006 to 2020, we performed sensitivity 571 

analyses of the relevant factors. The investigated factors include photolysis frequencies, 572 

NOX, VOCs, aerosol uptake and other factors including O3, H2O and temperature. We 573 

take the simulation result in 2006 as the base scenario. For the testing scenario, we set 574 

one of investigated factors to the level of 2020, with other conditions fixed to levels of 575 

2006. The difference in simulated OH concentrations between the base scenario and the 576 

testing scenario represents the effect of this investigated factor on the OH increase. 577 

Notably the effect of aerosol uptake is quantified by changing aerosol surface area 578 

concentrations in the model. Similar sensitivity analysis method has been applied by Li 579 

et al. 19 580 

Due to the limitation of measurement data, some important OVOCs are not 581 

constrained in the model such as acrolein, n-butanal, n-hexanal, n-pentanal, propanal, 582 

pentanone, methanol and C7-C10 OVOCs. We investigated the impact of whether these 583 
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OVOCs are constrained in the model or not on our analysis. The model simulation 584 

focuses on August 2017 when these OVOCs were measured. As shown in Fig. S14, 585 

daytime averages of O3 concentrations, P(O3), P(ROX) and ChL changed by 10%, 17% 586 

and 12% and 11% between the two scenarios, indicating that our modelling setup 587 

without these OVOCs constrained is acceptable for the analysis of this study although 588 

some bias exists. Even though, the impact of these unconstrained OVOCs on O3 589 

production and trends cannot be ignored, which should be paid more attention to in the 590 

future. In addition, other important photodegradable OVOCs that were not measured 591 

such as peroxyacetic acid and pyruvic acid may also cause bias. 592 

M4 Calculation of P(O3), P(ROX), ChL and total OH turnover rate 593 

The dominant chemical source of O3 in the troposphere is the reaction of OH with 594 

VOCs to produce peroxyl radicals (HO2 and RO2), which then react with NO to yield 595 

NO2 46. The overall process can be summarized as: 596 

OH + VOC → RO2 𝑜𝑟 HO2       (R1) 597 

RO2 + NO →  HO2 + NO2       (R2) 598 

HO2 + NO →  OH + NO2        (R3) 599 

NO2 + O2 + ℎ𝑣 →  O3 + NO       (R4) 600 

The ozone production rate (P(O3) is equal to the reaction rate of peroxyl radicals 601 

with NO (i.e., sum of rates of R2 and R3): 602 

𝑃(𝑂3) = 𝑘𝐻𝑂2+𝑁𝑂[HO2][NO] + ∑ (𝑘𝑅𝑂2+𝑁𝑂
𝑖

𝑖 [RO2
i ][NO])    (3) 603 

By defining an average reaction rate constant for all RO2+NO reactions, 𝑘𝑅𝑂2+𝑁𝑂, 604 

we obtain: 605 
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𝑃(𝑂3) = 𝑘𝐻𝑂2+𝑁𝑂[HO2][NO] + 𝑘𝑅𝑂2+𝑁𝑂[RO2][NO]     (4) 606 

Our model indicates that 𝑘𝑅𝑂2+𝑁𝑂  was in the range of 8.45‒9.5810-12 cm3 607 

molecule-1 s-1 in Beijing 2006-2020, which was close to 𝑘𝐻𝑂2+𝑁𝑂 value (8.4510-12 608 

cm3 molecule-1 s-1). Thus: 609 

𝑃(𝑂3) ≈ 𝑘𝐻𝑂2+𝑁𝑂([HO2][NO] + [RO2][NO]) = 𝛼𝑘𝐻𝑂2+𝑁𝑂[HO2][NO]  610 

                  (5) 611 

𝛼 = ([HO2] + [RO2])/[HO2]       (6) 612 

The model simulation indicates that the 𝛼  ≈ 1.8 in Beijing, which remained 613 

approximately constant over the 2006-2020 period. The uncertainty in various 614 

measurement parameters and reaction rate constants leads to 22% uncertainty of 𝛼 615 

(Supplementary S7). To test the effect of un-included OVOCs with larger carbon 616 

number on 𝛼, we increased C7-C10 OVOCs by 0.68 ppb (the observed value in 2017) 617 

in the model, resulting in an increase of 𝛼 by 5%.  618 

ChL  characterizes the number of iterations each ROX radical makes prior to 619 

termination, and is the ratio of OH cycling rate (i.e., the rate of reaction R3) to radical 620 

primary production rate (P(ROX)). ChL depends on the levels of VOCs and NOX with 621 

modest impact from actinic flux. 622 

          ChL = 𝛼 
𝑘𝐻𝑂2+𝑁𝑂[HO2][NO]

P(ROX)
        (7) 623 

The primary production of the peroxyl radicals, P(ROX), is determined by the 624 

photolysis of radical precursors (including carbonyls, nitrous acid and O3) and alkene 625 

ozonolysis; these are the radical chain initiation reactions: 626 

𝑃(𝑅𝑂𝑋) = 2 × [O3] × 𝑗(𝑂1𝐷) × 𝜃 + [HONO] × 𝑗(𝐻𝑂𝑁𝑂) 627 

+ ∑ ([OVOCi]𝑖 × 𝑗𝑖 × 𝛾𝑖) + alkene ozonolysis    (8) 628 

where 𝜃 is the fraction of O1D from ozone photolysis that reacts with H2O. OVOCi 629 
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represents each OVOCs species, ji represents the photolysis frequency of each OVOCi, 630 

and 𝛾𝑖 represents the number of ROX radicals generated from the photolysis of each 631 

OVOCi molecule. For most OVOCs species, 𝛾𝑖 is equal to 2 or 0. 632 

When the radial chain cycling is much more important than chain initiation (or 633 

equivalently, chain termination), i.e., ChL >>1, R1 and R3 dominate the source and sink 634 

of peroxy radicals (HO2 and RO2), respectively. In this case, the reaction rates of R1 635 

and R3 are approximately equal given the short lifetime of peroxy radicals (~ several 636 

minutes). Extended data Fig. 5 shows that kHO2+NO[HO2][NO]:[OH]VOCR gets 637 

closer to 1:1 as ChL increases to 5. In Beijing, the ChL was in the range of 4.3~5.4 (Fig. 638 

3A). Under this condition, the reaction rates of R1 and R3 were approximately equal:  639 

 𝑃(𝑂3) = αkHO2+NO[HO2][NO] 640 

        = αkOH+VOC[OH][VOC] = α[OH]VOCR     (9) 641 

The total OH turnover rate is the total reaction rate of all reactive species with OH 642 

radical:  643 

𝑇𝑜𝑡𝑎𝑙 𝑂𝐻 𝑡𝑢𝑟𝑛𝑜𝑣𝑒𝑟 𝑟𝑎𝑡𝑒 = [OH]∑ 𝑘𝑂𝐻+𝑆𝑗𝑗 [𝑆𝑗]   644 

 (10) 645 

∑ 𝑘𝑂𝐻+𝑆𝑗𝑗 𝑆𝑗  is the total OH reactivity of all reactive species including VOCs, 646 

NOX, SO2 and CO. 𝑆𝑗 represents each reactivity species. 𝑘𝑂𝐻+𝑆𝑗
 is the reaction rate 647 

coefficient for the reaction between reactive species 𝑆𝑗 and OH. The total OH turnover 648 

rate characterizes the rate of secondary production (including ozone and secondary 649 

aerosols) induced by OH, which closely relates to the level of secondary pollution. 650 

O3 precursor sensitivity depends on the dominant loss pathways of ROX radicals. 651 

O3 production is NOX-limited if the self-reaction of peroxyl radicals dominates the ROX 652 
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sink, and VOC-limited if the reaction of NO2 with OH dominates31, 46. Accordingly, the 653 

ratio of OH+NO2 reaction rate to the total rates of the two ROX sinks, i.e., LN/Q, is used 654 

to identify O3 sensitivity regimes. O3 production is NOX-limited if LN/Q is lower than 655 

0.5, otherwise, it is VOC-limited or NOX-saturated 31. As shown in Fig. S15, LN/Q is 656 

larger than 0.5 from 2006 to 2020, indicating a NOX-saturated regime. 657 

𝐿𝑁/𝑄 =
𝑘𝑂𝐻+𝑁𝑂2

[𝑂𝐻][𝑁𝑂2]

𝑘𝐻𝑂2+𝑅𝑂2
[𝐻𝑂2][𝑅𝑂2]+𝑘𝐻𝑂2+𝐻𝑂2

[𝐻𝑂2][𝐻𝑂2]+𝑘𝑂𝐻+𝑁𝑂2
[𝑂𝐻][𝑁𝑂2]

  (11) 658 
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Data availability  660 
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Code availability 663 
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