21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

Ozone pollution mitigation strategy informed by long-term

trends of atmospheric oxidation capacity

Wenjie Wang?2, Xin Li**>®* Yafang Cheng? David D. Parrish’, Ruijing Ni?,

Zhaofeng Tan®4, Ying Liu*5, Sihua Lu™*5, Yusheng Wu®T, Shiyi Chen'4$, Keding
Lut456 Min Hu**>8, Limin Zeng**®, Min Shao'’, Cheng Huang®, Xudong Tian®, K.
M. Leung!!, Liangfu Chen'?, Meng Fan'?, Qiang Zhang!3, Franz Rohrer®*, Andreas

Wahner®4, Ulrich Poschl?, Hang Su®%%*, Yuanhang Zhang'4>6*

! State Key Joint Laboratory of Environmental Simulation and Pollution Control,
College of Environmental Sciences and Engineering, Peking University, Beijing,
100871, China.

2 Max Planck Institute for Chemistry, Mainz, 55128, Germany.

% Institute of Atmospheric Physics, Chinese Academy of Sciences, Beijing, 310012,
China.

# International Joint Laboratory for Regional Pollution Control, Ministry of
Education, Beijing, 100816, China.
® Collaborative Innovation Centre of Atmospheric Environment and Equipment
Technology, Nanjing University of Information Science & Technology, Nanjing,
210044, China.
® Institute of Carbon Neutrality, Peking University, Beijing, 100871, China.

7 Institute for Environmental and Climate Research, Jinan University, Guangzhou,
511443, China.

& Institut fiir Energie-und Klimaforschung: Troposphire (IEK-8), Forschungszentrum
Jiilich, Julich, 52428, Germany.

% State Environmental Protection Key Laboratory of Formation and Prevention of
Urban Air Pollution Complex, Shanghai Academy of Environmental Sciences,
Shanghai, 200233, China.

10 Key Laboratory of Ecological and Environmental Monitoring, Forewarning and

Quality Control of Zhejiang, Zhejiang Ecological and Environmental Monitoring



49

50

51

52

53

54

55

56

57

58

59

Center, Hangzhou, 310012, China.
11 Environmental Protection Department, The Government of the Hong Kong Special
Administrative Region, Hong Kong, China.
12 State Key Laboratory of Remote Sensing Science, The Aerospace Information
Research Institute, Chinese Academy of Sciences, 100101 Beijing, China

13 Department of Earth System Science, Tsinghua University, 100084 Beijing, China

T now at: Department of Physics, University of Helsinki, Helsinki, 00560, Finland

* To whom correspondence should be addressed.

Email: li_xin@pku.edu.cn (X. L.), h.su@mpic.de (H. S.), yhzhang@pku.edu.cn (Y. H.

Z)


mailto:li_xin@pku.edu.cn
mailto:h.su@mpic.de
mailto:yhzhang@pku.edu.cn

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

7

78

79

80

81

Abstract: Tropospheric ozone pollution is a critical air quality concern in China.
However, the most effective mitigation approach remains unclear, with prioritizing the
reduction of volatile organic compounds or nitrogen oxides (NOx) currently still under
debate. Here, we analyze observational measurements of ozone in August, and its
precursors, from urban Beijing between 2006 and 2020. We show that despite a
continuous increase of the primary atmospheric oxidant (hydroxyl radical, OH), ozone
increased until 2014 and then decreased. This ozone trend can be explained by changes
in OH turnover rate, primarily determined by the reactivity ratio between volatile
organic compounds and NOx. Overall, reactive abatement of volatile organic
compounds should be a near-future priority for ozone pollution control in China,

followed by further NOx controls.
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During past decades China experienced rapid industrialization, which brought
economic advantages, but also caused significantly deteriorated air quality ' 2.
According to WHO guidelines, ozone (O3) and fine particulate matter with a diameter
of less than 2.5 micrometers (PMa.s) are the chief hazards of China's air pollution °.
Over the past decade, China launched the toughest-ever clean air policy in the country
*. These efforts, by reducing emissions of primary pollutants such as VOCs, NOx, SOz
and others, improved PMz s air quality *°. However, O3 continued to increase and only
began to stabilize at a later stage > °. This contrasts with the generally decreasing O3
trend in Europe and North America due to continuous reductions of VOCs and NOx
emissions since the 1990s 7% % 1% The causes of the contrasting trends and adverse O3
pollution trends in China are still not well understood, representing a grand challenge
for O3 pollution control and development of effective strategies for continued air quality
improvement. Several studies have devoted efforts to explore the causes of rising O3
levels in Beijing, a typical megacity in China. Wang and Zhang et al reported that the
local photochemistry driven by VOCs and NOx emissions plays a vital role in
determining O3 trend in the city ' 1% 13 Other research has evaluated the impact of

meteorological variability on the long-term trend of O3 in Beijing '4 1

, showing a minor
effect of meteorological variability compared to variations in anthropogenic emissions.

Tropospheric O3 is directly produced from photolysis of nitrogen dioxide (NO2).
NO:2 can be produced during the gas-phase oxidation of NO by peroxyl radicals, which

are produced from the oxidation of VOCs by hydroxyl (OH) radicals '°. We

demonstrate that the dependence of OH radical cycling on ambient NOx and VOCs
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concentrations is key to understanding the Os trend in China and the contrast in O3

trends between China and other regions.

Trends of O3 and its precursors in Beijing

Beijing is one of the megacities in China, suffering from severe O3 pollution. The
implementation of emission reductions in Beijing began earlier and has been more
stringent than in other cities in China !’, which provides a good opportunity to study
the response of O3 pollution to precursors’ abatements from a long-term perspective.
The experience of Beijing can serve as a model for other cities in China that still suffer
from rapidly increasing Os. This study is based on August measurements in Beijing
from 2006 to 2020, which is the most comprehensive, long-term observational data set
of O3 and its precursors VOCs and NOx that is available in China (Methods M1;
Extended data Table 1). Although the O3 concentrations in August are not the highest
in summer, they are not much different from other months of the O3 pollution season
(May to August) (Extended data Fig. 1). The highest O3 concentration occurred in June
and July with mean maximum daily 8-hour average (MDAS) O3 concentration of 80
ppbv during 2014-2020, which is higher than that in August by 9 ppbv.

Given that variations in meteorological and other physical conditions can affect
O3 trends, we use a multiple linear regression method to remove the impact of
photolysis frequencies, temperature, relative humidity, wind speed and wind direction
on O3, thereby obtaining a normalized Os (Methods M2) ' 1°, Figure 1B shows that

mean MDAS8 O3 concentrations in August increased before 2014, and then decreased in
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the following years. The normalized O3 also shows a non-monotonic trend, with a
smaller increase before 2014, compared to the mean MDAS8 O3 concentrations (Fig.
1D). Similar variable trends are also found for other secondary oxidation products such
as formaldehyde (Extended data Fig. 2).

Figure 1A shows the changes in OH reactivity of NOx and VOCs (NOx® and
VOCR) based on August measurements in Beijing from 2006 to 2020. NOx® and VOC®
are defined as the concentration of NOx and VOCs multiplied by their respective
reaction rate coefficients with OH (CO is included in the calculation of VOCR as
detailed in Supplementary S2). Both NOx® and VOCR show consistently decreasing
trends, confirming the effects of emission controls reported in earlier studies * .
Clearly, the trend of O3 precursors is distinct from that of Os.

To understand the relationship between OH radical cycling and the O3 trend, we
first investigate the ratio VOC®/NOx® where VOCR and NOx® represent the main
production and sink terms of OH radicals, respectively 2?2, VOCR acts as a production
term because the reaction of VOCs with OH produces peroxyl radicals and oxygenated
VOCs (OVOCs) which will increase OH through recycling and amplification of OH >
24 Tt is notable that the trend of VOC®/NOx® (Fig. 1C) is similar to that of normalized
O3; both remained approximately constant before 2014, and then decreased rapidly after
2014. The rapid decrease in VOCR®/NOx®R after 2014 is attributed to decreases in
industrial emissions with high emission ratios of VOC to NOx and in solvent usage !

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

plan in 2013-2020 #2°. As shown in Fig. 1A, compared to an almost constant decreasing
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trend of NOx® (-3.4% yr!, r>=0.66), VOCR decreased faster after 2014 (-7.6% yr’!,
1’=0.68) than before 2014 (-3.0% yr!, 1’=0.45). In addition to Beijing, the similarity of
trends between VOCR/NOx®R and normalized O; is also seen in other Chinese urban
areas such as Shanghai in the Yangtze River Delta and Hong Kong in the Pearl River
Delta (Extended data Fig. 3); however, in contrast to Beijing these two variables have
consistently increased in Shanghai from 2011 to 2019 and in Hong Kong from 2013 to

2019, rather than showing recent decreases.

The relationship between OH radical cycling and the O3 trend

To gain a deeper insight, we investigated the detailed radical cycling and
photochemistry by applying an advanced box model based on the updated Master
Chemical Mechanism v3.3 chemistry scheme (MCM 3.3) 2°. This model is constrained
by the comprehensive observations and accounts for the diurnal evolution of the
planetary boundary layer 2° and heterogeneous uptake of HO: radicals and reactive
nitrogen species onto aerosols (Methods M3). The model accurately simulates the
observed O3 (Fig. 1B), OH (Fig. S7) and other photochemical products (Fig. S6 and
Fig. S10) with biases smaller than 20%.

The box model simulation shows that OH increased continuously during 2006-
2020, giving an approximate doubling (Fig. 2A). Besides the box model simulations,
we have also adopted another approach, using a measurable proxy, the ratio of daytime
27, 28

methyl vinyl ketone plus methacrolein (MVK+MACR) to isoprene which is

approximately proportional to the OH concentration (Supplementary S5), to represent
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the OH trend. As shown in Fig. 2A, the observed and simulated
(MVK+MACR)/isoprene agree, and display an increasing trend from 2010 to 2020,
providing strong support for the modeled OH trend. To identify the primary causes of
the continuous OH increase, we performed sensitivity analyses of the relevant factors.
The main drivers of the OH change are the increase of photolysis frequencies®’,
decrease in NOx emissions, decrease in VOC emissions, and reduced heterogeneous
uptake °, which leads to relative changes of +44%, +56%, -23% and +15%,
respectively (Fig. 2B). As the photochemical conditions over this period (2006 to 2020)
were always in the NOx-saturated regime (Methods M4), NOx reduction increased OH,
and VOC reduction decreased OH (Extended data Fig. 4). The combined effect of other
factors (including the changes in O3, H20 and temperature) played only a minor role in
the OH budget change.
Given the trend of OH radicals, we can approximate the ozone production rate
P(Os3) by Eq (1) and Eq (2), as detailed in Methods M4:
P(03) = akyoz+n0[HOZ][NO] 1)

akyo2+n0[HO2][NO] = akop4yoc[OH][VOC] = a[OH]VOCR (2)
where the coefficient a is equal to ([RO2]+[HO2])/[HO2], which remained
approximately constant over the 2006-2020 period according to the model output
(Methods M4). Equation (2) holds under conditions when the radical chain cycling is
much more important than chain initiation 2% 3; these conditions are established in
Beijing (Methods M4; Extended data Fig. 5).

Figure 2C shows the trend of O3 production calculated from the OH turnover rate
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induced by VOCs ([OH]xVOCR) according to Eq (2). Consistent with the trend of
observed O3 concentrations (Fig. 1B), [OH]xVOCR also shows two distinct trends,
increasing before 2014 and decreasing after 2014. The strong positive correlation of
[OH]*xVOCR with O3 and Ox (Ox=03+NO2) concentrations (Fig. 2D) also demonstrates
that the change of ambient O3 over the entire 2006 to 2020 period is consistent with our
understanding of Os photochemistry and OH cycling. Given that O3 production
primarily depends on [OH]xVOCR, the contrasting O3 trends before and after 2014 can
be explained by a reduction in VOCR that was smaller than the increase in OH before
2014, but larger after 2014.

Figures 1 and 2 show that by affecting OH cycling, VOCR/NOx® controls the
trends of P(O3) and Os concentration. The underlying mechanisms, however, remain
under debate. A key parameter here is the radical chain length (ChL), defined as
akyoz+n0[HO5][NO]/P(ROyx), which characterizes the average number of cycles each
ROx radical makes prior to termination. Tonnesen and Dennis 32 suggested that the
effect of VOC/NOx on P(Os) changes is mainly through changing the ChL, while
several studies suggested its effects are mainly on primary production of ROx
(ROx=OH+HO2+R0>) radicals (P(ROx)) #* 3, P(ROx) has contributions from the
photolysis of radical precursors (including carbonyls, nitrous acid and O3) and alkene
ozonolysis (Methods M4). ChL primarily depends on the levels of VOCs and NOx>*.

To elucidate the actual mechanism in Beijing, we investigated the effects of both
ChL and P(ROx) as shown in Eq (3), where P(O3) is expressed as the product of P(ROx)

and ChL:
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P(03) = P(ROx) X ChL 3)
As shown in Fig. 3A, the P(ROx) increased only slightly before 2014 but decreased
after 2014 with a trend similar to that of [OH]xVOCR (i.e., P(O3)), while the ChL level
remained stable with no significant change. This is clear evidence that in Beijing it is
the change of P(ROx) rather than ChL that controls the distinct trends of O3 production
before and after 2014. Among the different contributors to P(ROx), photolysis of
oxygenated VOCs (OVOCs) was the largest contributor (Fig. 3B). Both measurements
and model simulations show a strong dependence of OH reactivity of OVOCs (OVOCR)
on VOC®/NOx® (Fig. 3C). The decreasing VOCR/NOx® after 2014 (Fig. 1C) weakened
OH radical cycling, resulting in a decrease in the production of OVOCs, which in turn
reduced P(ROx) to further reduce the production of O3 (Fig. 3D). Note that reduction
of VOCs also contributed to the reduction of OVOCs but is less important than the
reduction of VOCR/NOxR. The source apportionment of OVOCs indicates that
reductions in primary emissions and secondary production contribute 28% and 70% of

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

O3 mitigation strategy for Chinese cities

Figure 4 shows the combined effect of VOCs and NOx on normalized Os and total
OH turnover rate induced by all reactive gases (including VOCs, NOx and SOz2). The
total OH turnover rate is the total reaction rate of all reactive species with OH radical,
which closely relates to the level of secondary pollution (Methods M4). The Beijing

environment during 2006-2020 was overall in the VOC-limited regime for both O3 and
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total OH turnover rate, with a trend of moving toward to the transition regime (between
VOC-limited and NOx-limited regimes). The Os trend line parallels the isopleths before
2014, followed by efficiently decreasing Oz after 2014 (Fig. 4A), which is consistent
with the observed trend of normalized Os as shown in Fig. 1D. Figure 4 clearly shows
that the turning point of the Os trend appears in 2014 due to a faster decrease in
VOCR/NOxR after 2014 than before 2014.

If VOCs and NOx in Beijing maintain their current declining trends over the next
five years (blue lines from 2020 to 2025 in Fig. 4), both O3z and total OH turnover rate
will continue to decrease. By 2025 anthropogenic VOCs will have decreased to a very
low level and biogenic VOCs will dominate the total VOCs reactivity, which means
that further reduction of anthropogenic VOCs may have little impact on VOCR/NOxR.
Moreover, in 2025, the Os production will have moved to a transition regime. In this
case, a faster NOx reduction after 2025 will help O3 production rapidly enter a NOx-
limited regime, which favors Oz mitigation through further reducing NOx (magenta
lines after 2025 in Fig. 4). The situation in Shanghai (Extended data Fig. 6) is similar
to that in Beijing. In addition to the two largest cities, most urban regions in China have
been changing from a VOC-limited regime to a transition regime 3> 3¢, These findings
suggest that priority on VOCs abatement in the short term, followed by NOx abatement
in the long term is the optimal strategy for summertime Os air quality improvement in

Chinese cities.
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Figure Legends

Figure 1. Variations in ozone and OH reactivity of precursors derived from
observations in Beijing, August between 2006 and 2020. Variations in daytime (6:00-
19:00) averages of VOC® (including primary hydrocarbons plus carbon monoxide),
NOx® and column concentrations of NO2 (A), MDAS8 O3 concentrations (B), the ratio
of VOC® to NOx® (C), and normalized MDAS O3 concentrations (D). Dashed lines
show linear regression fits to observations in periods before and after 2014. Model-

simulated MDAS O3 concentrations are included in (B).

Figure 2. Variations in model-simulated OH concentrations and its driving forces
in Beijing. (A) Variations in simulated daytime average OH concentrations (red dots)
and measured and simulated (MVK+MACR)/isoprene ratios (blue dots and circles) in
Beijing in August between 2006 and 2020. Dashed lines show exponential regression
fits to trends. (B) Apportionment of the causes of the change in OH derived from box
model sensitivity analysis. (C) Variations in OH turnover rate induced by VOCs
(OHxVOCR). Dashed lines show linear regression fits to trends in periods before and
after 2014. (D) Correlation of OHxVOCR with observed MDAS8 O3 and daytime Ox

concentrations.

Figure 3. The impact of the VOCR/NOxR ratio on ozone production. (A) Variations
19
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in P(ROx) and ChL. The three metrics are colored by the VOCR/NOxR® ratio. (B) Hourly
mean diurnal profiles of modeled rates of primary ROx production during 2006-2020.
(C) Modeled (circle dots) and observed (black diamonds) dependence of OVOCR on
VOCR/NOxXR ratio. The modeled results are colored by different VOCR levels. The
observed results indicate mean values of OVOCR with standard deviations at each
VOCR/NOx® range, with sample size of 132 daily average values in total. (D)
Mechanism diagram showing the impact of decreased VOCR/NOxR ratio on ozone

production.

Figure 4. Isopleth plots for (A) ozone and (B) total OH turnover rate as a function
of NOxR and VOCR. Red solid circles represent the average levels of MDAS O3 and
daytime OH turnover rate for each year during 2006-2020, and the solid lines indicate
fits to the trends during 2006-2014 and 2014-2020. The yellow dotted lines indicate the
VOCR level from biogenic emissions. The blue and magenta arrows indicate future
routes for VOCs and NOx abatement that mitigate ozone effectively in the short term

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

M1 Measurements

Field measurements were performed at an urban site in Beijing, August between
2006 and 2020. The site (39.99° N, 116.31°E) is located on the roof of a six-story
building (~ 20 m above the ground level) on the campus of Peking University
(PKUERS). Ozone (O3) nitric oxide (NO) nitrogen dioxide (NOz2), sulfur dioxide (SOz2),
carbon monoxide (CO), VOCs, aerosol optical properties, aerosol surface area
concentration (Sa), photolysis frequencies of O3, NO2, HONO and formaldehyde
(HCHO) and meteorological factors including temperature, relative humidity, wind
speed, wind direction and air pressure were measured during the study period. VOCs
include nonmethane hydrocarbons (NMHCs) with 56 species and C2-C6 OVOCs. For
all these gas pollutant measurements, the calibration of instruments was regularly
conducted. The measurement techniques are summarized in the Extended data Table 1.
In addition, OMI tropospheric NO2 columns and HCHO columns were also used for
analysis (see details in Supplementary S1). Planetary boundary layer height in Beijing
was obtained from the NOAA Air Resource Laboratory website

(https://ready.arl.noaa.gov/READ Yamet.php).

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

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

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

PKUERS site and the NMN sites. We have also looked at the O3 precursor NO2 (VOC
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measurements are not available at the NMN sites), which exhibits also similar
decreasing trends at both the NMN sites and the PKUERS site. These results show that
data from the PKUERS site can represent the long-term trends of both O3 and its
precursor NO2 in Beijing.

In addition to data set in Beijing, data collected at sites in Shanghai and Hong
Kong were also used for additional support. Field measurements of trace gases (Os,
VOCs, NOx, CO, SO0g2,), aerosols, photolysis frequencies and meteorological
parameters were performed at typical urban sites in Shanghai between 2011 and 2019
and Hongkong between 2013 and 2019. Relevant measurement data were analyzed for
comparison with Beijing. For all analysis, we eliminated the days with abnormally high

cloud optical depth when Os concentrations were extremely low.

M2 Multiple linear regression

We applied a multiple linear regression (MLR) method to quantify the effect of
meteorological and other physical factors on Os:
[05] = Bo + 211, BiX; + interaction terms (1)
interaction terms = }, B; ;X;X;, for 1<i, j<n, (2)
where [Os3] is the daily MDAS8 Os concentration and (X7, ... Xx) are major
meteorological and physical variables. The interaction terms are up to second order,
including both X7 and XiXjx. Similar MLR methods have been successfully applied to
quantify the effect of meteorological variability on air pollutants in North America,
Europe, and China!® 37 3%, Seven variables (j(O'D), temperature, relative humidity,

wind speed, wind direction, air pressure and boundary layer height) are candidates for
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the regression. According to the fitting test, j(O'D), temperature, relative humidity,
wind speed and wind direction are more important than air pressure and boundary layer
height in determining the coefficient of determination (R?). Accordingly, the five
dominant meteorological variables were selected for the regression. The lag terms (i.e.,
the effect of July conditions on August ozone) have a small effect on R?, thus they were
not considered in this study.

Hourly values of O3 were used to calculate daily MDAS8 Os concentrations, and
hourly values of meteorological factors were averaged to daily averages. Daily averages
of the five dominant meteorological variables were regressed onto daily MDAS O3
concentrations to fit the effect of meteorological variability on Os. The coefficient of
determination (R?) for the MLR model is 0.65. Then the fitting results were averaged
to acquire the monthly O3 anomaly of each year induced by meteorological variability.
The effect of meteorological factors on O3 can be normalized by subtracting the
monthly O3 anomaly from observed monthly O3 concentrations.

Notably, the decreases of PMzs over this 15-year period resulted in increases of
actinic flux and photolysis frequencies (Fig. S2 and Fig. S5), which could increase Os
production 2%, According to the model simulation of Wang et al *, the rapid increase
in actinic flux causes an increase in MDAS Os by 1.6 ppbv (2.3%) yr! during 2006-
2014, accounting for 66% of the increase in Oz concentrations during this period. In
this study, we aim to explore emission control strategy for Os mitigation by
investigating the relationship between Os trend and precursor trend. In this case, we
must remove the effect of the change in photolysis frequencies on the Os trend by the
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normalization of j(O'D), which helps to show a clearer relationship between Os trend

and precursor trend.

M3 Model simulation

The photochemistry of radicals and ozone in Beijing were studied by using a zero-
dimension photochemical box model. Previous studies indicate that the variation in
ozone concentrations at PKUERS site was mainly influenced by local photochemistry,
and background ozone contributed < 30% of the variation in ozone concentrations ! 12,
In this case, box model is suitable for studying the photochemistry of ozone and OH
radicals at PKUERS site. The box model has the advantage of allowing detailed
treatment of the VOC oxidation chemistry, at the expense of a comprehensive
representation of dynamical processes.

The photochemical box model uses the Master Chemical Mechanism (MCM)
v3.3.1 as chemical mechanism *°. The MCMv3.3.1 chemistry scheme contains 5832
species and 17224 reactions, which can accurately simulate the radical source,
conversion and termination to understand the O3 formation. Model calculations are
constrained to measured meteorological factors (i.e., photolysis frequencies,
temperature, relative humidity and air pressure), inorganic species (NO, NOz, CO, O3
and SO2), NMHCs and aerosol surface area concentrations. The OVOC species that
were continuously measured during the 15 years including acetaldehyde, acetone,

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

constrained in the model due to the limitation of measurement data and thus was
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simulated by the model. To consider the contribution of primary emissions to HCHO,
we set emission rates of HCHO in Beijing in the model (3.3-11.5x10"'? kg m? s!),
which is derived from local emission inventories - the MEIC inventory
(http://www.meicmodel.org/). To evaluate the model performance, the model-simulated
HCHO was compared with observations in August 2008, 2011 and 2012, which shows
a difference of 14% for daytime averages (Fig. S10). This difference is smaller than the
uncertainty of model simulation (30%) associated with the uncertainty of various
measurement parameters, reaction rate constants and emission rates of HCHO
(Supplementary S7), suggesting a good performance of the model in the simulation of
HCHO. The five constrained OVOCs and HCHO totally contribute >65% of total
OVOCR and >70% of total P(ROx) from OVOC photolysis (Fig. S11).

The model runs were performed in a time-dependent mode with a 1-hour
resolution. A whole month (August) of each year was simulated with three days’ spin-
up. The diurnal variation in boundary layer height was expressed as a dilution term in
the box model to represent the physical losses. The convection of O3 between near
surface air and the residual layer aloft was considered in the box model, according to
the method of Womack et al. 2°. The dry deposition rate for O3 was set as 0.42 cm s™! in
the daytime and 0.14 cm s™! in the nighttime, as the deposition rate is known to decrease
after sunset 2% 4% 4! To account for background O3 transported from outside the
investigated cities, we set the background Os of 35 ppbv, which are derived from
observed O3 concentrations at regional background sites in China *?. For other species
such as radicals and OVOCs, the concentrations mixed into the box was set as zero
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because of their short lifetime.

Aerosols can influence O3 production by heterogeneous reactions such as uptake
of HO2, N2Os, NO2 and NOs. This includes the uptake coefficients are 0.08 for
conversion of HO2 to H20 4, 0.007 for conversion of N2Os to HNOs #4, 2 x 10°° for
conversion of NO2 to HONO and HNOs (which yields a good simulation of
HONO/NO: concentration ratios in Beijing *°) and 1 x 1073 for conversion of NOz to
HNO3 %,

Direct measurements of OH concentration were not made during the study period;
hence, we simulated OH concentrations by the box model. To identify the primary
causes of the continuous OH increase from 2006 to 2020, we performed sensitivity
analyses of the relevant factors. The investigated factors include photolysis frequencies,
NOx, VOCs, aerosol uptake and other factors including O3, H20 and temperature. We
take the simulation result in 2006 as the base scenario. For the testing scenario, we set
one of investigated factors to the level of 2020, with other conditions fixed to levels of
2006. The difference in simulated OH concentrations between the base scenario and the
testing scenario represents the effect of this investigated factor on the OH increase.
Notably the effect of aerosol uptake is quantified by changing aerosol surface area
concentrations in the model. Similar sensitivity analysis method has been applied by Li
etal. !’

Due to the limitation of measurement data, some important OVOCs are not
constrained in the model such as acrolein, n-butanal, n-hexanal, n-pentanal, propanal,
pentanone, methanol and C7-C10 OVOCs. We investigated the impact of whether these
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OVOCs are constrained in the model or not on our analysis. The model simulation
focuses on August 2017 when these OVOCs were measured. As shown in Fig. S14,
daytime averages of O3 concentrations, P(O3), P(ROx) and ChL changed by 10%, 17%
and 12% and 11% between the two scenarios, indicating that our modelling setup
without these OVOCs constrained is acceptable for the analysis of this study although
some bias exists. Even though, the impact of these unconstrained OVOCs on O3
production and trends cannot be ignored, which should be paid more attention to in the
future. In addition, other important photodegradable OVOCs that were not measured

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

M4 Calculation of P(Os3), P(ROx), ChL and total OH turnover rate

The dominant chemical source of O3 in the troposphere is the reaction of OH with
VOC:s to produce peroxyl radicals (HO2 and ROz), which then react with NO to yield

NO: *¢, The overall process can be summarized as:

OH + VOC - RO, or HO, (R1)
RO, + NO » HO, + NO, (R2)
HO, + NO - OH + NO, (R3)
NO, + 0, + hv » 03 + NO (R4)

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

with NO (i.e., sum of rates of R2 and R3):
P(03) = kno24n0[HO21[NO] + X (kko2+n0 [RO%][NO]) 3)
By defining an average reaction rate constant for all RO2+NO reactions, kgo24n0>

we obtain:
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P(03) = kyo2+n0[HO2][NO] + krpz4n0[RO2][NO] 4)

Our model indicates that kpp,,no Was in the range of 8.45-9.58x107'2 ¢cm?

molecule? s in Beijing 2006-2020, which was close to kygy4no Value (8.45x10°2

cm?® molecule s1). Thus:

P(03) = kyoz+no([HOZ][NO] + [RO,][NO]) = akpypz+no[HO2][NO]

(5)
a = ([HOz] + [RO;])/[HO,] (0)
The model simulation indicates that the a ~ 1.8 in Beijing, which remained

approximately constant over the 2006-2020 period. The uncertainty in various
measurement parameters and reaction rate constants leads to 22% uncertainty of «
(Supplementary S7). To test the effect of un-included OVOCs with larger carbon
number on @, we increased C7-C10 OVOCs by 0.68 ppb (the observed value in 2017)
in the model, resulting in an increase of a by 5%.

ChL characterizes the number of iterations each ROx radical makes prior to
termination, and is the ratio of OH cycling rate (i.e., the rate of reaction R3) to radical
primary production rate (P(ROx)). ChL depends on the levels of VOCs and NOx with

modest impact from actinic flux.

_ kro2+n0[HO2][NO]
ChL = « P(ROD (7)

The primary production of the peroxyl radicals, P(ROx), is determined by the
photolysis of radical precursors (including carbonyls, nitrous acid and O3) and alkene
ozonolysis; these are the radical chain initiation reactions:

P(ROy) = 2 x [03] X j(0'D) x 6 + [HONO] x j(HONO)

+ Y;([OVOCG;] X j; X y;) + alkene ozonolysis (8)

where 6 is the fraction of O'D from ozone photolysis that reacts with H20. OVOC;
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represents each OVOCs species, ji represents the photolysis frequency of each OVOC;,
and y; represents the number of ROx radicals generated from the photolysis of each

OVOC; molecule. For most OVOC:s species, y; is equal to 2 or 0.

When the radial chain cycling is much more important than chain initiation (or
equivalently, chain termination), i.e., ChL>>1, R1 and R3 dominate the source and sink
of peroxy radicals (HO2 and RO2), respectively. In this case, the reaction rates of R1
and R3 are approximately equal given the short lifetime of peroxy radicals (~ several
minutes). Extended data Fig. 5 shows that kno2-Nno[HO2][NOJ:[OH]xVOCr gets
closer to 1:1 as ChL increases to 5. In Beijing, the ChL was in the range of 4.3~5.4 (Fig.
3A). Under this condition, the reaction rates of R1 and R3 were approximately equal:

P(03) = akyoz+no[HO2][NO]
= aKon+voc[OH][VOC] = a[OH]VOCg )

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

radical:

Total OH turnover rate = [OH]x}; k0H+5j [S/]

(10)

X k0H+Sj S; is the total OH reactivity of all reactive species including VOCs,
NOx, SOz and CO. §; represents each reactivity species. k0H+5j is the reaction rate

coefficient for the reaction between reactive species S; and OH. The total OH turnover

rate characterizes the rate of secondary production (including ozone and secondary
aerosols) induced by OH, which closely relates to the level of secondary pollution.
O3 precursor sensitivity depends on the dominant loss pathways of ROx radicals.

O3 production is NOx-limited if the self-reaction of peroxyl radicals dominates the ROx
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sink, and VOC-limited if the reaction of NO2 with OH dominates®"**®. Accordingly, the
ratio of OH+NOz reaction rate to the total rates of the two ROx sinks, i.e., Ln/Q, is used
to identify O3 sensitivity regimes. O3 production is NOx-limited if Ln/Q is lower than
0.5, otherwise, it is VOC-limited or NOx-saturated *!. As shown in Fig. S15, Ln/Q is

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

kon+n0,[OH][NO,]
kHo,+R0,[HO2][RO2]+kH0,+HO0,[HO2][HO2]+koH+N0, [OH][NO;]

Ly/Q = (11
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Data availability

The data and code to generate the results in the manuscript are freely available at Open

Research Data Repository of the Max Planck Society (https://doi.org/10.17617/3.LEFS4A).

Code availability

The box model is available from https://sites.google.com/site/wolfegm/models.
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