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ABSTRACT: Ground-level ozone (O3) has been an emerging air
pollution in China and interacts with fine particulate matters
(PM2.5). We synthesized observations of O3 and its precursors in
two summer months of 2020 at 10 sites in the Zhejiang province,
East China and simulated the in situ photochemistry. O3 pollution
in the northeastern Zhejiang province was more serious than that
in the southwest. The site-average daytime O3 increment
correlated well (R2 = 0.73) with the total reactivity of volatile
organic compounds (VOCs) and carbon monoxide toward the
hydroxyl radical (OH) in urban areas. Model simulation revealed
that the main function of nitrogen oxides (NOx) at the rural sites
where isoprene accounted for >85% of OH reactivity of VOCs was
to facilitate the radical cycling. With NOx reduction from 0 to 90%,
the self-reactions between peroxy radicals (Self-Rxns), a proven pathway for secondary organic aerosol formation, were intensified by
up to 23-fold in a NOx-rich environment. In contrast, reducing VOCs could weaken the Self-Rxns while reducing O3 production rate
and atmospheric oxidation capacity. This study observes and simulates O3 chemistry based on extensive measurements in typical
Chinese cities, highlighting the necessity of reducing VOCs for co-benefit of O3 and PM2.5.
KEYWORDS: ground-level ozone, atmospheric oxidation capacity, volatile organic compounds, in situ photochemistry,
coordinated air pollution control

1. INTRODUCTION
Air quality in China has improved in recent years, with
substantial reduction of many criteria air pollutants.1,2

However, the urban ozone (O3) increased rapidly at the
same time.3,4 In addition, it becomes a bottleneck to further
reduce fine particulate matter (PM2.5), mainly due to the
presence of the most stubborn secondary components
including secondary organic aerosols (SOA).5,6 Driven by
the needs and the intrinsic links between the two major air
pollutants, coordinated control of O3 and PM2.5 has been
proposed.7,8 It therefore requires consideration of the complex
O3-PM2.5 interactions in air pollution control.

Volatile organic compounds (VOCs) and nitrogen oxides
(NOx) are key precursors of O3.9 In brief, O3 is formed
following the photolysis of nitrogen dioxide (NO2) that can be
produced from the oxidation of nitric oxide (NO) by peroxy
radicals, including the hydroperoxyl radical (HO2) and
peroxyalkyl radical (RO2). This starts with the oxidation of
VOCs by the hydroxyl radical (OH). In a NOx-rich
environment, NO2 terminates the reactions by combining
with OH.10 On the contrary, NO facilitates radical propagation

in a NOx-lean environment, where the chain termination is
dominated by self-reactions between peroxy radicals.10 This
leads to SOA formation, albeit not the only way.11,12 As NOx
emissions drop, the sensitivity of O3 formation to NOx has
been increasing in China.13 In contrast, the emissions of VOCs
remain high,14 and we know less about the other SOA-forming
organic compounds with lower volatilities. Therefore, how to
achieve the synergy of O3 and PM2.5 control is still under
debate. Atmospheric oxidation capacity (AOC) has been
regarded as a critical factor mediating secondary air pollution
and a connection between O3 and PM2.5.15 The general
calculation of AOC takes into account the overall oxidation
rate of atmospheric constituents by gas phase oxidants
(especially OH).16,17 It is unknown whether AOC calculated
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in this way can represent the formation potentials of both O3
and SOA. Recently, some new AOC quantification schemes
were proposed.18,19 In particular, the one based on oxidation
products across multiple phases is an interesting attempt to
improve AOC representation, which however convolves all
oxidation processes that have occurred in the evolutionary
history of the sampled air and requires detection of the
oxidation products as complete as possible.18

Yangtze River Delta (YRD), located in East China, is one of
the most rapidly developing regions of the country and is
experiencing severe air pollution.3,20,21 Extensive studies have
been conducted to explore the influences of emissions and
atmospheric processes on O3 pollution in this region.20−25

However, there is a dearth of in situ photochemistry studies at
the level of radical cycling, let alone revealing chemical
interactions between multiple pollutants. In addition, the
commonly adopted single-site observation and modeling can
hardly represent the overall characteristics of photochemical
pollution. While zooming in on the Zhejiang province, which
accounts for ∼1/3 of the total gross domestic product and land
area in the YRD, there were even fewer related studies.26

This study integrates 2 month observations of O3 and the
precursors at 10 stations in the Zhejiang province during Jul
and Aug 2020, when the COVID-19 lockdown was lifted in
Zhejiang, and social production and life have been restored.
The choice of the two summer months depended on data
availability and quality as well as the fact that summertime O3
is a common concern in China.3 Although O3 in these months
was lower than those in Apr, May, and Sep at the 10 sites, it
was still at the upper end of the seasonal variation (Figure S1).
In addition, the number of O3 nonattainment days in Jul was
second only to those in May and Sep. The pollution
characteristics of O3 and the precursors are discussed. By
applying an observation-based model, we focus on in situ
photochemistry and its sensitivities to O3 precursors. In
particular, insights are given into cycling and termination of
ROx (ROx = OH + HO2 + RO2) that may lead to O3 and SOA
formation. This study provides a comprehensive picture of
photochemical O3 pollution in the Zhejiang province and
sheds light on the coordinated control of O3 and PM2.5.

2. METHODOLOGY
2.1. Field Observation and Data Screening. As part of

the air quality monitoring network in the Zhejiang province, 10
stations shown in Figure S2 have undertaken the task of
continuously monitoring O3 and O3 precursors, including
VOCs. The sites Chencai Reservoir (CC) and Qiandao Lake
(QDL) were located in rural areas. While the rest were urban
sites, Hangzhou Bay Wetland (HZB) was inside a wetland park
with relatively high vegetation coverage. Table S1 lists the
instruments for the field measurements. Although the instru-
ments were not always consistent for analysis of the same
species across all the sites, they had the same analytical
techniques and working principles. In brief, O3, NOx, carbon
monoxide (CO), and sulfur dioxide (SO2) were detected using
the method of ultraviolet absorption, chemiluminescence, non-
dispersive infrared absorption, and ultraviolet fluorescence,
respectively. The mixing ratios of NO2 and NO were reported
separately, except that NO data was not available at QDL.

Fifty-seven non-methane hydrocarbons (NMHCs) that are
the same as those measured at the U.S. Photochemical
Assessment Monitoring Stations (PAMS), as well as more than
50 other VOCs, were quantitatively analyzed using gas

chromatography coupling mass spectrometry and flame
ionization detection (GC−MS/FID). The instruments used
at all the sites shared the same manufacturer and model (TH-
300B), except for the one deployed at an urban site in
Hangzhou (ZF-PKU-VOC1007). Both types of instruments
have been widely used27,28 and are in the list of the seven
qualified products approved by China National Environmental
Monitoring Centre for continuous monitoring of ambient
VOCs (http://www.cnemc.cn/gzdt/yqjc/hgcpml/202007/
t20200709_788443.shtml). Quality control of the measure-
ments and screening of the data (including criteria air
pollutants) are presented in Text S1 and Figures S3 and S4.

Routine monitoring of regular meteorological parameters
was conducted. Solar radiations were adopted from the ERA5
reanalysis dataset of European Centre for Medium-Range
Weather Forecasts. At Tangya High School (TY), the
photolysis frequencies of NO2, O3, HCHO, and HONO
were measured using a charged coupled device spectrometer
(Metcon, Germany).
2.2. In Situ Photochemistry Modeling. The Framework

for 0-D Atmospheric Modeling (F0AM) v4.1 incorporating
Master Chemical Mechanism (MCM) v3.3.1 (available at
http://mcm.york.ac.uk/home.htt) was utilized to simulate the
in situ photochemistry.29

Observed mixing ratios of air pollutants, including O3, NO,
NO2, CO, SO2, and 46 out of 57 NMHCs, were used to
constrain the model at hourly resolution. SO2 at CC and CO
and NO at QDL were excluded, same for the NMHCs with
low concentrations and high frequencies of missing data. The
model assumed d[X]/dt = 0 within each hour for the
constrained species, where [X] represents the concentration
of species X. All the other species were allowed to evolve over
time. The reason for constraining but not simulating O3 is
discussed in Text S2 and Figure S5. HCHO was not measured,
and we adopted the GEOS-Chem modeling results with the
average mixing ratio ranging from 1.82 ppbv at QDL to 2.91
ppbv at Binhai New Town (BH). The model configurations
can be found in Li et al.’s work.3 Temperature, relative
humidity, and photolysis frequencies of NO2 (J4) were also
input to drive the model. J4 at the sites other than TY were
derived using a scaling method, assuming that it was
proportional to solar radiation and using the observational
data at TY as a reference. Moreover, the model corrected the
simulated photolysis frequencies for the other species with the
ratio of the observed (or scaled) J4 to the simulated J4. A spin-
up of 96 h was implemented by uninterruptedly running the
model with the same diurnal profiles for 5 days and adopting
the outputs in the last 24 h. The purpose of spin-up was to
stabilize the concentrations of secondary species that were not
input. As an example, Figure S6 shows the evolution of the
simulated OH at Provincial Center (PC).

To reduce the modeling workload, we used the 2 month
average diurnal profiles to constrain the model at each site.
This method instead of day-to-day modeling has been used
before to make the O3 production isopleths.30 It also reduces
modeling uncertainty caused by occasional data flaws. As
indicated by the simulated ozone production rate (OPR), there
were indeed some differences between the modeling with
average profiles and day-to-day simulations (Figure S7).
However, we believe that it was within the uncertainty of the
model. Here, the OPR was calculated following the method
introduced in previous studies.31,32 The effects on in situ
photochemistry of the other species that were not input into
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the model, e.g., NO and CO at QDL, SO2 at CC, and HONO
at all the sites, were evaluated with sensitivity tests (Figure S8).
CO at QDL and SO2 at CC had very minor impacts on in situ
photochemistry, which however was sensitive to HONO and
NO (for QDL only). Readers are reminded of the uncertainties
caused by the missing data. Nonetheless, it is unrealistic to
account for all influencing factors in any model.

3. RESULTS AND DISCUSSION
3.1. Spatial Patterns of O3 Pollution. As listed in Table

S2, the average mixing ratios of O3 spanned from 23.0 ± 1.0
ppbv at TY to 33.2 ± 1.1 ppbv at Shanxi Road (SX). While the
highest value of the site-average daily maximum 8 h average
(DMA8) O3 was also observed at SX (54.5 ± 4.7 ppbv), we
identified the lowest site-average DMA8 O3 at CC (38.8 ± 2.7
ppbv), rather than at TY (42.9 ± 3.5 ppbv). In addition to TY,
Hunan Town Primary School (HNT) and Youbu Primary
School (YB) also ranked behind CC in mean values of O3 but
led CC in DMA8 O3. Such discrepancies indicated inter-site
differences in formation potentials and/or sinks of O3.

Figure 1 shows the average diurnal variations of O3 at the 10
sites, with indication of the maximum, minimum, and
difference between the maximum and minimum (i.e., daytime
increment). Overall, the daily maximum O3 at the sites in the
northeast was higher than that in the southwest, except for
HZB that was located in a national wetland park. The relatively
low levels of NOx and CO at HZB implied less intensive

anthropogenic emissions there (Table S2), although the site
might be affected by ship emissions, given the most
predominant level of SO2 and the close proximity to Hangzhou
Bay with busy water traffic. The high O3 maximums at PC,
Dongfang College (DF), and SX were mainly driven by
photochemical processes, as indicated by the large O3
increments from morning to afternoon. In addition, the
relatively high nocturnal O3 at SX and BH also partially
contributed to the high peak values at the two sites. Although
the daily O3 maximums at HNT, YB, and TY in the southwest
were slightly lower than those at the northeastern stations,
significant rises in O3 were observed from the morning troughs
to afternoon peaks. Due to the abundant NOx at these stations
(Table S2), the minimum O3 in the morning regulated by a
strong titration in the absence of sunlight were at the lower end
of the variation range. However, the increment of 40.9−45.6
ppbv within ∼6 h suggested a net O3 growth rate of 6.8−7.6
ppbv h−1 in the ascending phase, taking into account the effects
of boundary layer development, deposition, and transport if
any. In contrast, QDL and CC in rural areas had relatively high
minimum O3 and low O3 maximums, thus the smallest
increments through morning to afternoon (25.6 ppbv at QDL
and 24.7 ppbv at CC). The higher morning O3 minimums
were attributable to a weaker titration due to the much lower
NOx levels at both sites (Table S2). The lower values of
daytime peaks and increments might indicate weaker photo-
chemical formation of O3 at the rural sites. However, the other

Figure 1. Average diurnal variations of O3 (orange lines) at the 10 sites during Jul and Aug 2020. The gray area represents the variation range
defined by all the average diurnal curves at the 10 sites. Max, Min, and Δ are the maximum, minimum, and difference between maximum and
minimum on the orange lines, respectively (unit: ppbv). The map of the Zhejiang province is made using ArcGIS.
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possibilities could not be ruled out, such as faster O3
deposition in vegetated areas, net O3 output via transport,
and so forth.

According to the current air quality standard in China, i.e.,
74.7 ppbv for DMA8 O3,33 SX witnessed the highest number
of O3 nonattainment days in the two months (6 days) followed
by BH (5 days), PC (4 days), and DF (3 days), all in the
northeast. The only nonattainment day in the southwest was
recorded at HNT. To sum up, summertime O3 pollution was
more serious in the northeastern Zhejiang province, consistent
with the spatial distribution of anthropogenic emissions
represented by the NO2 column concentration (Figure S2).
Efficient O3 production was observed in urban areas with high
levels of NOx.
3.2. Compositions and Potential Sources of NMHCs.

VOCs present as fuels in photochemistry. Figure 2 shows the
average compositions and OH reactivity of NMHCs (ROH

NMHCs)
at the 10 sites. The OH reactivity calculation is described in
Text S3. TY in the southwest had the highest mixing ratios of
total NMHCs (24.1 ppbv) followed by PC, SX, DF, and HZB
in the northeast. Alkanes constituted the largest fractions (54−
59% by volume, same below) of NMHCs at all the sites, except
for QDL (37%) and CC (36%). Ethane, propane, and n-

butane in no consistent order were the top three alkanes in
mixing ratios across all the sites excluding TY, where the place
of ethane was taken by i-butane. In contrast, alkenes ranked
ahead of alkanes at the two rural sites, accounting for 44% and
40% of NMHCs at QDL and CC, respectively. However, the
dominance of alkenes was mainly attributed to the high mixing
ratios of isoprene, i.e., 1.75 ± 0.14 ppbv at QDL and 3.03 ±
0.23 ppbv at CC. Ethene was the most abundant alkene species
at the other sites, spanning 1.10−1.49 ppbv. Toluene and m/p-
xylenes ranked first and second in aromatics at most of the
sites, respectively. At QDL and YB, the second place of
aromatics was occupied by benzene rather than m/p-xylenes. It
is not surprising that benzene surpassed m/p-xylenes at QDL
where the air was the most aged, as indicated by the lowest
m,p-xylenes/ethylbenzene ratio, i.e., 1.05 compared to 2.01−
3.00 at the other sites. The relatively high level of benzene at
YB needs further investigation. Ethyne, the only alkyne we
detected, got the highest mixing ratio at HNT (1.82 ppbv) and
lowest at QDL (0.52 ppbv).

Differently, the ROH
NMHCs was highest at CC (9.0 s−1) where

the total mixing ratio of NMHCs was the second lowest and
QDL with the lowest mixing ratio of NMHCs ranked third in
ROH

NMHCs (5.3 s−1). Isoprene contributed >85% to ROH
NMHCs at the

Figure 2. Average compositions (pie) and OH reactivity (bar) of NMHCs at the 10 sites. The pie area and bar height are proportional to the total
mixing ratio and total OH reactivity of NMHCs, respectively. Only the fractions of ≥10% are labeled; Alka, Alke, and Aro are abbreviations of
alkane, alkene and aromatic, respectively. Numbers in the parentheses represent the number of species in each group (see Table S3 for details).

Figure 3. Scatter plot of site-average daytime increment of O3 versus OH reactivity of VOCs and CO (a) and OH reactivity of NOx (b). Dashed
and solid lines represent linear regression excluding and including data at QDL, CC, and HZB, respectively.
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two sites. It was also the largest constituent of ROH
NMHCs at the

five other sites, with the contribution of 25−46%. The
dominance of isoprene in ROH

NMHCs was replaced by C8
aromatics (xylenes, ethylbenzene, and styrene) at DF and SX
in the northeast, where the latter explained 35% and 20% of
ROH

NMHCs at the two sites, respectively. The OH reactivity of 1,3-
butadiene ranked first in NMHCs at BH for unknown reasons.
Moreover, we found that the site-average daytime increment of
O3 correlated well (R2 = 0.73) with OH reactivity of VOCs
and CO (ROH

VOCs + CO) when the data at CC, QDL, and HZB
were excluded (Figure 3). ROH

VOCs + CO is equivalent to adding
OH reactivity of formaldehyde and CO to ROH

NMHCs. In contrast,
no correlation was identified between daytime O3 increment

and OH reactivity of NOx (ROH
NOx) among the seven sites. By

incorporating data at the other three sites, a moderate
correlation (R2 = 0.66) was obtained, which however was
mainly attributed to the data at CC and QDL. Despite this, at
least it was true that both the daytime O3 increment and ROH

NOx

at the rural sites were lower than their counterparts at the other
sites. The phenomenon was not necessarily accidental, given
the facilitating role of NOx in O3 formation at the rural sites
(see Section 3.3). Therefore, the concurrent observations at
multiple sites provided an observational evidence that VOCs
and CO regulated O3 production at most of the sites, and NOx
might be a limiting factor for daytime O3 increment in rural
areas. This can hardly be achieved with observations at a single

Figure 4. Left: Average diurnal patterns of NMHCs and isoprene at QDL and of NMHCs and MTBE at HZB (shaded areas and error bars
represent 95% confidence intervals); right: BTE ternary plot during 20:00−6:00. Yellow, red, and blue frames define the boundaries of BTE
compositions of industrial and solvent emissions, traffic emissions and biomass, and biofuel or coal burning emissions, respectively. The boundary
conditions are delineated by a previous study based on BTE compositions in source samples.39 Gray dots denote hourly data, and colorful markers
indicate 20:00−6:00 averages.

Figure 5. Average diurnal patterns of the simulated ROx and AOC components at the 10 sites. Nighttime RO2 at QDL is represented by the dashed
line; 1 pptv is equivalent to 2.6875 × 107 molecules cm−3.
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site due to the relatively consistent emissions and meteorology-
induced O3 variations between days.

Next, in consideration of the regulatory role of NMHCs in
O3 photochemistry, the main sources of NMHCs are
examined. As shown in Figure 4a, the diurnal variations of
total NMHCs and isoprene well resembled each other at QDL
(same at CC), while the pattern of NMHCs was highly
consistent with that of MTBE at HZB (same at the other
urban sites except BH). Note that isoprene with a noon peak is
generally emitted by vegetation,34 and MTBE is a typical tracer
of automobile exhaust.35 Correlation analyses (see Text S4 and
Table S4) indicated that biogenic emissions and traffic source
explained 36−51% (>90%) and 42−69% (78−98%) of the
hourly (diurnal) variations of NMHCs at the rural sites and the
urban sites, excluding BH, respectively. At BH, 82% of the
diurnal variation of NMHCs was attributed to industrial
emissions, as indicated by the correlation with trichloro-
ethylene.36 Furthermore, compositions of benzene, toluene,
and ethylbenzene (BTE) also provide a hint to VOC sources.
Figure 4b shows a ternary plot of BTE made with the data in
the inclusive interval of 20:00−6:00. The other data are
excluded to reduce the effect of photochemical reactions on
the compositions, so the results may not reflect all sources.
Obviously, the BTE was mainly associated with traffic and
industrial emissions, even no exception at the rural sites. It was
plausible that the BTE presented in the background NMHCs
at the rural sites, so the correlation analyses did not reveal the
source of traffic/industrial emissions. The toluene/benzene
ratio ranged from 2.46 at HNT to 6.65 at TY, lower than the
mean ratio (8.8) for solvent-related emissions.37 Therefore,
solvent usage was not likely a large contributor to the
aromatics. In addition, the ratio of i-pentane/n-pentane was in
the range of 1.44−2.19, comparable to a value of 1.79 at a
roadside site in Hong Kong.38 Overall, we conclude that
vehicle and industrial emissions were the major sources of
NMHCs at the urban sites, while biogenic emissions
dominated the diurnal variations of NMHCs in the rural
areas. Some other sources, e.g., shipping emissions, might also
be present at specific locations (Text S4).
3.3. Diverse Photochemistry and Its Sensitivity to O3

Precursors. ROx radicals are essential oxidants in the
atmosphere. Figure 5 presents the average diurnal variations
of the simulated OH, HO2, and RO2 at the 10 sites. At QDL,
the lack of observational data for NO led to abnormal
overestimate of RO2 at night because it could not be
transformed to HO2 and OH under the extremely low levels
of simulated NO (near zero). The nighttime RO2 at QDL is
replaced with the values retrieved from the daytime average
with reference to the diurnal pattern of RO2 at CC, the other
rural site. According to the simulation, the highest hourly
mixing ratios of OH were in the range of 0.19 pptv at QDL to
0.31 pptv at YB. The ranges for hourly maximum HO2 and
RO2 were 6.40 pptv (TY) to 29.4 pptv (CC) and 5.87 pptv
(TY) to 40.7 pptv (CC), respectively. The levels of ROx
radicals were at the same magnitudes as those reported in the
other Chinese cities.15,40 The mean level of OH differed little
among the sites with a coefficient of variation (CV) of 0.17.
However, the CV reached 0.85 for HO2 and 1.04 for RO2. The
big inter-site differences were mainly due to the elevated levels
of peroxy radicals at the two rural sites. The ratio of HO2/OH
at CC (173 pptv/pptv) and QDL (196 pptv/pptv) was
significantly higher than that at the other sites (12−55 pptv/
pptv), same for the RO2/HO2 ratio.

We examined the correlations between ROx radicals (or the
ratios) and the OH reactivity of O3 precursors (or the ratio), as
shown in Table S5. The relationships of all ROx radicals and
the ratios with ROH

VOCs & CO were weak. In contrast, HO2, RO2,
HO2/OH, and RO2/HO2 correlated well with ROH

NOx (R2 =
0.57−0.86). The negative correlations indicated the role of
NOx in converting RO2 (or HO2) to HO2 (or OH). However,
when the data at CC and QDL were excluded, the R2

decreased significantly, and replacing ROHdx

NOx with the ratio of
ROH

VOCs & CO/ROH
NOx improved the correlations. This suggested

that NOx dominated the ROx cycling at the rural sites;
however, the effects of VOCs and CO (e.g., initiating the
cycling) were manifested in urban areas. Therefore, the high
ratios of HO2/OH and RO2/HO2 at the rural sites were
related to the low levels of NOx, coinciding with the situation
at a national background site in Central China.32 This also
explained the earlier peak of OH at CC and QDL since the
insufficient NOx restricted OH recovery at noon.

AOC is represented by oxidation rates instead of the
recently proposed product-based index18 because we focus on
in situ rather than historical photochemistry and lack the
concentrations of oxidation products in non-gas phases. In line
with previous studies,16,17 the air pollutants whose oxidations
do not lead to O3 formation (e.g., NOx) are not included in the
calculation. Accordingly, OH initiated oxidation of VOCs
constituted the largest fraction (68.2−85.5%) of AOC at all the
sites followed by OH oxidizing CO (6.5−25.0%) and
ozonolysis of VOCs (3.6−8.3%). NO3 contributed only 0.6−
2.0% to the AOC. The observed mixing ratios of NO3 were
dozens of pptvs in Chinese cities.15 Here, without observa-
tional data, it was simulated low (0.07−0.33 pptv). Therefore,
the contribution of NO3 to AOC was most likely under-
estimated at night. However, nocturnal chemistry is complex
and beyond the scope of this study. For example, the
coefficient of heterogeneous uptake of dinitrogen pentoxide
(existing in thermochemical equilibrium with NO3) on
aerosols is highly uncertain.41 Hence, we made no effort to
improve the NO3 simulation.

An immediate effect of daytime AOC in gas phase is to lead
to ozone formation. As shown in Figure S9, the site-average
OPR correlated fairly well with AOC. However, with
comparable or even higher levels of AOC, OPR at QDL and
CC was lower than that at TY and YB, respectively. Since the
AOC at all the sites was mainly composed of OH initiated
oxidation of VOCs, the disproportionate OPR at CC and QDL
might also be attributed to NOx limitation. To confirm this, we
tested the sensitivities of AOC and OPR to the precursors,
which are presented in Figures S10 and S11. The sensitivities
of AOC and OPR were highly consistent, but the OPR was
more positively sensitive than AOC to NOx at CC and QDL.
As such, a higher level of NOx would increase the ratio of
OPR/AOC at both sites, proving the above inference. This
also suggests that AOC calculated in this way cannot accurately
represent the potential of O3 formation in the NOx-lean
environment. At the urban sites, the negative sensitivities to
NOx indicated that NOx terminated the chain reactions and
provided a sink for ROx,

42 instead of facilitating the ROx
cycling as it functioned at the rural CC and QDL. The
sensitivities to the other precursors were generally positive,
corroborating the conclusion drawn from observational data
that VOCs and CO dominated O3 formation at the urban sites.
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To examine the responses of in situ photochemistry to
reduction of O3 precursors, we performed the simulations in a
range of reduction scenarios at PC and CC, representing a
NOx-rich and NOx-lean environment, respectively. Figure 6
shows the changes in OPR, AOC, and the total rate of self-
reactions between peroxy radicals (Self-Rxns) with 0−90%
reduction of VOCs and NOx. The self-reactions included auto-
oxidations of RO2 (RO2 + RO2) and HO2 (HO2 + HO2) and
cross reactions (RO2 + HO2), as detailed in Text S3. In line
with the negative sensitivities to NOx, OPR and AOC
increased with the reduction of NOx by 10−50% at PC.
However, further reducing NOx led to a rapid decrease in OPR
and AOC, indicating a change in the O3 formation regime. It is
striking that the rate of Self-Rxns would increase by more than
23-fold from 0.03 ppbv h−1 to as high as 0.65 ppbv h−1 during
NOx reduction. Although not significantly increased, the Self-
Rxns rate would not be lowered by NOx reduction at CC and
remained stable at high levels (0.87−0.97 ppbv h−1). In
contrast, reducing VOCs not only decreased OPR and AOC
but also weakened the Self-Rxns. Similar results were simulated
by only cutting down anthropogenic VOCs, although the effect
was less significant at CC due to the dominance of isoprene in
OH reactivity (Figure S12). The effect of reducing VOCs on
Self-Rxn was because the source of RO2 was restricted.
However, NOx reduction enhanced RO2 production by
increasing OH in the VOC-limited regime and suppressed
conversion of peroxy radicals in the NOx-limited regime. To
sum up, the decrease in NOx reduced the competition for ROx
between NOx and ROx itself, thereby intensifying Self-Rxns.
Since some of Self-Rxns lead to SOA formation,11 VOCs
should be controlled for co-benefit of O3 and PM2.5. In
addition, AOC calculated in this way does not seem to
represent the potential of SOA formation, at least for the
pathway of Self-Rxns.

4. IMPLICATIONS
With the mitigation of primary air pollution, ground-level O3
has been increased rapidly in many Chinese cities in recent
years. The substantial reduction of NOx and non-declining
trend of VOCs have made NOx less saturated in O3 formation
and weakened the titration effect. Transitional or even the
NOx-limited regime appeared during some O3 pollution
events. There is a debate on the priority of controlling NOx
or VOCs. In any case, reducing anthropogenic emissions is an
irreversible trend that may lead to changes in photochemistry.
An example is the transformation of chain termination from

the reaction of OH with NO2 to self-reactions between peroxy
radicals due to NOx reduction. The latter may contribute to
SOA formation. This effect and other interactions between O3
and PM2.5 necessitate joint control of the two air pollutants. In
this study, the concurrent observations of O3 and its precursors
(especially VOCs) at the 10 sites provided us with a rare
opportunity to comprehensively examine O3 pollution and
photochemistry in the study region. Both observational and
modeling evidence indicated that VOCs regulated O3
formation in the urban areas, while NOx limited O3 production
at the rural sites. The underlying mechanisms for the diverse
photochemistry were elucidated by looking into ROx cycling
and sensitivity of photochemistry to O3 precursors. We found
that reducing VOCs could slow down the self-reactions
between peroxy radicals, which however might be significantly
accelerated with NOx reduction in urban areas.

Meanwhile, we are aware of the complexity of the O3−PM2.5
interaction due to many intertwined processes. Recent studies
demonstrated the impact on O3 pollution of HO2 uptake on
PM2.5 that could reduce the HO2 concentration by 5−
20%.3,43,44 However, it was indicated that the effect became
less important at low PM2.5 levels (<40 μg m−3).45 Sensitivity
tests with a HO2 reduction of 5% (20%) in controlled runs
revealed that OPR would decrease by 3.0−5.1% (12.7−
20.5%), and the OPR sensitivity to VOCs would increase. The
actual impact in this study was likely closer to the scenario of
5% HO2 reduction because the site-average concentration of
PM2.5 was only 13.4−25.3 μg m−3. Such levels of PM2.5 can
only suppress O3 by ∼5% based on another simulation using a
parameterization scheme.45 Moreover, no intra-/inter-site anti-
correlation was identified for PM2.5 and O3. Instead, there
existed certain positive correlations between daily average
PM2.5 and DMA8 O3, with an R2 of 0.20−0.49 (see examples
in Figure S13). This is an important sign of the feasibility of
joint control of O3 and PM2.5. The current study suggests a
VOC-centered control strategy, especially in urban areas.
Nonetheless, this is only part of an overarching strategy but not
the whole. For example, reducing NOx may decrease nitrate in
PM2.5, although this is not to be taken for granted given the
associated rise in AOC in the VOC-limited regime. Holistic
management is required for joint control of O3 and PM2.5.
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Figure 6. Changes in OPR, AOC, and the total rate of Self-Rxns with reduction of NOx and VOCs at PC (a) and CC (b). Reaction rates (RR) are
normalized to the corresponding values in the base run. Shown on the right axis in panel (a) is the normalized RR for Self-Rxns upon NOx
reduction.
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