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Abstract

The Atmospheric Oxidation Capacity (AOC), often referred to as the self-cleansing ability of
the atmosphere, considerably affects the concentrations of photochemical air pollutants.
Despite substantial reductions in anthropogenic emissions of key chemical compounds in
China, the mechanisms that determine the changes in the atmospheric oxidation capacity are
still not sufficiently understood. Here, a regional chemical transport model is employed to
quantify the sensitivity of air pollutants and photochemical parameters to specified emission
reductions in China for conditions of January and July 2018 as representative. The model
simulations show that, in winter, a 50% decrease in nitrogen oxides (NOx) emissions leads to
an 8-10 ppbv (15-20%) increase in surface o0zone concentrations across China. In summer, the
ozone concentration decreases by 2-8 ppbv (3-12%) in NOx-limited areas, while ozone
increases by up to 12 ppbv (15%) in volatile organic compounds (VOCs)-limited areas. This
o0zone increase is associated with a reduced NOy-titration effect and higher levels of hydroxyl
(OH) and hydroperoxyl (HOp) radicals due to reduced loss reacted with nitrogen dioxide (NO)
and decreased aerosol uptake. Fhis-ozone-increase-is-associated-with-areduced-NO-titration
effectand-highelevels-e-hydroperesaf =0 -radical-clueto-cleereasee-asrose -uptale-With
an additional 50% reduction in anthropogenic VOCs emission, the predicted ozone
concentration decreases by 5-12 ppbv (6-15%) in the entire geographic area of China, with an
exception in the areas, where the role of BVOCs is crucial to ozone formation. Further, the
adopted reduction in NOx emission leads to an increase of AOC by 18% in VOC-limited areas.
This specific increase is associated with the combined effect of enhanced radical cycles
associated with the photolysis of oxidized VOCs (OVOCs) and the oxidation of alkenes by

hydroxyl (OH) radical and 03 A—large—re%eﬂen—ef—dayﬂme—A@G—m—summeHesu%s—ﬁrem—the

9¥9€s—Th|s study hlghllghts that photonS|s of OVOCs and OX|dat|on of alkenes and aromatic

in urban areas when NOx emission is reduced leads to an increase in Oz. To mitigate ozone
rises in urban areas, a joint reduction in the emission of NOx and specific VOCs species,
including alkenes, aromatics and arematics—and—unsaturatedphetedegradable OVOCs,
including methanol and -sheuldethanol, should be implemented.

JKeywords: ozone pollution, emission reduction, nitrogen chemistry, AOC
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1. Introduction

To effectively reduce air pollution in China, the government of the country has implemented
stringent actions between 2013 and 2020 (Liu et al., 2020; Liu et al., 2023). In the initial phase,
from 2013 to 2017, the control of primary pollutants was particularly effective, with a dramatic
decrease in the anthropogenic emissions of fine particles (PMa:s), sulfur dioxide (SO.), and
nitrogen oxides (NOx) (Liu et al., 2020). After that, a sustained reduction in the emission of
SOz, NOx, and PM2 5 was achieved with continuous emission control from 2018 to 2020 (Liu
etal., 2023). The implementation of the emission control policies has greatly improved China’s
air quality. However, a significant increase in the surface ozone (Os) concentration was
observed from 2013 to 2019, with the rising trend slowing down from 2020 to 2021, but
rebounding in 2022 (Liu et al., 2023; China Air 2023). Some studies have documented the
explanations for the significantly increasing trend in the surface Oz concentration, including
the reduction of NOx emissions and atmospheric aerosol loading (Li et al., 2019a; Liu et al.,
2020). During and after the recent COVID-19 lockdown, ozone pollution has also been
reported to happen, which is believed to be favored by the sharp reduction of NOx and high
emissions of VOCs (Li et al., 2021). Looking through these changes over the past decade, we
can learn that rapid reductions of emissions may lead to varied ozone chemistry and, thereby,
complex changes in ozone concentrations in China. ,

The response of ozone to reduced NOx emissions varies with the local photochemical
environment and is different in VOC-limited, NOx-limited, or transition regimes (Ou et al.,
2016; Dai et al., 2023). In VOC-sensitive regimes, the reduction of NOy tends to increase ozone
formation due to the weakening of NO nitration and the competition between NO and VOC
for OH radicals (Ou et al., 2016). In NOx-sensitive regimes, NOx emission reduction decreases
the photolysis of NO, leading to less ozone formation (Ou et al., 2016). Several studies using
satellite observations (Wang et al., 2021) and regional models (Zhang S. et al., 2023) have
shown that the reduction in anthropogenic emissions has generated a change in the
geographical distribution of the ozone formation regimes in China. The shift of ozone
sensitivity regimes from VOC-sensitive to transition and/or NOx-sensitive in many
metropolitan and suburban regions of East China was also reported by these studies. This shift
enables efficient ozone control in NOx-sensitive areas in response to the continuous decrease
in NOyx emissions. In VOC-sensitive and transition areas, NOx emission reduction fails to
effectively mitigate ozone pollution, while a coordinated reduction in anthropogenic VOCs
(AVOCs) gmissions should effectively limit the ozone formation and should therefore be
implemented (Liu et al., 2023; Zhang S. et al., 2023). The source of NOx in VOC-sensitive
areas is mainly from fossil fuel combustion, while AVOCs emissions have a range of sources.
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To establish a cost-effective control over AVOCs emission, the assessment of the contribution
of different VOCs species to ozone formation should be accurately estimated for different areas
of China.

secendary-formation-in-aerosol-compesitions{An-et-al-—2019)-The interaction of aerosol and
O3 formation has been discussed in many modeling studies (Li et al., 2019; Liu et al., 2020).
However, the influences of aerosol on Oz production can be varied due to counteracted aerosol
effects and different aerosol concentrations (Tan et al., 2022; Dai et al., 2023). Understanding
the changes in aerosol effects on ozone formation when the primary emissions are further
reduced is still necessary to implement an efficient air quality control policy.

Recent observational studies combined with a source apportionment approach using
observation-based models have highlighted the role of specific VOCs species, including the
alkenes, aromatics, and several OVOCs, in mitigating summertime ozone formation in the
urban areas of China (Shi et al., 2023; Wang W. et al., 2022). The notable contributions of
OVOCs to AOC as well as the formation of SOA in China have been of concern in many studies
(Li et al., 2022; Wang et al., 2023). Since the oxidation of biogenic VOCs (BVOCs) can
significantly contribute to the formation of secondary pollutions, the important role of BVOCs
in AOC and the formation of SOA has also been highlighted in vegetated and highly greening
regions in China (Cao et al., 2022; Zhang et al., 2023). However, a comprehensive evaluation
of the influence of different VOCs species on AOC and ozone chemistry in different regions of
China is still needed. Considering the necessity of implementing coordinated actions among
large areas to further alleviate air pollution in China, regional chemical transport models are
appropriate tools to assess the quantitative response of various VOCs species and AOC-related
chemical parameters to emission changes.

In the companion paper (Part 1; Dai et al., 2023), we used a regional chemical-meteorological
model to quantify the relative contribution of different photochemical processes to the
formation and destruction of near-surface ROx and Os in different chemical environments in
China. In Part 2 of the study, with the evaluated model, we assess the response of the photo-
oxidative species and related parameters to the reduction of primary emissions. This paper is
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structured as follows. Section 2 introduces the setups of the model system and describes the
simulations performed for specified reductions in the emissions of primary pollutants. In
Section 3, we first analyze the response in the near-surface concentration of ozone precursors
and intermediate to primary emission reductions. We, diseuss-also discuss the changes in the
ozone formation regime. resulting-from-emissionreductions—Further, we derive the associated
chanqes in ozone, and aerosols to emission reductions. Wealseﬂem;e#r&asseeate&ekmges

- Flnally, we

descrlbe the sensmwty of the—pheteehe%meal—pa;amete;s—and—the atmospherlc oxidative

capacity (AOC) to the reduction in emissions. A summary and implication for policy making
of our study is provided in Sec. 4.,

A

2. Method
2.1. Model setting

We use the WRF-Chem model version 4.1.2 (Skamarock et al., 2019), coupled with the gas-
phase chemistry mechanism MOZART and the aerosol module MOSAIC, to simulate the
meteorological fields as well as the transport, the chemical and physical transformations of
trace gases and aerosols. The months of January and July of 2018 were selected as
representative months to conduct the simulations and investigate the, changes in secondary
pollution and AOC in response to emission reductions during winter and summer, respectively.
Compared to the standard version of the chemical mechanism, several updates of
heterogeneous uptake over the ambient aerosol were made (Dai et al., 2023). As for SOA
formation in the selected chemical mechanism, the main pathways result from the gas-phase
oxidation of VOCs by atmospheric oxidants (OH, Oz, and NOs) and the heterogeneous
formation of glyoxal SOA over the ambient aerosol. The model domain covers the whole
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Firstly, we describe the changes in the surface concentration of ozone ezene-precursors_and
and-intermediates, including NO, NO», OH radical, HO> radical, and specific species of
hydrocarbons_and-ard OVOCs, -in response to different reductions in surface emissions. We
show the results for January and July of 2018, as representative for winter and summer

conditions. -To support the discussion of radical changes induced by emissions reduction, we

examine the changes in two parameters. One is the production of ROx radicals (P(ROx)), /
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resulting from the photolysis of Os, nitrous acid (HONO), and of different OVOCs, and from /
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the ozonolysis of alkenes. Another parameter is the destruction of ROy radicals (D(ROx)),

resulting from the termination reactions between different ROy radicals and between ROy
radicals and nitric oxide as well as from the heterogeneous uptake of HO» on aerosol surfaces.

Detailed estimates of P(ROx) and D(ROx) can be found in Part 1 of the present study (Dai et
al., 2023).
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southern China by up to 40%,(0.05 pptv, Fig. 1a), with a relatively lower decrease in the central

and western parts of China. The decreases in the NO, concentration (Fig. S2a), resulting from .

the reduced NOx emissions—-{Fig—SX)-, lead to reduced formation of ozone. As a result, the
oxidation capacity and levels of oxidants are reduced (see Sect. 3.3). At the same time, an

increase in the concentration of the OH radical js found in urban areas, including the North

China Plain (NCP), Yangzi River Delta (YRD), Pearl River Delta (PRD), and Si Chuan Basin
(SCB) regions, with the maximum increase of 24% in PRD regions. This increase is explained

by the reduced destruction of the OH radical by the reaction with NO> (Fig. S2b). For the HO» ‘
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pptv (60%), Fig. 1b). Thiseis enhancement is related to the increased OH radical in urban areas,
leading to enhanced HO, via VVOCs oxidation, and with-caused-by-reduced loss of HO via the
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aerosol uptake, which is associated with a decrease in the aerosol load (see Sect. 3.2.3), and

hence in HO, uptake (Song et al., 2021).,

For the 50% decrease in AVOCs emissions, the mixing ratio of OH is reduced by 4-12%

(0.005-0.015 pptv, Fig. 1c) and the mixing ratio of HO radicals is reduced by 20-up-to-36%
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(1-3pptv, Fig. 1d) in the southern part of China. The decreases in these radicals are related to
the reduced oxidation of VOCs, due to the reduction in AVOCs emissions. deereased
Simultaneously, a slight increase in the mixing ratio of OH radical is derived in the southern
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associated with the decreased aerosol load due to AVOCs emission reduction.

When the 50% emission reduction in NOx is combined with 50% reduction in AVOCs
emissions, the distribution of changes in OH radical ehanges-are similar to the pattern induced
by the emissions reduction in NOy alone. However, weakened increase are calculated, as the
increase in OH radical with reduced NOx emissions is largely compensated by the decreased
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the maximum increase in urban China is also lowered to 12% (from 40%). Besides that, the
increase in HO, radicals is also largely reduced to 20% (from 60%) by the lowered
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CQ), the mixing ratio of OH radical is positively modified, relative to the results in the
combined case (N+A case). As shown in Fig. S5a, the mixing ratio of OH radical is increasing

in the PRD and SCB regions (by up to 22%). This increase is due to the reduced consumption

of the OH radical by CO (Fig. S4a), due to reduced CO gmissions (Fig. S1d). For the HO» |

radicals, the additional-emissiens reduction in other emissions also contributes to a larger
mixing ratio, with a pronounced increase in southern China -Jdanuary-(by up to 18%, Fig.
S5b). This increase in HO, radical mixing ratio is due to the increase in the oxidation of VOCs
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Summer condition. Figure 2 displays the spatial distribution of the changes in OH and HO;

radicals due to the reduction of NOy, AVOCs, and combined NOx and AVOCs emissions for
July 2018. Compared with the wintertime variation in radicals, which is limited to southern
China, the geographical area covered by these changes is broader during summertime and
covers a large fraction of northern China. When applying a reduction in NOy emission by 50%,
a decrease in the concentration of OH radicals is derived in large parts of China, with the
maximum decrease reaching 40% (0.15 pptv, Fig. 2a). The concentration od the OH radical
increases in the metropolitan areas, including in the YRD and PRD regions. Simultaneously,
the surface mixing ratio of HO radical increases by 6 to 8 pptv (15-20%, Fig. 2d) in the North
China plain. These changes are affected by the meteorological parameters including the
temperature, the water vapor abundance, and the solar radiation intensity, which are involved
in the oxidative processes (Dai et al., 2023).

When AVOCs emissions are reduced by 50%, the concentration of the radicals in urban areas,
including in the NCP, YRD, and PRD regions, decreases on the average by 8-12% in the case
of OH (0.03-0.05 pptv, Fig. 2b) and by 6-10% (3-5 pptv, Fig. 2e) in the case of HO..
Simultaneously, a comparable increase in the OH radical is calculated in non-urban areas, due
to potential effect by the aerosol light extinction. When applying the combined 50% emissions
reduction in AVOCs with NOy, the distribution pattern of OH radical changes are similar to
the distribution derived for the reduction in NOx emissions alone, but it is also compensated by
the offset effect from AVOCs emissions, like in winter conditions. As shown in Fig.2c, the
maximum increase in OH radical is weakened to 20% (from 40%) and the maximum decrease
is also reduced to 12% (from 30%). The offset effect of AVOCs emissions reduction is also
shown in the enhanced abundance of HO> radicals (Fig.2f), with less than 6% (from 15-20%)
increases in the urban areas.

With an additional 50% reduction to other anthropogenic emissions, the mixing ratio of OH
radical is increased (Fig. S4c), relative to the results obtained in the combined case, with the
highest increase occurring in the NCP region.
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3.1.2 Changes in OVOCs

Oxygenated hydrocarbons (OVOCs) originate from direct surface emissions (primary source),
615 and from the oxidation of primary hydrocarbons (secondary source) in the atmosphere (Wang

W. et al., 2022).

consistent with the changes in the mixing ratio OH radical. The highest increase in OVOCs
concentration is approximately10% (2 ppbv), in the urban areas of the YRD and PRD regions;
it includes a significant increase_in the concentration of formaldehyde (HCHO, Fig. S6a),

625  followed by peroxyacetyl nitrate (PAN, Fig. S6p), and alcohols (CH30OH+CpHsOH, Fig. S6¢).
At four city sites under consideration, the highest increase in OVOCs js calculated in, the site
of Shanghai and Guangzhou, with concentrations jncreasing by gbout 12% (1.8 ppbv, Fig. 3e)
and 8% (1.2 ppbv, Fig. 3f), respectively.

630  When AVOCs emissions are reduced, OVOCs are decreased, in most regions of China (Fig. Formatted

3b), with the highest decrease found jn the regions of PRD and SCB. At the four city sites
under consideration, the decrease in ketones is the most distinct (Fig. 3d-g). The abundance of
these species is reduced by almost a factor of two, followed by HCHO and other aldehydes.
When combining, the emission reduction of AVOCs and_NO,, the decrease in_ OVOCs
635  concentration resulting from the, AVOCs emission reduction is further strengthened in large
parts of China (Fig. 3c). However, an increased concentration of 1~2 ppbv is derived for
OVOCs at Guangzhou site (Fig. 3f). With additional decreases in other emissions, the OVOCs’
concentration is enhanced by 2~4 ppbv in whole China (Fig. S5e), which is consistent with the
increased abundance of the OH radical resulting from a reduction in the NHs, SO,, and CO
640  emissions.relevant-dwith-ionfromsOVOCs-are-hoth-contributed-by-the primary-sourcethei

Winter condition. Figure 3 shows, the spatial distribution of calculated changes in total OVOCs Formatted
due to the 50% reduction in NOy, AVOCs and in_combined NOy and AVOCs emissions for,

620  January of 2018. With a reduction in NOy emission, the OVOCs concentration decreases in the
non-urban areas in southern China and increases in urbanized, China (Fig. 3a), which is

645

650
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675

680
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690

695

Summer conditions. Figure 4 displays the spatial distribution of the changes in total OVOCs

due to a 50% reduction in NOx, AVOCs and in the combined NOx and AVOCs emissions for,

changes in OVOCs concentration do not resemble with changes in the OH radical. A decrease ||

in the, OVOC:s is derived, in southern China, However, in central and northern China, the level /

—ig—6h—

Fig. 4

a). alse—~For specific OVOCs, the

of OVOCs generally. increases and this increase js not limited to metropolitan areassimiarwith |

changes in HCHO, glyoxal, and PAN (Fig. S7a-c) are consistent with the changes calculated /

for the OH radical. However, for aldehydes and alcohols_(Fig. S8a-b), an_increased /-

concentration jis derived in the entire geographical area of China, with a consistent distribution
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740

of changes_in the level of alkenes (Fig. S8c) and, isoprene (Fig. S8d). In summer, the

temperature-dependent emissions of biogenic VOCs from vegetations are high. The reduced |

production rate of OVOCs, resulting from the reduced AVOCs emissions, is compensated to a

certain extent by the high natural emissions of BVOCs species.

leferentst,aply with_what _is occurring_in larqt,meter (Hm&deerease;%OVOCsw o

concentration reduced by about {= 50%), wintertime—change;ithe response of OVOCs

concentration to AVOCs emissions reduction jis milder, in summer, with the largest decrease

reduced fo suppressed-to-30%. Thls is explained by the more effective secondarv formatlon of
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795 A#@Gs—emrssrens—deﬂha—surnmeHhaereﬂhe—MH{er;Nevertheless Besrdes—t—hat —a more
pronounced distinet-decrease in OVOCs is found in North China. For example, aAt the Beijing

site, the decreases in OVOCs concentration increased—toreaches, 10—ppbv—{28%10 ppbv
compared to the }-from-the-decrease-inwinter-by-5-ppbv-{45%5 ppbv derived in winter}, which
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In order to highlight the regional differences in the response of the existing photochemical
regimes to emissions reduction, we first show the changes in the drstrrbutlons of the areas where
B25  the ozone formation is elther NOXx- or VOC limited.

Ngx-hmﬂed—eH#G%m%ed-ezene—termahen—remes—We dlstlnqmsh the two regions from

adeptthe calculated ratio between the production rate of hydrogen peroxide (H20) and that-of [Formatted: Font color: Text 1

nitric acid (HNO3) [P(H20,)/P(HNO3 indi istingu imes. An area

B30 is assumed to be VOC-limited or NOx-limited if the adopted indicator P(H202)/P(HNOs) is {Formatted: Font color: Text 1
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smaller than< 0.06 or if it is larger than PéH;zO #PGHNQQ,)»—O 2, respectively (Tonnesen and

Formatted

associated with recurrent radlcal reactlon chains involving the oxidation of hydrocarbons in the
B35  presence of NOx, and the photochemical destruction of Oy, is also adopted here fo support the
analysis of the underlying reasons for ozone changes.

3.2.1 Response of 0zone sensitivity regimes to emissions reduction {Formatted: Font color: Text 1

Formatted: Font: (Asian) +Body Asian (SimSun), Font

B40 color: Text 1, (Asian) Chinese (Simplified, Mainland
China)
B45
Figure 15 displays the spatial distribution of ozone regimes_in response to applied emission Formatted
reductions in the combined emissions in NOx and AVOCs emissions in -beth-January and July
850  andJuly.
Wmter condltlons In January, under—baseM&eendmens%BASEease)—dwﬂaT}amaw—ezeﬂe Formatted
855

seu&hemaart—ef—%nawhen%sren&a#e%d&eed—wnh a 50% reductlon in NOX emissions,

(Fig. 5b), transition or VOC-limited regimes in the south and southwest of China (in BASE
case, Fig. 5a) tend to be converted into NOy-limited for ozone production regimes. The change
B60  in ozone sensitivity regimes is consistent with (1) the decreased concentration in the simulated
HNOgz (Fig. S9a) due to less NOp reacting, with OH, and (2) the jincreased HpOp, concentration
(Fig. S9e), due to the reduced aerosol, HO, uptake by aerosols, echanges-inH202 and-HNO3:
With a 50% reduction in AVOCs emissions, some transition areas of southern China are
converted to VOC-limited areas (Fig. 5¢). A relevant decrease in HpO, concentration also
B65  derived in southern China and is attributed to the decrease in the calculated HO, concentration.
When considering the_combined reduction in NOy and AVOCs_emissions as well as all
anthropogenic emissions, the VOC-limited regions of southern China evolve towards transition
regions or even NOx-limited regions (Fig. 5d, Fig. S10a). In these two last cases, the changes
in_ozone sensitivity regimes are determined by the decrease in the calculated HNO;3 |
B70  concentrations.

At the-the urban sitesspecific-sites-examined-here{see-Seet—21), the emission reduction does Formatted

not modify the wintertime ozone sensitivity regimes mheu;banand—m;al—sﬁe&m—\lamw(ﬁq
S112), which remaining in VOCs-limited regimes. -
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the—PeaFLRHﬁFDeI{a—éFlRD)—and—meékehHan—Basm—(SGB)—tIhe chanqes in ozone regimes
related to emission reductions are found mainly in, VOC-limited areas and their surroundings., //

With the reduction of NOx emissions, the size of VOC-limited areas (Fig. 5e) shrinks and

becomes,_a smaller fraction of metropolitan areas (Fig. 5f). With the reduction in, AVOCs

emissions, the VOC-limited areas expand to the surroundings of the metropolitan areas (Fig.

5q). Finally, when considering the combined 50% reduction in the emissions of NOy and

AVOCs (N+A case; Fig. 5h) as well as the reduction of all other emitted species (TOTAL case;
Fig. S10b), the calculated change pattern of ozone sensitivity is similar to the pattern

corresponding to the NOx emissions, with a smaller VOC-limited area relative to the BASE
case. In baseline case, the 0zone sensitivity of-At the four urban sites under consideration; are

located in VOC-limited areas. wThe, 50% reduction in NOy emissions shifts the Beijing sites
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Formatted

Formatted

Formatted

| Formatted

| Formatted

Formatted

‘| Formatted

Formatted

to NOy-limited areas (Fig. 5i). The sites of Shanghai (Fig. 5j) and Chengdu (Fig. 51) are shifted

Formatted

to Transition. Only the Guangzhou site remains in a VVOC-limited region (Fig. 5k). When

considering N+A and TOTAL cases, the sites of Beijing and Chengdu shift to a transition k
condition, while the Guangzhou and Shanghai sites remain affected by VOC-limited conditions.,,

3.2.2 Response of 0zone concentrations to emissions reduction,

Figure 6610 shows the changes in surface daytime ozone concentrations resulting from a 50%

reduction of the NOx and AVOCs emissions in the January and-July-and July ofin 2018.

Winter condition. In January, the 50% reduction in NOx emission enhances the surface ozone

concentrations, with the largest increase derived in the YRD and PRD regions (15-20% (8-10
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ppbv); Fig. 6Sa). During wintertime, As—BDuring-wintertimeas-shown-in-Fig—da-a large part -
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of China is_ under a VOC-sensitive regime. -Thereforeduring-wintertime,- In-this NOy~reduced

ease—the-the reduced, titration of ozone by reduced NO (Fig. S13a; Fig. S2c) in-thisNOy-

reduced-case-favors an increase in the ozone concentration. If AVOCs emissions are reduced

by 50%, the surface ozone is reduced by 4-10% (2.0 to 8.0 ppbv; Fig. 6b) in the southern part \

of China., This 0zone decrease is associated with the reduced concentration of HO, radicals and |

hence a reduction in the ozone production by the HO, + NO reaction (Fig. S14a).

In the combined emission reduction case, Fhus—in-these-areas;-the ozone response in VOC-
limited areas mainby-follows the positive changes found in the NOy-reduction case, -with an

ozone increase of 3.0-7.5 ppbv (4-9%) in North {4-9%-Fig—10e}+r-OC-limited-areas{Fig-
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a -%e%&neﬁ%&multaneously, a sllqht 0zone decrease {by-2.0-

4—5—9919\/%—8%)45 derived over the southern coast of China (by-2.0-4.5 ppbv; 5-8%). In these

areas, the ozone sensitivity is under the control of the NOy. The ozone decrease is dominant by

the negative ozone response in AVOCs emissions reduction case. Cempared-with-the-combined

ease-Wwith further emission reduction of, other species eempared-with-the-combined-case, a

higher ozone increase, (3-5 ppbv (4-6%); Fig. S50) relative to the combined case {by-3-5ppbv:

4-6%)-is calculated in the southern part of China,, {by-3-5-ppbv{4-6% concentration-of ozone

{ i i A

% Formatted

Summer condition. In July, under the effeet-ofreduction in the NOx emissions-reduetion, an

{Formatted: Font color: Text 1

Formatted

increase in the surface ozone concentration of up to 10 ppbv (17%) is calculated in the

ol

urbanized regions of NCP, YRD, and PRD (Fig. 6d). undertheeffect of NO,—emissions

reduction-These areas are typically located in VOC-limited areas (Fig. 5); thus, ozone increase

is.explained by the reduced ozone titration (Fig. S13b), At the same time, in NOy-limited areas,

the calculated surface pzone concentration is reduced by 2 to 8 ppbv (3-10%), as a result of

less photochemical formation from reduced NOy NO—{Fig—5b)}—and—NO,—{Fig—5d)}

concentrations, With the reduction of AVOCs emissions, the surface ozone concentration

decreases by up to 8.0-12.0 ppbv (8-20%; Fig. 6e) in whole areas of China, A spatial shift in

ozone decrease, from the southern regions in winter to the northern ones in summer, also occurs

under this condition, which is relevant with the distribution of model-derived, HO, radicals’

decrease, as it involved in the reaction with NO and contributed to the decreased ozone

production rate (Fig. S14b).

When combining the 50% reduction in the NOx and AVOCs emissions, the surface ozone

Formatted

concentration decreases by up to 12 ppbv (15%; Fig. 6f) in NOy-sensitive areas. In VOC-

sensitive areas, the increase of ozone, associated with the positive impact of the reduction in

NOy emissions is also surpassed by the negative effect of the reduction in the AVOCs

emissions, In other words, the reduced destruction of ozone associated with the, reduced NO

level jis less important than the decreased production of ozone resulting from the reduced

mixing ratio of HO, radical., This is explained by the fact that the consumed ozone can be

rapidly compensated, by the photochemically ozone formation processes, since the ozone

production rate is accelerated by high temperature and photolysis rate during summertime

(Wang et al., 2022). While the decrease in HOx radical, due to reduced AVOCs emissions has

a stronger impact on the ozone production, as the radicals are fast consumed in the oxidative

processes during, summer. One exception can be found at the Guangzhou site, where ozone

slightly increases by 0.5 ppbv (Fig. S15), which is possibly explained by the increasingly

important _role of naturally emitted BVOCs,_ species in the oxidation processes when

anthropogenic emissions are reduced, When emission reduction is applied to all species, the /

largest ozone decrease is slightly increased to 10 ppbv (15%) in NOx-limited conditions and

11 ppbv (13%) in VOCs-limited conditions (Fig. S5h) relative to combined cases, due to the

increase in the mixing ratio of OH and HO; radicals. ,
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3.2.3. Response of aerosols to emissions reduction and-its-petential-effects-on-ozone

{ Formatted: Font color: Text 1

7T whichislargely-contributed

Figure 7 shows the changes in the average concentrations of secondary aerosol due to emissions
reduction in January and July of 2018.

Winter condition. In January, the 50% reduction of NOy leads to a large decrease of aerosol

load (10-18 pug m™ or 12-20%: Fig. 7a),in central and southern China. The aerosol decrease is

predominantly results from the decrease in the NOs  abundance (Fig. S16a) linked, to the

reduced concentration of NO,, followed by NO4* (Fig. S16b). A slight increase in the

abundance of secondary organic aerosols (SOA) js derived in the urban areas of NCP, YRD,

and PRD regions (1-2 ug m™ or 3-5%: Fig. S16c), which is consistent with the increase in the

level of oxidants, including ozone and OH radicals. With a 50% reduction of AVOCs

emissions, the changes in aerosol concentration are smaller than with the 50% reduction in
NOy_emissions reduction, with a decrease of less than 5 ug m= (4%: Fig. 7b), which is
predominantly resulting from the reduction in SOA (Fig. S17a). With a joint reduction in NOy

and AVOCs (Fig. 7c), the aerosol decrease is larger than the separated effect by emissions
decrease, as the increase in SOA by reduced NO, emissions is compensated by the reduced

AVOCs emissions.

Formatted: Font color: Text 1, (Asian) Chinese

With further reduction in other emissions, the decrease in the concentration of gerosol is deeply

(Simplified, Mainland China)

enhanced; this is the case for the concentration of NH4* (Fig. S19a), SO4* (Fig. S19b), and

Formatted

NOs™ (Fig. S19c). Conversely, the concentration of their precursors, NHs and SOy, are largely

reduced, which can also affect the process of acid replacement and then the level of NOs". ,An

overestimation in the concentration of NO, and PM.s has been simulated in the baseline
condition, which can possibly lead to a higher reduction in aerosol concentration, especially in
the concentration of NOs". This overestimation can also potentially affect the aerosol-related
changes in ozone formation.

A

Formatted: Font color: Text 1

Summer condition. In July, the aerosol decrease due to the gmissions reduction is much smaller

Formatted

than the decrease in winter. The decreased values, range, from, 1.5 to 5 ug m™ (Fig. 7d), from 2

alll

to 6 e m™ (Fig. 7€), from 4 to 7 ug m™ (Fig. 7f) and from 8 to 10 ug m™ (Fig. 79), for a

reduction in NOx, AVOCs, combined NOyx and AVOCs, and TOTAL emissions, respectively.

The simulated reductions in aerosols undergo a spatial shift, from the southern part of China in

winter to the northern China Plain in summer, This shift is consistent with the calculated

changes in oxidants, hydrocarbons, and other gaseous aerosol precursors. The higher decrease

in the gerosols loads for the combined case also indicates that the reduction in AVOCs emission

will increase the efficiency of the aerosol decrease produced by the reduced NOx emission.

7

aduly

The aerosol effect on ozone formation has been discussed in several modeling studies (Li et
al., 2019; Liu et al., 2020; Dai et al., 2023). Our results show that the reduction in primary
emissions results in a large decrease in aerosol concentrations. The major contribution to

[ Formatted: Font color: Text 1

aerosol decrease is from the reduction in NOy emissions, with a strengthened effect on aerosol
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decrease when combined with the reduction in AVOCs emissions. This aerosol decrease /’

' /| Formatted

weakens the aerosol extinction effect and therefore enhances the photochemical formation rate

of radicals and ozone. As shown in Fig. S20 a-d, the photolysis rate increases (by 5-20%) in /

" | Formatted

‘| Formatted

The highest increase in photolysis rate results from the joint emissions reduction in NOx and /-

Formatted

AVOCs (Fig. S20). The increase of photolysis rate in summer is not as distinct as the increase

Formatted

during wintertime, due to the less decrease of aerosol. The increase in photolysis rate, such as

Formatted

for HONO, can also well explain the increased level of OH radical (Fig. 1b) in AVOCs case in

Formatted

southern and central China in winter due to aerosol decrease induced by emission reduction.

south China, with a potentially positive effect on ozone formation.

" /| Formatted
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Besides that, the aerosol decreases can also decline the aerosol uptake of NO, and HO»

| Formatted

radicals, which indirectly resulting in an enhancement in the mixing ratio of OH and HO,,

Formatted

radicals (Dai et al., 2023). The increased Jevel of HOx (Fig. S5 a-d) due to the emissions

\

Formatted

reduction in NHz and SOy, can be caused by the less aerosol uptake, associated with a large

Formatted

decrease in the calculated concentration of NH4", and SO4%. When conducting the emission \
reduction in NOx or AVOCs emissions, the increase in HOy radicals can also result from the \ ‘

Formatted

less destruction by reduced NO, or VOCs oxidations. However, the aerosol effect, with I\

Formatted

decrease in aerosol load, on the contribution to the HOx radicals is supportive to the ozone

Formatted

formation. This result indicates a need to consider the aerosol effect on 0zone formation even

Formatted

with stringent emissions reduction.
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3.43. Changes in the-photochemical-reactivity-and-the-atmospheric oxidative capacity
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-Atmospheric Oxidizing Capacity (AOC) is a parameter that characterizes the self-cleansing
ability of the atmosphere (Liu et al., 2022)., Itand is derived here as the rate at which CO,

methane (CH4), and non-methane hydrocarbons (NMHCs) are oxidized by atmospheric

oxidants, including OH, O3, and NOz (Xue et al., 2016; Dai et al., 2023). This parameter allows
us to characterize the formation process of remeoval-process-of secondary-species;-including-Os;
SHA-ard-SOA; and therefore-can be used as an indicator to design mitigation eentrel-policies
for reducing fer—ozone poIIutlonseeendaFy—peumams A—detailed—description—of -these
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contribution from the reactions between OH with alkenes, followed by the reactions of OH
with aromatics and with OVOCs.

During nighttime (20:00 to 05:00 LST), an increase in AOC of up to 50% results from the
reduction in NOy emissions (Fig. S21a). The increases are contributed by alkenes ozonolysis,
with a relevant enhancement in the concentration of ozone (Fig. 6 a) and alkenes (Fig. S8c).
The largest increase in the alkene ozonolysis is derived at the sites of Shanghai from 31% to
40% (Fig. S22b). These results highlight the importance of 0zonolysis associated with the NOy
emissions reduction.
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The distribution pattern of changes in daytime AOC due to emissions reduction is almost

consistent with the relevant changes in the mixing ratio of OH radicals and the concentration

of OVOCs, ozone, and SOA in both winter and summer. These consistent patterns suggest that

the AOC is an appropriate indicator to characterize the changes in secondary pollutants

attributed to emissions reduction. One exception is found when considering the changes in the

0zone concentration resulting from the reduction in the NOy emission during winter. During | Formatted: Not Highlight

this season, a comparison between the values of AOC with the changes in the ozone
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changes in the net production rate of odd oxygen (Fig. S23); this can be explained by the
important role played by NOz in the wintertime formation of ozone. /
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In this study, several model simulations have been conducted to explore the response of
radicals, of ozone, and of the atmospheric oxidative processes to a 50% reduction in primary
emissions of key pollutants. Our analysis provides insight into the changes in 0zone chemistry
and in the oxidizing processes to be expected in China in response to future emission reduction.

In winter, as most areas are VOC-limited (saturated in NOx) a 50% reduction in NOy emissions
leads to an ozone concentration increase of up to 8-10 ppbv (15-20%) in all geographical
regions of China; this increase results from of the reduced titration of 0zone by nitric oxide.
When combining this NOy reduction with a 50% reduction in AVOCs emissions, the o0zone

enhancement found in the rural areas and resulting from the reduced NOy is considerably
reduced. However, in urban areas (VOC-limited), the ozone increase, although weakened, still
exists (by 3.0-7.5 ppbv).

In summer, as most rural areas become NOx-limited, the geographical regions covered by the
0zone increase in response to the 50% emission reduction in NOx shrink and cover primarily
the VOC-limited metropolitan areas. In these urban environments, the ozone increase reaches
a maximum of 10 ppbv or 17%. When the NOx emission reduction is combined with a 50%
VOC emission reduction, the increase in ozone almost disappears in all areas of China. This is
explained by the significant decrease in 0zone production resulting from the reduced level of
hydrocarbons. However, in the rural areas where hydrocarbons are dominated by the emissions
of biogenic VOCs, the ozone concentration (linked to the photochemical degradation of
isoprene) still slightly increases.

Paths to mitigation. We conclude this paper by highlighting a few chemical paths that should
be considered when designing a mitigation policy for a reduction of 0zone in urban areas of
China. Figure 10 presents a schematic description of the chemical mechanisms involved in the
chemical production of atmospheric ozone and highlights how different reaction paths tend to
change the ozone abundance in urban areas in response to a reduction in NOy and
anthropogenic VOC (AVOCs) emissions. This graph shows that a reduction in NOx emissions
tends to increase the ozone concentration by (1) reducing the rate of the NO + Os reaction
(ozone titration); (2) by increasing the rate of the HO2 + NO reaction due to an increase in the
HO- level associated with the reduced uptake of this radical by a lowered aerosol load; (3) by
an increase in the atmospheric oxidizing capacity (AOC) though the OH- and ozone-related
reactions. The graph also shows that a decrease in AVOCs emissions tends (1) to reduce the
level of the HO radical and hence the ozone production by the HO, + NO reaction; (2) to
enhance the level of HOx due to the reduced aerosol uptake and (3) to reduce the AOC with a
negative effect on the 0zone concentration. The relative importance of these different chemical
mechanisms varies with location and environmental conditions.
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We conclude that in winter when the background concentration is low, the reduction of NOy
emissions tends to increase the 0zone concentration, while the reduction in AVOC emissions
has the opposite effect. This conclusion applies both in rural and in urban areas. A combined
reduction in the emissions of these two primary pollutants tends to decrease the level of ozone
in rural areas, but to increase ozone in urban areas. Thus, in urban areas during winter, an
effective approach to reduce the surface ozone concentration is through a strong limitation in
the emissions of volatile organic compounds.

In summer when the ozone level is generally high, the reduction of NOy emissions is an
effective action to reduce the ozone concentration in rural areas, but this measure is
counterproductive in urban areas where ozone is controlled by VOCs. In fact, in urban areas
during this season, the mechanisms involved in 0zone mitigation are complex. For example,
when NOy emissions are reduced, the atmospheric OH concentration is enhanced because of
its reduced destruction by NO». Following this increase in the OH concentration, an increase
in the level of OVOCs, whose photolysis is an important source of HOy radicals, also leads to
accelerated ozone production and further amplifies the oxidation of VOC. In addition, the
increase in AOC, linked to the reaction of OH and ozone with alkenes and the reactions of OH
with OVOCs also contributes to an increase in ozone production. Further, the reduction in the
aerosol load resulting from a reduction in the emissions of aerosol precursors promotes 0zone
formation by decreasing the aerosol extinction and by reducing the uptake of HO,. If combined
with a 50% reduction in AVOCs, the increase in OVOCs and AOC, due to reduced NOx
emissions, can be offset. However, the aerosol-related promotion in the level of OH and HO»
radicals can even be exaggerated, indicating the complexity in mitigating summertime 0zone
pollution in urban areas.

Table 2 provides quantitative information on the response of ozone at different urban locations«— [ Formatted: Justified

for January and July. In short in urban areas, the reduction in the level of surface ozone requires
a reduction in the emissions of anthropogenic VOCs. However, in practical terms, a 50%
reduction in AVOCs emissions, as assumed in our study, is difficult to implement over a short
period of time. With the known contribution of the VOCs-related reactions to the AOC, the
reduction in the emissions of alkenes, aromatics, and unsaturated OVOCs, especially the
aldehydes and alcohols, should be a priority. The development of efficient mitigation strategies
based on the reduction of AVOCs emissions requires, however, more detailed investigations
on the reactivity of individual VOCs and on their potential impact on the 0zone formation.
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Table 1. Sensitivity experiments

Model Experiments Description

BASE Without emission reduction

With emission reduction

Nox in NOx? by a factor of 2
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With emission reduction

AVOCs in-anthropogenic VOCs® by a factor of 2
N+A With emission reduction
‘ in NOx* and anthropogenic VOCs? by a factor of 2
TOTAL With emissions reduction in all species?

by a factor of 2

2 Relevant species is shown in Table S1.

Table 2. Ozone changes due to reduction in emissions (in percentage),

Ozone changes in winter condition (Mean + SD),

Site . Sites

— Location——

type name NOx? AVOCsP N+AS TOTALS
North  Beijing 35.0£252°% -2.5+1.3 40.0+32.8 30.0+19.5
East Shanghai 63.6+353 -182+13.5 31.8£20.5 32.7+18.8

Urban sites

South Guangzhou 31.4+22.6 -17.1+11.2 7.1+32 10.0£3.5
West  Chengdu 31.3 +23.8 -94+8.5 14.1+8.3 20.3+13.5
North  Wangdu 45.0+35.0 25+1.8 40.0+28.8 35.0+289

non-Urban

sitest Sout] Hesha 34340282  243+192 57440 71458

42

{ Formatted:

Font color: Text 1

{ Formatted:

Font color: Text 1

{ Formatted:

Font color: Text 1

{ Formatted:

Font color: Text 1

Formatted:

Font: (Asian) +Body Asian (SimSun), Font

color: Text 1, (Asian) Chinese (Simplified, Mainland

China)

Formatted:

Font: (Asian) SimSun, Font color: Text 1

Formatted:

Centered

Formatted:

Font: 12 pt

Formatted:

Font: (Asian) +Body Asian (SimSun), 12 pt

Formatted:

Font: 12 pt

Formatted:

Superscript

Formatted:

Font: (Asian) +Body Asian (SimSun), 12 pt

Formatted:

Superscript

Formatted:

Font: (Asian) +Body Asian (SimSun), 12 pt

Superscript

Formatted:

Font: (Asian) +Body Asian (SimSun), 12 pt

Formatted:

Superscript

Formatted:

Font: (Asian) +Body Asian (SimSun), 12 pt

Formatted:

Superscript

Formatted:

Font: (Asian) +Body Asian (SimSun), 12 pt

Formatted:

Font: 12 pt

Formatted:

Font: 12 pt

Formatted:

Superscript

Formatted:

[
[
{
[
[
[
[
[
[
{ Formatted:
[
[
[
[
[
[
[
[
[

Font: (Asian) +Body Asian (SimSun), 12 pt

e A JC A JC U L




815

820

825

830

835

)

Site Sites Ozone changes in summer condition (Mean + SD), { Formatted: Font: 12 pt
¢ Location - { . & Fornt. 12
ype name NOx AVOCs N+A TOTALA ormatted: Font: pt

North Beijing 64+3.8 -21.8+19.2 -55+42 -7.3+5.0

East  Shanghai 17.1+£12.8 -22.9+20.8 -29+2.1 2.6+1.5

Urban sites
South Guangzhou 15.0+13.1 -14.5+13.5 1.3+£1.0 1.3+0.9

West  Chengdu 5.5£45 -145+102 -55+£2.0 -45+1.9

North  Wangdu 20+1.2 -17.0+15.8 -5.6+4.2 -7.0+£5.2

non-Urban

sites South  Heshan  -33%28 -133+109 -67%39 -167+3.9
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(AVOCs), NOx and AVOCs (N+A), and other species (NOx, AVOCs, CO, NHz, SOp) under -

consideration (TOTAL).

e. values are displayed in the average ozone changes during daytime (06:00-19:00) in
percentage with the standard deviation as the error bar. (0zone changes = (case value -base-

line case) *100).

f. two non-Urban sites in North (Wangdu) and South China (Heshan) were selected, detailed
information of these two sites can be found in the Part 1 of the paper (Dai et al., 2023). ,
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Figure 1. Changes in the averaged daytime surface mixing ratio of OH radical (a-c, Unit: 0.1 pptv) and

HO, radical (d-f, Unit: pptv) response to the a 50% reduction in NOy emissions (a, d; NOx case),

in anthropogenic VOCs (AVOCs) emissions (b, e; AVOCs case) and in NOx and AVOCs

emissions (c, f; N+A case) relative to BASE case for January of 2018. Arrows represent the wind
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Figure 3. Changes in the surface mixing ratio of total oxidized VOCs (OVOCs) for January of 2018.
(a-c) Changes in total OVOCs (Unit: ppbv) response to the reduction in NOx, AVOCs, and combined

NOx and AVOCs emissions relative to the BASE case. (d-g) Contributions of averaged [Formatted: Font color: Text 1

concentration of OVOC by different species at four city sites (Beijing, Shanghai, Guangzhou,
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d) and July (e-h) of 2018. The regions where ozone production is controlled by the availability
of both NOy and VVOCs (transition) are shown in blue. (i-I) The daytime (06:00 to 19:00 Local

case under the emissions in case of BASE, NOx, AVOCs, and N+A conditions in January (a-
\{ Formatted: Font color: Text 1
Formatted: Font color: Text 1

Standard Time (LST)) value of ratio between the production rate of hydrogen peroxide (H202)
and nitric acid (HNQOgz) [P(H202)/P(HNQ3)] at four city sites (Beijing, Shanghai, Chengdu,
- /[ Formatted: Font color: Text 1

Guangzhou) of China for July 2018 in the five emissions cases.,
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Figure 6. Changes in the averaged daytime surface mixing ratio ozone response to a 50% reduction in

in combined NOx and AVOCs emissions (N+A case) relative to BASE case for January (a-c) and

NOy emissions (NOx case), in anthropogenic VOCs (AVOCs) emissions (AVOCs case) and

July (d-f) of 2018. Arrows represent the wind speed and wind direction.
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Figure 7. Changes in the surface concentration of fine particulate aerosol (Unit: pg m=) in

N { Formatted: Left }
2090  response to NOx (a, d), AVOCs (b, e) and N+A case (c, f) relative to BASE case for January
(a-c) and July (d-f) of 2018. Arrows represent the wind speed and wind direction. Notice the [Formatted; Font color: Text 1 J
inconsistency in the scale of Figure 7b., | Formatted: Font: (Asian) +Body Asian (SimSun), (Asian)
Chinese (Simplified, Mainland China)
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Figure 8. Changes in the average daytime atmospheric oxidizing capacity (AOC, Unit: 10’
molec. cm™ s response to NOx (a, €), AVOCs (b, f), N+A (c, g), and TOTAL (d, h) cases

relative to BASE case for January (a-d) and July (e-h) of 2018.
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AFiqure 9. Averaged value and relative terms of daytime (06:00 to 19:00 Local Standard Time)

AOC at the sites of Beijing (a, €), Shanghai (b, f), Guangzhou (c, g), and Chengdu (d, h) in five

Formatted: Font: (Asian) +Body Asian (SimSun), Font
color: Text 1, (Asian) Chinese (Simplified, Mainland
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different simulated cases (BASE, NOx, AVOCs, N+A, TOTAL cases) in January (a-d) and

July (e-h) of 2018. Notice the inconsistency in the scale of Figure 9c.
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Figure 104. Schematics shows the responses of oxidative processes, associated with ozone

formation, to the for the impaect of NO,-emission-reduction in primary emissions of NO, and
AVOCs in urban areas (VOC-limited) in winter and summer. through-aeresel-effect-and
phetochemical processes-on-ozene-concentration—Arrows besides the chemicals represent the
changess -in-the-coneentration-efchemicals-associated with the reduction ef-NO«in emission.

Og represent the positive and negative contributions to the ozzone formations. AOC, HGs—and
P(O3), and D(Os) Adk—are the abbreviations of— the Atmospheric Oxidative Capacit

roduction of ozone and destruction of ozone. Bar figure shows the
ranges of ozone changes in whole of China (black bar), in non-urban areas (white part in the
bar) in four city sites in three emissions cases (NOx, AVOCs, and N+A represent the case with
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