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Abstract

Ground-level ozone (O3) pollution has shifted from being a scientific topic to a governmental
imperative in China. We analyze the mechanism for the Os rise observed in Shanghai during
the lockdown in the spread of COVID-19 in 2022 by combining utilizing ground-level observed
data, an observation-based model, and a chemical transport model. We find that the increase
in O3z can be mainly attributable to the larger emission reduction of nitrogen oxides (NOx) than
volatile organic components (VOCs), of which the effect is amplified by the adverse
meteorological conditions. The chemical transport modeling results suggest that a higher ratio
of emission reduction of NOx to VOCs increases the daily maximum 8-hour moving average
Oz concentration considerably relative to a counterfactual scenario assuming the same ratio of
emission reduction of NOx to VOCs. This indicates that the concentration of Oz would depends
not only on the strength of emission reduction but also the ratio of emission reduction between
species. Our results highlight the importance of well-designed strategies with appropriate
control of the VOCs to NOx ratio to mitigate Os pollution in cities.

Significance Statement

O3 pollution has become increasingly prominent in many cities of China. Governmental
mandatory lockdown measures in many megacities led to unprecedented reductions in primary
emissions, improvements in ambient air quality but increases in Os. This study finds that the
increasing Os in Shanghai during the lockdown in the spread of COVID-19 in 2022 resulted
from ineffective VOCs to NOx emission reduction ratio and adverse meteorological conditions.
Emission reduction policies for VOCs are most effective for decreasing Os. Only well-designed
control strategies with reasonable control ratios for VOCs and NOx emissions should be
promoted to mitigate Oz pollution.

Introduction

Ground-level ozone (O3) is a secondary air pollutant formed nonlinearly by photochemical
reactions of volatile organic compounds and nitrogen oxides(1-5), which is associated with
climate, ecosystems, and human health(6-10).

O3z pollution in China has been the subject of widespread concern (11-14). Surface Os
levels did not show any declining trend while PM2s concentrations of 74 major cities across
China decreased by 58% from 2013 to 2022. Particularly since COVID-19, many cities have
implemented mandatory lockdown measures to curb the transmission of coronavirus disease
during the corresponding lockdown periods (CLPs), Os has really shifted from being a scientific
topic to a governmental imperative in China. Therefore, CLPs provide a unique opportunity to
reshape our understanding of how Os respond to sharp reductions in air pollutant emissions
and how to effectively alleviate O3 pollution.

Air quality changes including Oz were analyzed in various cities around the world during
CLPs, using ground-based observations and satellite measurements, as well as model
simulation (15-24). Anthropogenic NOx emissions dropped by at least 15% globally according
to the report from a multi-constituent chemical data assimilation system, while free tropospheric
ozone increased by up to 5 ppt, consistent with independent satellite observations (20). The
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decrease of NO: is in general agreement with emission inventories that account for lockdown
periods. However, Oz increased during mandatory lockdown measures (19, 22, 25-27). Satellite
images of the massive reduction in NO2 was directly observed by National Aeronautics and
Space Administration (NASA) over China resulting from the economic slow-down and reduction
in human activities (NASA, 2020). Os increased in urban areas during the same COVID period
that NOx and VOCs emissions sharply reduced (23, 27-32). Sudden decreases in deweathered
NO:2 concentrations and increases in Os in 11 cities globally were demonstrated via a
deweathering machine learning technique(33). The total gaseous oxidant (Ox = NO2 + O3)
showed limited change. Recent studies suggest that weakened nitration, increased
photochemical formation, and decreased PMzs contributed to the increase in Os during the
pandemic lockdown(19, 23, 33-35). Synergistic observation analyses and model simulations in
China showed that nitrogen oxide reductions resulted in ozone increases in urban areas due to
nonlinear chemistry production and titration of ozone by NO. These conditions further increased
the atmospheric oxidizing capacity and facilitated secondary aerosol formation under adverse
meteorological conditions during the COVID-19 outbreak in China (24). The NOx reductions
counteracted the Oz decreases and increased nighttime NOs radical formation, which increased
atmospheric oxidizing capacity and facilitated the formation of secondary inorganic and organic
particulate matter (34). Furthermore, accelerated OH - HOz - ROz radical cycling may have
played a role (36). The increase in Os may have been due to lower fine particle loadings, which
led to less scavenging of HO2 and greater O3 production (23).

Shanghai is one of the most developed megacities, which is known as a financial,
commercial and transport center in China. From April to May 2022(hereafter referred to as
CLP-22)., Shanghai imposed the extremely stringent measures to eliminate the COVID’s
spread. These measures severely limited human activities and manufacturing production,
resulting in rapid and massive emission reductions. However, Os concentration during CLP-
22 increased significantly. Comparing with the previous CLPs, CLP-22 occurred in high Os
pollution season, which is more indicative to understanding Os pollution to sharp reduction of
emissions. The previous study indicated the high Os concentrations in 2022 of Shanghai were
mainly due to large reductions in the emissions of NOx and that the decrease in the
concentrations of volatile organic compounds (VOCSs) could not overcome the NO titration
effect(37). However, how the response of Os to its precursors and VOCs/ NOx impacts at
urban scale during the COVID lockdown period was rarely identified.

In this study, we detailed the possible formation pathway of Os in April and May, 2022 in
Shanghai, by using surface observation and observation-based model. The meteorological and
emission effects on Os levels were identified based on chemical transport model simulations.
The response of Os to different VOCs/NOXx control scenarios was also simulated, to evaluate
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the efficiency of emission control strategies and guide future emission control policies to
alleviate ozone pollution.

Results
Significant Oz increases in megacities during COVID-19 lockdown periods. NO:z
concentration was reduced significantly in all countries during the lockdown, except Australia
and Denmark as illustrated in Figure S1. The reduction ranged from 10% to 151%. However,
75.9% of the countries showed an increasing trend of Os concentration, averaging 17%(38).
Megacities in China, such as Wuhan (WH), Xi 'an (XA), Jilin (JL), Shenzhen (SZ), Shanghai
(SH) and Beijing (BJ) were severely impacted by COVID and took strict control measures to
eliminate its spread(21, 24, 39-42). Concentration changes of typical air pollutants during the
resulting lockdown periods were significantly reduced when compared with the mean
measurements of the last three years, as shown in Figure 1. The largest decreases in NO2 were
found in Wuhan and Shanghai with the reduction of 57.1% and 54.5%, respectively. PM2s and
PMuo also showed over 35% reduction. However, an increase in Os between 3 and 53% was
found in all megacities in China, including Wuhan (WH), Xi 'an (XA), Jilin (JL), Shenzhen (S2),
Shanghai (SH) and Beijing (BJ). Reductions in PMzs, PM1o, and NO2 concentrations, as well
as increases in Oz concentration, were closely related to the population density and the length
of CLPs.

The diurnal variation exhibited a similar pattern for both NO2 and Os among those six cities
during CLPs across all cities(43),as shown in Fig. 2C. The significant decrease in NO2 occurred
throughout the day in these cities, especially during morning and evening rush hours. The
increase in Oz during night-time was observed to be higher than day-time. This was mainly
because of night-time reductions in nitrogen oxides, which could form nitric acid, oxidize
hydrocarbons, and remove Os (44-46).

O3z and precursor level changes in Shanghai. Three monitoring sites were selected, namely
Pudong Site (Pudong), Jinshan Xincheng Site (Jinshan), and Qingpu Dianshanhu Site (Qingpu)
representing urban agglomeration, petrochemical engineering, and a suburb of the Jiangsu and
Zhejiang provinces, respectively. Diurnal variations of NO2z, VOCs, and Os during CLP-22 in the
three sites were obtained, as well as last year’s data.

The concentrations of NO2 and VOCs in Pudong during CLP-22 showed the largest
decreases of 46.7% and 50% when compared with the same period in 2021, especially during
the morning and evening rush hours (Fig. 2). Economic and social activities in Shanghai were
stringently limited during CLP-22, leading to noticeable decreases in emission sources of air
pollutants in urban areas such as Pudong. The levels of NO2 and VOCs in Jinshan, an industrial
area, had the smallest decreases of 22.7% and 30.8%, respectively. Oz concentrations in these
stations showed substantial increases, with the largest of 27.1% in Pudong, 25.6% in Qingpu,
and the smallest of 12.6% in Jinshan. Generally, the difference between peak and valley values
in diurnal ozone concentration reflect the ozone formation potentials during daytime. Fig.2
shows that the diurnal increase in Pudong was the smallest, at 62.7%, but due to the rise in the
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157 background concentration at night, the mean Os during CLP-22 increased by 27.1% compared
158  to the same period of last year, which was the greatest among the three stations. Qingpu has
159  the strongest Os formation capacity, with a day-night change of 123% leading to the high
160 increase of 25.6% in Os, which was greater than that of 12.6% in Jinshan.

161 Compared to last year, the largest decrease of alkanes, alkenes, aromatic hydrocarbons
162 and alkynes during CLP-22 was identified in Pudong, with reductions of 47.2%, 48.8%, 63.8%,
163 and 72.2%, respectively. The smallest decrease of alkene was observed in Qingpu, with a 13.4%
164 reduction. Similarly, VOCs concentrations in three sites during CLP-22 were analyzed and
165 compared with the same period last year, as shown in Figure S3. It shows that the concentration
166 of alkanes in Pudong, Jinshan and Qingpu during CLP-22 accounted for 71.8%, 56.4% and
167 55.6%, respectively, which is the dominant group in VOCs concentration; followed by alkenes,
168  which accounted for 12.1%, 21.6% and 20.8%, respectively; and then aromatic hydrocarbons
169  and alkynes. Compared with the same period in 2021. It can be seen that alkenes contribution
170 in Pudong and Qingpu increased, while slightly decreasing in Jinshan.

171 The concentrations of the top 20 VOC components during CLP-22 are compared with the
172 same period of last year in Figure S3. The top 20 components in Pudong accounted for 93% of
173 the total concentration of VOCs. Compared with the same period last year, the concentrations
174 of all of these components decreased, in particular ethane, propane and ethylene. In Jinshan,
175  the top 20 components accounted for 99% of the total, with ethane, methane and propylene
176 having the highest concentrations. In comparison to last year, the majority of these components
177 decreased, though several increased—including ethane, 1,2, 4-trimethylbenzene, and 1, 3-
178 butadiene. In Qingpu, the top 20 components accounted for 92% of the total, with propane,
179  ethane and ethylene having the highest concentrations. There were many other components
180 that had higher measurements than last year, such as benzene, 1-Henenxe, 2, 3, 4-
181 trimethypentane, trans — 2-butene, isopropylbenzene, methylcyclohexane, and 2 -
182 methylheptane.

183  Cause analysis of Oz changes. We adopted the ozone formation potentials (OFP), which is
184  the product of the mixing ratio of VOC compounds and the maximum incremental reactivity
185 (MIR), developed by Carter, to evaluate the impact of VOC species on ozone formation (47).
186 Comparing the OFP of VOC components during CLP-22 to the previous year, OFP of
187 alkenes in Pudong accounted for 36.6%, which was significantly higher than the 28.6%
188 measured last year, joining aromatics as the dominant categories for ozone formation (Figure
189 S4). Among the alkenes, ethylene, propylene, toluene, m-p-xylene and o-xylene accounted for
190 the highest proportion, with the total contribution at about 58.8%. OFP of alkenes in Qingpu
191 had the largest increase (63.3%), up from 30% last year. Trans-2-butene and 1-hexene were
192 both up from last year and, together with ethylene, propylene and isoprene, became the top
193 five contributors—accounting for 58.7% in total. This indicates these specific alkenes may have
194 been contributed more Oz formation in Qingpu during CLP-22(48, 49). The OFP contribution
195 ratio of various VOCs in Jinshan is similar to the ratio measured last year: mainly alkenes, then
196 aromatic hydrocarbon and alkanes. The OFP contribution of propylene, cis-2-butene,
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ethylbenzene, 1, 2, 4-trimethylbenzene and o-xylene were the highest, accounting for 74.2% in
total.

Based on the observation data from those three sites, an observation-based model (OBM)

was used to analyze ozone formation mechanism during CLP-22 (Fig. 3A). It was found that
O3 concentration is substantially limited by VOCs in all three stations. Compared to the same
period last year, OFP has decreased in Pudong, and increased in Qingpu. OFP in Jinshan
remained pretty much the same. This is also consistent with the measured changes of VOCs
at all three stations. The OFP contribution of various VOC components in Qingpu has risen
under the influence of regional emissions and meteorological conditions(Fig. 3B). This led to
the large increase in ozone observed there. The OFP in Pudong has weakened, however, due
to significant reductions in NOx emissions, the night-time weakening of the titration effect, and
the background concentration of ozone. Ozone measurements in Pudong still ended up high in
value. The OFP in Jinshan and the nighttime background concentration of Oz did not change
much, resulting in a relatively small increase in Os.
Scenarios of NOx and VOC reduction to elucidate Os rise. In order to investigate how O3z
responses to NOx and VOCs emissions change, one baseline and 18 sets of emission control
scenarios have been designed to simulate CLP-22 by using a regional chemical transport
model (Fig. S5). In the sensitivity scenarios, different VOCs and NOx reduction ratios were
designed to quantify the response of Oz concentrations in three sites during CLP-22.

Fig. 4 shows hourly average, maximum daily and MDAS8 (the maximum daily 8-h moving
average) Os concentrations under various emission control scenarios relative to the base
scenario during CLP-22. Different emission reduction rates may lead to different control effects
on Os (50). According to the changes in observed NO2 and VOCs concentrations, the real
emission reduction percentages of the three sites were predicted as shown in Fig. 4. Oz hourly
average concentration showed decreasing trends in all three sites only under the VOCs-only
emission reduction scenarios. The increasing trends under the predicted reduction percentages
were consistent with the observed trends among the three sites, with the highest in Pudong
and smallest in Jinshan. This is mainly because the decrease in NOx emissions could affect
the removal of Oz at night. However, the maximum daily and MDA8 Os concentrations showed
different trends. With the VOCs-only emission control scheme, larger emission reduction
percentages led to a significant reduction in daily maximum and MDA8 Oz concentrations, by
nearly 10 pg/m3 in Pudong. Under the aromatics-only, alkenes-only, or VOCs-only emission
control scenarios with a reduction percentage of 100%, daily maximum and MDA8 O3
concentrations showed the same decreasing effects with a ratio of 2 to 1 for VOCs and NOx
emission control scenarios. This means that controlling specific, active VOCs emissions could
be effective in reducing Os, especially its alkene and aromatic components. It's worth noting
that with scenarios like NOx-only emission reductions or with a greater NOx reduction than
VOCs, MAD8 0Oz concentration showed an increasing trend when the total reduction
percentage was not too large, especially in Pudong. That explains why the high Oz increasing
trend was found in Pudong. In regions such as Pudong with elevated NOx concentrations due
to high emissions density, reductions in NOx will lead to an increase in local ozone
concentrations. This echoed the VOCs limited conditions for the Oz formation in Yangtze River
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Delta and many other urban areas(51-53). Oz concentration in Jinshan also showed this trend,
but the variation was smaller than in Pudong. This might be because Jinshan was dominated
by a southeastern wind during CLP-22; Jinshan is in the southern region of Shanghai, with high
VOCs emission densities. Qingpu is a rural region, located west of Shanghai, and was easily
influenced by regional transport of pollution from Jiangsu and Zhejiang. Meanwhile, the
increasing trends of some alkenes in Qingpu were observed as stated earlier. Therefore,
although the predicted MDA8 Os concentration shows slight decreasing trends under the NOx
and VOCs emission reduction scenarios, the high increasing trends of MAD8 Os concentration
were still observed in Qingpu. With the aid of a chemical transport model, we have shown that
the increases in Os during CLP-22 in those three sites were affected by both adverse weather
conditions and emission changes (Fig. 5). Adverse meteorological conditions, including high
temperatures and low relative humidity, caused an increase of Os concentrations from2 to 7
pg/m2 in those three sites, with the greatest increase in Pudong; while emissions changes
caused a rise from 3 to 17 ug/ms3, with the greatest increase in Qingpu (Fig. 3A and 5). This
indicated that the reduction in precursor emissions during CLP-22, including NOx/VOCs
emission changes, and an increase in some of the active components of VOCs as well as the
influence of regional transportation of emissions outside of Shanghai caused an increase in Os
concentration, especially in Qingpu (54).

Overall, adverse meteorological conditions(55, 56), NOx/VOCs emission changes, and an
increase in some active components of VOCs may have played an important role in the
increase in Os. The results demonstrate that reliable air quality improvements need more
sophisticated emission control strategies rather than simple, one-fits-all control measures. In
summary, the results indicated that Oz pollution in Shanghai, particularly in urban areas, was
directly affected by VOCs emissions. Hence, policymakers need to pay more attention to VOCs
emission controls, especially for alkenes. Furthermore, regional joint prevention and
cooperation is necessary for mitigating Oz pollution.

Discussion

Significant decreases in primary pollutants were observed during CLPs in most cities
worldwide, but there was a corresponding increase in Os. A COVID outbreak took place in April
and May, 2022 in Shanghai, the most developed metropolitan city in China. The local
government adopted extremely stringent lockdown measures, which led to sharp reductions in
pollutant emissions. While most air pollutants, such as NOz, SOz, PMzs, and PMio, decreased
significantly during CLP-22 compared to the same period of 2021, Os concentration levels
showed an unexpected increasing trend. Comparing with the previous CLPs, CLP-22 occurred
in high Oz pollution season, which is more indicative to reshape our understanding of how Os
responds to sharp reductions in anthropogenic emissions. Finding solutions to curb Os pollution
remains an important issue. This study focused on the change of Os and its precursors in
Shanghai during CLP-22; an OBM and a chemical transport model were used to explore
potential influences of emissions changes and provide a scientific reference for controlling Os
pollution in the future.
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The study revealed that increasing Os trends in Shanghai during CLP-22 were primarily
driven by ineffective VOCs and NOXx reduction ratios and adverse meteorological conditions.
Model results indicate that high VOCs emission reduction scenarios were most effective in
decreasing MDA8 Os concentrations, whereas emission control scenarios with higher NOx
reductions than VOCs may lead to increasing Os, especially in urban areas. Simple, one-fits-
all control measures such as short-term lockdown strategies may not achieve the control targets
for both primary and secondary air pollution. The results of this study provide justification for
city-level initiatives to promote effective VOCs and NOx control policies as well as regional
cooperation.

Materials and Methods

In situ observations. Observational data for PMzs, PM1o, NO2, SOz, O3, and CO were taken
from the standard environmental monitoring network, which was established by the Ministry of
Ecology and Environment. City-level data are calculated by nationally controlled sites to
represent the urban-scale air quality level. This ensured that the quality of data used in this
paper was authoritative and guaranteed by the government.

VOCs data. In this study, VOCs data from three stations were analyzed. Concentrations of
VOC components were automatically monitored by gas chromatography-hydrogen flame
ionization detectors (GC-FID) at all three sites. Monitoring equipment included PAMS
components, which can generate one set of data per hour. A PE company monitor (PerkinElmer
300TD VOC) was used at Pudong station, while the cities of Jinshan and Qingpu used a
Chromatotech A11000. These three sites all follow the unified operation quality control
standards of the state and Shanghai. Thus, the data quality is good and data efficiency exceeds
85%.

Observation-based model. A box model based on the Carbon Bond mechanism was utilized
to simulate Os sensitivities in this study(57). Observations of C2-C12 hydrocarbons, trace gases
(NO, NO2, Os, and CO), and meteorological parameters served as the input for this model.
Relative incremental reactivity (RIR) was calculated to assess sensitivity of Os formation with
respect to its precursors.

Chemical transport model. The Weather Research and Forecasting (WRFv4.3.1) and
Community Multiscale Air Quality Modeling (CMAQV5.3.3) with SAPRC-07 chemical
mechanism and AERO7 module were utilized to simulate spatiotemporal variations of Oz (47,
58, 59).Three domains with horizontal grid resolutions of 27, 9, and 3 km were set up.
Anthropogenic emissions data from outside China came from the Emissions Database for
Global Atmospheric Research (EDGAR) (60). Emissions data for the area outside the YRD
region in China were derived from the Multi-resolution Emissions Inventory for China (MEIC)
developed by Tsinghua University (http://www.meicmodel.org). The local emissions inventories

for the YRD region and Shanghai were developed by the Shanghai Academy of Environment

and Science and the Shanghai Environmental Monitoring Center, respectively(61-65). The

biogenic emissions were calculated by the Model of Emissions of Gas and Aerosols from

Nature (MEGAN). The correlation coefficient(R), root mean square error(RMSE) and

normalized mean bias (NMB) was adopted to quantitatively evaluate the performance of both
9
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WRF and CMAQ models used in this study. Table S1 shows the statistical evaluation of wind
speed at 10m (WSaio), air temperature at 2m (T2), and relative humidity at 2m (RH) of three
monitoring sites in Shanghai during CLP-22. In general, the WRF performance is comparable
to previous studies in the YRD region to support further air quality simulations(66). The
correlation coefficient between simulated and observed hourly Oz concentrations during CLP-
22 in Pudong, Jinshan and Qingpu was 0.75, 0.72 and 0.68, respectively. Overall, the model
performances is comparable to the previous modeling studies(66-70).
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Figures and Tables

Figure 1. The lockdown period for the six megacities (A). Percentage changes of the six
criteria pollutants during CLPs compared to previous years (B). Diurnal variation of the
pollutants during the lockdown period for the six megacities (C). The colorful plot shows the
diurnal variation of the pollutants during the lockdown period and the gray plot is for the
previous years. The continuous line and the dotted line represent the mean and median,
respectively, and the shaded region shows the IQR (25" and 75™ percentile) of mean diurnal
variation observed at the national sites in the respective cities.

Figure 2. Diurnal variation of the pollutants during CLPs for the typical monitoring sites in
Shanghai. The colorful plot shows the diurnal variation of the pollutants during CLPs and the
gray plot is for the last year. The continuous line and the dotted line represent the mean and
median, respectively, and the shaded region shows the IQR.

Figure 3. Contribution ratios of ozone formation potentials of VOC groups in three stations (A).
Concentrations of ozone formation potentials of the top 20 VOC components in three stations
(B). The outer circle shows the ratios of OFP during CLP-22 and the inner circle shows the
same period for the previous year. The outer bar means the contribution ratios of components
larger than 1%, the red bar means the concentration of OFP during CLP-22, and the gray bar
represents the same period for the previous year.

Figure 4. Relationship between O3 concentration and relative humidity and temperature during
CLP-22 in three stations (A). Isopleth diagrams of modeled ozone formation potentials on VOCs
reactivity, the Mixing ratio of NOx during CLP-22, and the same period for the previous year in
three stations (B).

Figure 5. Response of Oz concentration including the average daily maximum Oz concentration,
the average daily MDA8 Oz concentration, and the average hourly Os concentration on different
emission control scenarios. The red star means the predicted reduction percentage in three
stations according to the observed concentration changes of NO2 and VOCs.

Figure 6. Contribution of meteorological condition changes and emission changes on the

average daily maximum Os concentration, the average daily MDA8 Os concentration, and the
average hourly Os concentration.
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Figure 1. The lockdown period for the six megacities(A). Percentage changes of the six criteria
pollutants during CLPs compared to previous years (B). Diurnal variation of the pollutants
during the lockdown period for the six megacities (C). The colorful plot shows the diurnal
variation of the pollutants during the lockdown period and the gray plot is for the previous years.
The continuous line and the dotted line represent the mean and median, respectively, and the
shaded region shows the IQR (25th and 75th percentile) of mean diurnal variation observed at
the national sites in the respective cities.
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Figure 2. Diurnal variation of the pollutants during CLPs for the typical monitoring sites in
Shanghai. The colorful plot shows the diurnal variation of the pollutants during CLPs and the
gray plot is for the last year. The continuous line and the dotted line represent the mean and
median, respectively, and the shaded region shows the IQR.
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Figure 3. Relationship between Os concentration and relative humidity and temperature during
CLP-22 in three stations (A). Isopleth diagrams of modeled ozone formation potentials on VOC
reactivity, the Mixing ratio of NOx of during CLP-22, and the same period for the previous year
in three stations (B).
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Figure 4. Response of Os concentration including the average daily maximum Os concentration,
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emission control scenarios. The red star means the predicted reduction percentage in three
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Figure 5. Contribution of meteorological condition changes and emission changes on the
average daily maximum Os concentration, the average daily MDA8 Os concentration, and the
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