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• MDA8-O3, NOx, and VOCs decreased by
11%, 57% and 19% during the lockdown
than before.

• More reactive alkenes and aromatics
showed larger decrease rates than alkanes
during the lockdown.

• Higher alkanes (C ≥ 6) decreased much
more than lighter alkanes (C < 6) during
the lockdown.

• Industrial and diesel-engine emission re-
ductions largely explain the decreased
VOCs during the lockdown.
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During the COVID-19 lockdown, ambient ozone levels are widely reported to show much smaller decreases or even
dramatical increases under substantially reduced precursor NOx levels, yet changes in ambient precursor volatile or-
ganic compounds (VOCs) have been scarcely reported during the COVID-19 lockdown, which is an opportunity to ex-
amine the impacts of dramatically changing anthropogenic emissions on ambient VOC levels in megacities where
ozone formation is largely VOC-limited. In this study, ambient VOCs weremonitored online at an urban site in Guang-
zhou in the Pearl River Delta region before, during, and after the COVID-19 lockdown. The average total mixing ratios
of VOCs became 19.1% lower during the lockdown than before, and those of alkanes, alkenes and aromatics decreased
by 19.0%, 24.8% and 38.2%, respectively. The levels of light alkanes (C < 6) decreased by only 13.0%, while those of
higher alkanes (C≥ 6) decreased by 67.8% during the lockdown. Disappeared peak VOC levels inmorning rush hours
and the drop in toluene to benzene ratios during the lockdown suggested significant reductions in vehicle exhaust and
industrial solvent emissions. Source apportioning by positive matrix factorization model revealed that reductions in
industrial emissions, diesel exhaust (on-road diesel vehicles and off-road diesel engines) and gasoline-related emis-
sions could account for 48.9%, 42.2% and 8.8%, respectively, of the decreased VOC levels during the lockdown.
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Moreover, the reduction in industrial emissions could explain 56.0% and 70.0% of the reductions in ambient levels of
reactive alkenes and aromatics, respectively. An average increase in O3–1 h by 17% and a decrease in the daily max-
imum 8-h average ozone by 11%under an average decrease in NOx by 57.0% and a decrease in VOCs by 19.1% during
the lockdowndemonstrated that controlling emissions of precursors VOCs andNOx to prevent ambient O3 pollution in
megacities such as Guangzhou remains a highly challenging task.
1. Introduction

Volatile organic compounds (VOCs), as important precursors of ozone
(O3) and secondary organic aerosols (SOA) (Atkinson, 2000; Chameides
et al., 1992; Forstner et al., 1997; Odum et al., 1997; O'Dowd et al., 2002;
Sato et al., 2010), play an important role in photochemical smog and fine
particle pollution. SOA account for a substantial part of ambient fine parti-
cles, particularly during haze events (Guo et al., 2014; Huang et al., 2014;
Zhang et al., 2014), and O3 production is often in the VOC-limit regime,
particularly in densely populated urban areas (Ding et al., 2013; Jin and
Holloway, 2015; Tie et al., 2013). Therefore, emission control of anthropo-
genic VOCs has increasingly become a priority for the coordinated control
of PM2.5 andO3 pollution (Xu et al., 2016). However, due to the huge diver-
sity in VOC emission sources, composition profiles, atmospheric reactivities
and air quality impacts, formulating control strategies for VOCs is a highly
challenging task, especially in megacities.

Although sound control policy-making for VOCs relies heavily on emis-
sion inventories, particularly emission inventories for more reactive VOC
species, this effort is often frustrated both by the lack of in-time quality
source profiles and emission factors and by the uncertainties in activity
levels. Alternatively, the effectiveness of control measures could be evalu-
ated or confirmed by tracking the changes in ambient levels of air pollut-
ants after short-term proactive intervention measures were adopted for
good air quality during internationally or nationally important events
such as the 2008 financial crisis (Monteiro et al., 2018; Zhang et al.,
2012), the 2010 Asian Games (Huang et al., 2017, 2020; Liu et al., 2013),
the 2014 Asia-Pacific Economic Cooperation (APEC) summit (Li et al.,
2015; Yang et al., 2018) and the 2015 China Victory Day Parade (Li
et al., 2016). Valuable implications can also be obtained by tracing chang-
ing air quality during long holidayswith passive emission reduction, e.g., in
industry sectors (Wang et al., 2021a, 2021b).

After the outbreak of the COVID-19 pandemic, many countries are
locking their population and enforcing strict quarantine to control the
spread of the havoc of this highly communicable disease. Apart from the
daily life of citizens, various industries and sectors are heavily affected;
therefore, emissions of air pollutants are passively reduced, especially dur-
ing lockdown intervals with largely halted traffic and factory production
(Chen et al., 2020a; Lian et al., 2020; Lal et al., 2020; Marlier et al.,
2020). This opens a window to look at air quality impacts of changing an-
thropogenic emissions at a scale that cannot be normally achieved (Chen
et al., 2020b; Cui et al., 2020; Wang et al., 2020a). One distinctive change
in air quality during the pandemic lockdown is that concentrations of O3

did not decrease at similar scales or even increase as other air pollutants
dropped dramatically. According to observation data obtained from the
China National Environmental Monitoring Center, while concentrations
of PM2.5, NO2, SO2 and CO in China during the COVID-19 pandemic in
early 2020 decreased by 19%, 30%, 21%and 14%, respectively, when com-
pared to their levels in 2019 (Chu et al., 2021), concentrations of O3 instead
demonstrated a notable increase (12%). Studies based surface monitoring
and satellite observations also revealed that O3 levels increased during
COVID-19 lockdown while levels of NOx and PM2.5 decreased (Huang
et al., 2021; Miyazaki et al., 2020; Wang and Zhang, 2020). Moreover, sev-
eral periods of heavy haze pollution still occurred in eastern China despite
large decreases in primary pollution during the lockdown (Chen et al.,
2020b). Using satellite data and a network of >10,000 air quality stations
and after accounting for the effects of meteorological variability, Venter
et al. (2020) found that lockdown events reduced the population-
weighted concentrations of NO2 and PM2.5 by approximately 60% and
2

31%, respectively, with a marginal increase in O3 by approximately 4% in
34 countries during lockdown dates up until May 15th, 2020. The unex-
pected occurrence of PM2.5 pollution and haze events in northern and east-
ern China (Huang et al., 2021; Lv et al., 2020; Wang et al., 2020b) and the
wide-range increase in O3 concentration (Chu et al., 2021; Miyazaki et al.,
2020; Wang et al., 2020a; Wang and Zhang, 2020) during the COVID-19
lockdown with unprecedented emission reduction demonstrate difficulties
in the coordinated control of PM2.5 and O3.

Similar to the spatial variability in the complex O3− VOC− NOx rela-
tionships (Jin and Holloway, 2015), the responses of ambient O3 to the
lockdownmeasures showed great regional disparities. By combining obser-
vational data and model simulations, Wang et al. (2021c) found that al-
though there was a noticeable drop in primary pollutants in both the
Yangtze River Delta region (YRD) and Pearl River Delta region (PRD) in
China, the maximum daily 8 h average O3 (MDA8-O3) soared by
20.6–76.8% in the YRDbut decreased by 15.5–28.1% in the PRD.More spe-
cifically, based on model studies PM2.5, NO2, and SO2 were estimated de-
creased significantly while O3 would have no obvious change or even
increase greatly in the PRD and YRD regions (Li et al., 2020b; Wang
et al., 2021d). While O3 and NOx data can be obtained in a large number
of air quality monitoring stations with high time resolution, the lack of
high time resolution monitoring data of VOCs is a bottleneck to understand
the spatial variability in the O3 − VOCs−NOx relationships.

The reduction inVOCs during lockdowns could be assessed bymodeling
(Guevara et al., 2021; Doumbia et al., 2021; Lv et al., 2020) or indicated by
tropospheric HCHO vertical column densities from remote sensing (Pei
et al., 2020). However, ambient monitoring of speciated VOCs would re-
flect the changes more straightforwardly and precisely. Although there
are apparent differences between the PRD and the YRD in changing O3

due to the COVID-19 lockdown (Wang et al., 2021c), until the present
there were only a few reports about changes in the ambient levels and com-
positions of VOCs during the lockdown in the YRD (Jia et al., 2020; Wang
et al., 2021c), and only one study was available with an observation-
based approach in the evaluation of O3 production to precursor changes
during the COVID-19 lockdown in Dongguan city in the PRD (Qi et al.,
2021). In the YRD, monitoring in the megacity Shanghai during a one-
month non-control period and the following one-month COVID-19 out-
break control period revealed an average VOC reduction rate of 38.9% at
the urban supersite and of 50.7% at the regional supersite due largely to de-
creased contributions from vehicle exhaust and fugitive emissions from the
petrochemical industry (Jia et al., 2020). In another megacity Nanjing in
the YRD, Wang et al. (2021e) observed a VOC reduction rate of 47% due
to COVID-19 outbreak control and even larger reduction rates (49%–
92%) for the more reactive aromatics and alkenes, which are relatively
more important precursors of O3 and SOA.

In this study, VOC species were measured online with a 1-h resolu-
tion from January 13th to March 15th, 2020 at an urban site in the
megacity Guangzhou in the PRD. The changes in mixing ratios, compo-
sitions and diurnal variations of VOCs, as well as their sources and O3/
SOA formation potentials, during the lockdown (January 24th to Febru-
ary 16th, 2020) were compared with those before and after the lock-
down. As O3 pollution has shown a worsening trend in China's major
urban centers (Li et al., 2020a; Lu et al., 2020) and O3 formation in
these urban centers is largely VOC-limited (Jin and Holloway, 2015;
Wu and Xie, 2017), investigating the changing ambient VOCs with un-
precedented passive emission reduction due to the COVID-19 lockdown
would yield very useful implications in grappling with O3 pollution
problems in China's urban centers.
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2. Experimental

2.1. Field measurements

Online measurements of VOCs were conducted approximately 23 m
above ground at the rooftop of the eight-story building of the Guangzhou En-
vironmentalMonitoring Center (GEMC; 23.13°N, 113.27°E; Fig. 1), which is a
state-controlled station in the national air quality monitoring network of
China. The site is surrounded by residential, commercial and office buildings
without any industrial emission sources but with dense traffic in the neigh-
borhood (Fig. 1).

VOCs were measured online from January 13th, 2020 to March 15th,
2020, covering the periods before (January 13th - 23rd; Period I), during
(January 24th - February 16th; Period II), and after (February 17th -
March 15th) the COVID-19 lockdown forced by Guangdong Province
with a series of measures implemented to prevent the spread of the pan-
demic (Table S1; Fig. S1).

A total of 55 hydrocarbon species (28 alkanes, 10 alkenes, 16 aromatics
and ethyne) were measured once an hour using an online system (GC-866;
Chromatotec Inc., France) including two separate high-performance gas
chromatograph-flame ionization detectors (GC-FID)with online sample prep-
aration. Detailed information about the instrument is described elsewhere
(Pei et al., 2021). Briefly, one GC-FID (airmoVOC C2-C6) was used to analyze
C2-C6 compounds, and another GC-FID (airmoVOC C6-C12) was used to ana-
lyze C6-C12 compounds with varied sampling volumes and trapping condi-
tions. The trapped VOCs were thermally desorbed and transferred to GC-
FID, where they were separated by analytical columns and detected by FID.
The C2-C6 VOCs were separated by an ultimetal column (PLOT Al2O3/
Na2SO4, 25 m× 0.55 mm I.D. × 10 μm film thickness; Agilent, USA) with
hydrogen as the carrier gas. The GCoven temperaturewas set tofirst increase
from36 °C to 38 °C in 1min and then at 15 °C/min to 202 °Cwith afinal hold-
ing time of 10.5 min. For the analysis of C6-C12 hydrocarbons, a capillary me-
tallic column (MXT30 CE; 30 m × 0.28 mm I.D. × 1.0 μm film thickness)
was used for separation and the oven temperaturewas programmed to be ini-
tially 36 °C, increase at 2 °C/min to 50 °C, then at 10 °C/min to 80 °C, and then
at 15 °C/min to 200 °C with a holding time of 6 min.
Fig. 1.Maps showing the location of the observation station (Guangzhou Environmental
ified from the map drawn with ArcGIS Desktop version 10.0, ESRI, Redlands, CA, USA;
zhou (right; modified from Google Earth photo).
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2.2. Quality assurance and quality control

During the campaign, the instrument was externally calibrated by dilut-
ing the PAMS standard (1 ppmv; Spectra Gases Inc., New Jersey, USA) to
concentrations of 0.5, 2, 4, 6, 8, and 10 ppbv and running the five standards
and zero air the same way as ambient air samples to obtain the calibration
curves. Target compounds were identified based on their retention times.
Each week, the system was challenged by one-point (4 ppbv) calibration,
and recalibration was needed if the responses of C2-C12 species were be-
yond ±15% of the calibration curves. The method detection limits
(MDLs) for target VOC species are presented in Table S2.

2.3. Meteorological parameters and other air pollutants

The temperature (T), atmospheric pressure (P), relative humidity (RH),
wind speed (WS) and wind direction (WD) were monitored simultaneously
with an automatic weather station at GEMC. The planetary boundary layer
higher (PBL)was computed throughNOAA's READYArchivedMeteorology
website (http://www.ready.noaa.gov/READYamet.php; last access: 23
January 2021) every 3 h during the campaign.

CO, NOx, O3, and SO2 were all monitored online withModel 48i, Model
42i, Model 49i, and Model 43i analyzers (Thermo Fisher Scientific, USA),
respectively. PM10 and PM2.5 were monitored by a Model 5030i Synchro-
nized Hybrid Ambient Real-time Particulate analyzer (Thermo Fisher Sci-
entific, USA).

2.4. Positive Matrix Factorization (PMF)

Sources of VOCswere explored using the USEPA PositiveMatrix Factor-
ization (PMF) model (version 5.0) with inputs of VOC monitoring data and
uncertainties associated with the data. Data values below the MDL were
substituted with MDL/2; missing data values were substituted withmedian
concentrations. If the concentration is less than or equal to the MDL pro-
vided, the uncertainty is calculated as Unc = 5/6 × MDL; and if the con-
centration is greater than the MDL provided, the uncertainty is calculated
Monitoring Center, GEMC) in the Pearl River Delta region in south China (left; mod-
http://www.esri.com) and the layout of the station's surroundings in urban Guang-

http://www.ready.noaa.gov/READYamet.php;
http://www.esri.com
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as Unc = [(error faction× mixing ratio)2 + (MDL)2]1/2, where an error
faction of 0.2 is used in this study.

3. Results and discussion

3.1. Overview of changing air quality during the COVID-19 lockdown

Fig. 2 shows the time series of PM2.5, NO, NO2, CO, SO2, O3, and total
VOCs and their group compositions during the field campaign. On average,
PM10 dropped from 50 μg/m3 before the lockdown (Period I) to 28 μg/m3

during the lockdown (Period II) and increased again to 40 μg/m3 after the
Fig. 2. Time series of observed VOCs, O3, NO, NO2, PM10, PM2.5, CO, SO2 and meteoro
speed, wind direction) at GEMC in the three periods.
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lockdown (Period III), while PM2.5 decreased from 28 μg/m3 before the
lockdown to 21 μg/m3 during the lockdown (Table 1). Similarly, CO and
SO2 decreased by 32% and 21%, respectively, and more pronounced de-
clines were observed for NO and NO2, which dropped by 63% and 56%
in Period II when compared to those in Period I. Since CO, NOx and SO2

are primary air pollutants largely related to combustion emissions
(e.g., vehicles) (Bian et al., 2019; Cai et al., 2018; Chang et al., 2009; Li
et al., 2017;Wang et al., 2002a; Xue et al., 2016), the decreases in their am-
bient levels reflect the changing activity levels particularly in industry and
transportation sectors during the lockdown. After the lockdown (Period
III), PM10, PM2.5, NO, NO2, CO, and SO2 all reasonably increased by
logical parameters (planetary boundary layer, temperature, relative humidity, wind



Table 1
Changing air quality and meteorological data observed at GEMC in the three periods.

Period I Period II Period III

Range Mean (95% C.I.) Range Mean (95% C.I.) Range Mean (95% C.I.)

T(° C) 10.6–27.6 18.6 (0.5) 8.0–25.0 16.2 (0.3) 8.1–28.4 21.3 (0.3)
RH (%) 42–78 58 (1) 19–86 59 (1) 19–85 64 (1)
WS (m/s) 0.3–2.6 1.1 (0.1) 0.3–3.5 1.2 (0.1) 0.2–3.9 1.1 (0.1)
PBL (m) 110–1409 511 (61) 77–1343 527 (39) 50–1780 676 (49)
CO (ppm) 0.52–1.40 0.91 (0.02) 0.35–1.05 0.63 (0.01) 0.44–1.75 0.67 (0.01)
SO2 (ppb) 1.5–4.2 2.1 (0.1) 1.5–6.1 1.7 (0.0) 1.5–4.6 1.9 (0.0)
PM10 (μg m−3) 19–103 50 (2) 1–118 28 (2) 3–146 40 (1)
PM2.5(μg m−3) 8–54 28 (1) 1–86 21 (1) 2–63 23 (1)
NO (ppb) 0.8–63.6 7.8 (1.2) 0.8–44.9 2.9 (0.4) 0.0–133.7 5.0 (0.8)
NO2 (ppb) 6.9–55.3 26.1 (1.2) 2.1–45.2 11.6 (0.6) 2.7–56.9 19.0 (0.9)
O3–1h (ppb) 1.6–78.7 20.9 (2.2) 1.1–75 24.5 (1.3) 0.5–105.3 29.9 (1.7)
O3-MDA8 (ppb) 12.2–64.4 38.3 (12.8) 11.2–65.4 34.0 (6.5) 13.3–87.8 49.5 (7.9)
Alkanes (ppb) 7.70–90.59 25.66 (2.35) 5.81–142.9 20.67 (1.50) 4.49–136.4 24.98 (1.66)
Alkenes (ppb) 0.95–11.77 3.43 (0.27) 0.48–8.42 2.58 (0.13) 0.14–12.31 2.57 (0.13)
Aromatics (ppb) 0.93–8.64 3.09 (0.22) 0.55–8.52 1.90 (0.11) 0.43–20.36 3.54 (0.23)
Alkynes (ppb) 0.45–5.20 1.85 (0.15) 0.59–6.23 2.36 (0.07) 0.61–10.71 2.71 (0.11)
VOCs (ppb) 11.66–112.1 34.01 (2.87) 9.65–162.5 27.51 (1.74) 7.52–158.3 33.79 (1.98)
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42.9%, 9.5%, 72.4%, 63.8%, 6.3%, and 11.8%, respectively, due to the
gradual recovery of socioeconomic and industrial activities. On average,
the total VOCs before (34.01 ppb) and after (33.79 ppb) were quite close
to each other, and they were approximately 23% higher than those during
the lockdown (Table 1).

While ambient levels of PM2.5 dropped in Period II due to decreased pri-
mary emissions and secondary formation from precursors such as SO2, NOx
and VOCs, ambient levels of O3, an air pollutant secondarily formed from
photochemical reaction of VOCs and NOx under sunlight, showed even
higher average O3–1h concentrations in Period II (24.5 ppb) than in Period
I (20.9 ppb) (Table 1). Similar variations were also observed in Hangzhou,
China, and in Rio de Janeiro, Brazil (Siciliano et al., 2020; Wang et al.,
2020c). Compared to period I, a larger percentage drop of NOx (57.0%)
than VOCs (19.1%) in period II would result in higher VOCs/NOx ratios
(Fig. S1), leading to the weakened titration of O3 by NO and thereby in-
creasing average O3 levels. However, as shown in Table 1, the daily maxi-
mum 8-h average O3 (MDA8-O3) did become slightly lower in Period II
(34.0 ppb) than in Period I (38.3 ppb). As showed in Fig. 3, diurnal varia-
tions of O3 in the three periods revealed the lowest afternoon O3 levels dur-
ing the lockdown, yet the average O3–1h concentration during the
lockdown (24.5 ppb) was higher than before (20.9 ppb) due to higher
nighttime O3 levels occurring with less NO titration during the lockdown.
Ambient NO observed at the urban site GEMC during the lockdown de-
creased, particularly at night (Fig. 3), since the contribution from vehicular
emissions, a dominant source of NO in urban areas, was reduced tremen-
dously because of the lockdown.

3.2. Mixing ratios and compositions of VOCs

The ranges and means of the mixing ratios of speciated VOCs observed
during the three periods are presented in Table S2. The total mixing ratios
of VOCs ranged 11.66–112.1 ppbv with an average of 34.01 ± 2.87 ppbv
in Period I and ranged 9.65–162.5 ppbv with an average 27.51 ± 1.74
ppbv in Period II with an average reduction rate of 19.1% when compared
to that in Period I. In Period III, the total mixing ratio of VOCs on average re-
covered to be almost identical to that in Period I (Table S2; Fig. 4). Ozone for-
mation potentials (OFPs) were further calculated based on localized
maximum incremental reactivity (MIR) scales in Guangzhou city (Zhang
et al., 2021). Consequently, the estimatedOFPs decreased by 41.9% in Period
II during the lockdown relative to Period I, and after the lockdown in Period
III OFPs of VOCs became~10% lower than that in Period I (Fig. 4). The SOA
formation potentials (SOAFPs) under high-NOx and low-NOx conditions (Ng
et al., 2007; Lim and Ziemann, 2009) were also calculated and results re-
vealed that SOAFPs decreased by 44.7% in period II relative to period I
under low-NOx conditions and by 51.4% under high-NOx conditions
(Fig. 4). A larger decrease of SOAFPs from alkanes might be related to
5

much larger decrease of high alkanes (C≥ 6) than light alkanes (C < 6) as
mentioned below. After the lockdown, the SOAFPs of VOCs in Period III re-
covered to only ~6% lower under low-NOx conditions and only 22.4%
lower under high-NOx conditions when compared to those in Period I.

Alkanes were the most abundant VOC group in all three periods, with
quite similar contribution percentages of 75.5%, 75.1% and 73.9% in the
three periods. Alkenes accounted for 10.1% in Period I and 9.4% in Period
II, higher than the 7.6% in Period III. The percentage of aromatics was the
lowest in Period II (6.9%) when compared to that of 9.0% in Period I and
10.5% in Period III. While the less reactive alkanes decreased by 19.0%
from Period I to Period II, the reactive alkenes and aromatics experienced
larger decreases of 24.8% and 38.3%, respectively (Fig. 4). Since aromatics
were widely used as industrial solvents in the study area (Zheng et al.,
2013), a larger decrease in ambient aromatics in Period II reflects a signif-
icant reduction in industrial emissions due to the province-wide shutdown
of the majority of factories, similar to those during the 2014 Asian-Pacific
Economic Cooperation summit in Beijing (Li et al., 2015; Yang et al.,
2018) and the 2016 G20 summit in Hangzhou (Zhang et al., 2020) with en-
hanced control of industrial emissions. After the lockdown in Period III,
while enterprises gradually resumed production, reactive aromatics in-
creased by 86.4%, alkanes only increased by 20.6%, and alkenes, however,
almost did not change on average when compared to those in Period II. In
addition, it is worth noting that on average alkanes decreased by 19.0%
in Period II relative to Period I, light alkanes (C < 6), which are related to
liquefied petroleum gas (LPG) and gasoline evaporation emissions, de-
creased by only 13.0% while higher alkanes (C≥ 6), which are largely re-
lated to vehicle exhaust and industrial solvents, decreased by 67.8%,
further confirming larger VOC emission reductions in industry and trans-
portation sectors during the lockdown. As for the OFPs of different VOC
groups, aromatics attributed the most to OFPs in all three periods, with a
share of 40.4%, 38.5% and 51.2% of OFPs before, during and after the
COVID-19 lockdown, respectively. Alkanes contributed 30.7%, 30.3%
and 28.0% of OFPs, while alkenes contributed 28.8%, 30.2% and 20.2%
of OFPs before, during and after the COVID-19 lockdown.

Changes in mixing ratios for major VOC species during the lockdown
are shown in Fig. 5. Among the most abundant alkanes, propane, n-
butane, i-butane, and i-pentane decreased by 13–29% in Period II relative
to those in Period I, and ethane instead increased by 15.7% on average
(Fig. 5a; Table S2). This increase in ethane probably reflects more indoor
activities (such as cooking) during the lockdown with more LNG-related
emissions of ethane in the densely populated urban areas, since LNG
(over 95% methane along with a few percent ethane) is predominantly
used for cooking and in LNG-fired small boilers for bathing in Guangzhou,
and its leakage and incomplete combustion would lead to emissions of eth-
ane (Speight, 2015). Reactive alkenes and aromatics all decreased during
the lockdown (Fig. 5b; Table S2). Among the three most abundant alkenes,



Fig. 3. Diurnal variations in (a) O3, (b) NOx, (c) NO2 and (d) NO at GEMC in the three periods.
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1-butene decreased by 55.1% and propene by 25.8%,while ethene dropped
very slightly on average, probably also due to enhanced residential LNG/
LPG combustion-related emissions. Toluene, ethylbenzene, and xylenes de-
creased by over 40% in Period II compared with Period I, while benzene
only dropped by nearly 10% on average (Fig. 5b; Table S2). This might re-
sult from the fact that benzene is forbidden to use in industry, while other
aromatics are widely used industrial solvents or feedstocks (Liu et al.,
2017; Zhang et al., 2015; Zheng et al., 2013).

3.3. Temporal variations of VOCs

The time series of total and grouped VOCs are shown in Fig. 2. A VOC
pollution episode was observed on January 21st in Period I with themixing
ratio of VOCs reaching as high as 112.1 ppbv in the morning, while in Pe-
riod II, VOC pollution episodes occurred on January 31st, February 3rd,
and during February 6-7th and February 11-13th. During the February
11-13th episode, the mixing ratio of VOCs increased from 27.65 ppbv at
0:00 on February 11th to 162.5 ppbv at 0:00 on February 13th. The higher
mixing ratios of VOCs appeared to be accompanied by low wind speeds
(Fig. 2), suggesting their accumulation under unfavorable dispersion condi-
tions. Meanwhile, wind direction also seemed to impact the increase in
VOC concentrations during the episodes. During the February 11-13th epi-
sode, for example, mixing ratios of VOCs were lower than 20 ppbv before
February 10th when northerly wind prevailed; however, they increased
to 42 ppbv on February 11th and to 54 ppbv on February 12th as the
wind speed gradually decreased and its direction turned southerly. It is
6

worth noting that although the average concentrations of air pollutants
dropped substantially in Period II due to the COVID-19 lockdown, four pol-
lution episodes still occurred with increased concentrations of VOCs, NO2

and PM2.5 under unfavorable weather conditions. This indicates that emis-
sion reductions as strong as that induced passively by the COVID-19 lock-
down could not completely eliminate the occurrence of air pollution.
After the lockdown, the concentrations of VOCs, NO2, PM2.5, and SO2 all in-
creased from February 19th, and the mixing ratio of O3 also increased grad-
ually with hourly maxima of 72 ppbv on the 19th and 101 ppbv on the
23rd.

For the diurnal variations shown in Fig. 6, one distinction is that an ob-
vious peak for total VOCs and alkanes was observed in the morning rush
hours due to the influence of vehicular emissions in Period I and Period
III (Baudic et al., 2016; Liu et al., 2016), but this peak disappeared in Period
II (Fig. 6) because of much less traffic with the strict quarantine, as also
reflected by the all-day lower NOx levels in Period II (Fig. 3). Another dis-
tinction is that reactive alkenes and aromatics had significantly lower con-
centrations than those in Period I throughout the day, with wider gaps than
total VOCs and alkanes between the two periods, suggesting that reactive
alkenes and aromatics were reduced at a comparatively larger scale during
the lockdown, particularly for aromatics (Fig. 6). It should be noted that
while alkanes and aromatics recovered in Period III after the lockdown to
levels that were comparable to those in Period I before the lockdown, al-
kenes in Period III remained at levels similar to those in Period II, implying
that emissions of alkenes were much less impacted than those of aromatics
by increased industry activities and traffic in Period III.



Fig. 4.Mixing ratios and chemical compositions of VOCs, as well as their ozone formation potentials (OFPs) and SOA formation potentials (SOAFPs), at GEMC in the three
periods.
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Toluene and benzene can be present in combustion emissions such as coal
burning emissions, vehicle exhaust and biomass burning (Moreira dos Santos
et al., 2004; Zhang et al., 2012), and solvent use is among themost important
sources of toluene, while benzene is prohibited in industrial solvents (Wang
et al., 2014; Yuan et al., 2010). Previous studies revealed a T/B ratio of <1
for biomass/biofuel/coal burning emissions (Liu et al., 2015; Moreira dos
Santos et al., 2004), ~1.6 for vehicle exhaust emissions (Wang et al.,
Fig. 5. Comparison of typical VOCs in the three periods. The circles indicate the ratios
interval (95% C.I.).
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2002b; Li et al., 2020c), and much higher for industrial solvent use (Chan
et al., 2006). The average T/B ratios were 1.83 ± 0.16, 1.20 ± 0.11, and
3.45±0.18 in Periods I, II, and III, respectively, also implying reduced indus-
trial solvent use and vehicle emissions of aromatics during the lockdown.

The differences in T/B ratios could be further investigated from the di-
urnal variations (Fig. 7). In Periods I and III, slightly increased T/B ratios
during morning rush hours reflected the influence of vehicle emission. An
of Period II/Period I for typical VOCs. The error bar indicates the 95% confidence



Fig. 6. Diurnal variations of (a) VOCs, (b) alkanes, (c) alkenes and (d) aromatics at GEMC in the three periods.

Fig. 7. Diurnal variations in the toluene to benzene ratio (T/B) in the three periods. The lower and upper boundaries of the box represent the 25th and 75th percentiles,
respectively; the whiskers below and above the box indicate the 10th and 90th percentiles, respectively; the line within the box marks the median; and the dot represents
the mean.
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obvious peak of T/B ratios appeared in the afternoon (12:00–16:00). This
peak could not be explained by higher oxidation rates of toluene relative
to benzene, but by elevated evaporation of solvents at higher temperatures.
As toluene is a widely used solvent in industry, its enhanced evaporation
would give rise to T/B ratios. In Period II, however, no T/B peak was
found atmorning rush hours or in the afternoon, and T/B decreased contin-
uously from 03:00 to 15:00 and then began to increase until 01:00 of the
next day due to the influence of photochemical oxidation and changing
mixing layer heights (Liu et al., 2020).

3.4. Source apportionment with PMF

3.4.1. Source identification
To further quantify the contributions by different sources to ambient

VOCs at three periods, the 28 most important species were selected for
source apportioning with the PMF receptor model. The PMF was run
with factor numbers increasing from 3 to 7. As showed in Fig. S2a, Q/
Qexp values decreased gradually with the factor number, and the de-
crease rates turned lower when factor number was 6 or higher. Mean-
while, a new source was extracted when factor number increased from
3 to 5 (Fig. S2b). As factor number reached 6 or higher, two factors
would refer to one emission sources and it was hard to represent real-
world emissions. Therefore, the five-factor solution was chosen in this
study, and the PMF reconstructed masses matched the measured ones
very well, with a slope (reconstructed to measured) of 0.95 and r2 of
0.99 (Fig. S2c).
Fig. 8. Source contributions to VOCs, alkenes
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The profiles of five sources resolved by PMF are showed in Fig. S3.
Factor 1, with high loadings of ethylene (41.6%), ethyne (27.5), 3-
methylhexane (53.6%), toluene (26.6%) and benzene (18.5%), is typical
of gasoline vehicle emissions with a T/B near 1.5 (Watson et al., 2001;
Wu et al., 2016; Yang et al., 2018; Zhang et al., 2013) and therefore is
regarded as gasoline-related emissions (gasoline vehicle exhaust and gaso-
line evaporation). Factor 2 was dominated by methylcyclopentane, n-
decane, 1,2,4-trimethylbenzene and 1,2,3-trimethylbenzene, which are
typical tracers in exhaust from diesel-powered engines (Song et al., 2007;
Zhang et al., 2012, 2018; Wu et al., 2020) and thus can be identified as die-
sel exhaust (including diesel vehicle exhaust and non-road diesel engines).
Factor 3 was rich in ethane, propane, i-butane, n-butane, propene and 1-
butene. Propane, i-butane, and n-butane are the main components of LPG,
which are widely used in cooking and as fuel for taxis and buses (Zhang
et al., 2018;McCarthy et al., 2013). Previous studies also indicated that eth-
ane, propene and butenes were also associated with LPG-fueled vehicle
exhaust (Tang et al., 2008; Feng et al., 2020). Therefore, this factor is attrib-
uted to LPG related sources. Factor 4was distinguished by high percentages
of ethylene, ethyne, benzene, CO and C4-C5 species. Ethylene and ethyne
are important species emitted from biomass open burning (Fang et al.,
2017). C4-C5 VOCs and benzene are also the main components in emissions
from coal burning (Hui et al., 2019; Liu et al., 2008; Wu et al., 2016). Thus,
this factor is related to biomass/coal burning. Factor 5 was rich in toluene,
ethylbenzene, xylenes and styrene. Solvent use and vehicle exhaust were
important sources of aromatics (Ou et al., 2015; Zhang et al., 2012),
while poor correlation between aromatics and combustion tracers in factor
, and aromatics in three periods at GEMC.
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5 (such as ethyne and CO) indicated that the above species in this factor
were largely associated with solvent use. n-Octane can be used as a solvent
in paint and liquid process photocopiers (Shao et al., 2016). 2,3,4-
Trimethylpentane is widely used in solvents for household and consumer
production industries (Guo et al., 2011). Therefore, higher n-octane and
2,3,4-trimethylpentane also confirm that this factor can be assigned to in-
dustrial emissions.

3.4.2. Changing VOCs source contributions
As shown in Fig. 8, gasoline-related emissionwas the largest source dur-

ing the three periods, accounting for 26.8%, 31.6%, and 27.4% of VOCs, re-
spectively. The contribution percentages of industrial emission and diesel
exhaust decreased from 23.3% and 19.7% in Period I to 11.5% and 9.5%
in Period II, respectively. Instead, the contributions of biomass/coal
Fig. 9. Time series of PMF resolved contribution and decomposed changes by emissi
campaign. On the right the bars show decreased ambient levels explained by source
decreased ambient levels due to reductions of different source emissions.
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burning and LPG increased from 12.7% and 17.5% in Period I to 18.6%
and 28.8% in Period II, respectively. As shown in Fig. 9, for the time series
of source contributions, industrial emissions deceased the most from Janu-
ary 13th to January 31st among the five sources, consistent with larger de-
clines in the level of aromatics and in ratios of toluene or xylenes to CO. In
Period III, with the gradual easing of pandemic lockdown measures, the
contribution percentages of industrial emission and diesel exhaust returned
to 26.6% and 14.7%, while those of LPG and biomass burning shrank again
to 15.1% and 16.2%, respectively.

When compared to that in Period I, the contribution from industrial
emissions on average was reducedmore than that from other sources in Pe-
riod II, accounting for 48.9% of the reduction in ambient VOCs during the
lockdown (Fig. 9).Meanwhile, emission reductions fromdiesel exhaust and
gasoline-related emission could explain 42.2% and 8.9% of the total VOC
on sources for mixing ratio of (a) VOCs, (b) alkenes and (c) aromatics during the
emission reductions during the lockdown, and pies indicate the percentages of
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reduction. Diesel exhaust emissions decreased much more than gasoline-
related emissions in Period II, probably because on-road vehicles aremostly
gasoline-powered private cars during this period (Qi et al., 2021) and be-
cause the use of diesel-powered trucks and non-road engines (such as con-
structionmachines) was reduced tremendouslywith almost frozen industry
activities. Biomass/coal burning revealed a higher contribution percentage
in Period II because of decreased contributions from traffic and industry. In
contrast, LPG-related emissions had a burden increasing from 6.18 ppbv in
Period I to 7.78 ppbv in Period II. This might be related tomuchmore use of
LPG as a result of increased indoor activities.

The contributions ofOFPs by different emission sources could be further
calculated based on the PMF results. As showed in Fig. 10, gasoline-related
emission, industrial emission, and biomass/coal burning were the three
most important sources of OFPs, attributing 31.6%, 28.9%, and 17.2% of
OFPs, before the COVID-19 lockdown, respectively. During the lockdown,
the contribution percentages of industrial emission and diesel exhaust de-
creased to 19.1% and 5.5%, respectively, while those of biomass/coal burn-
ing and LPG increased to 23.5% and 18.0%. In period III, industrial
emission increased significantly and contributed the most (35.1%),
followed by gasoline-related emission (27.1%) and biomass/coal burning
(19.9%), while the contribution of diesel exhaust increased to 8.1% with
more use of diesel-powered trucks and non-road engines.

3.4.3. Source contributions to reactive alkenes and aromatics
As mentioned above, reactive alkenes and aromatics decreased more

significantly during the COVID-19 lockdown. As shown in Fig. 8, the
contribution of gasoline-related emission, biomass/coal burning, and
LPG to alkenes increased from 28.7%, 24.6%, and 10.2% in Period I to
31.5%, 34.4%, and 16.6% in Period II. In contrast, industrial emission
and diesel exhaust contributed less alkenes in Period II (12.0% and
5.5%) than in Period I (25.6% and 10.9%), respectively. Since the
COVID-19 lockdown, the PMF-resolved diesel vehicle exhaust and in-
dustrial emission gradually decreased (Fig. 9), and the changes in indus-
trial emission, diesel exhaust, and gasoline-related emissions could
explain 56.0%, 23.0%, and 20.6% of the reduction in reactive alkenes,
respectively.

Industrial emission, gasoline exhaust and biomass/coal burning were
the three most important sources of aromatics in Period I, with contribu-
tions of 43.1%, 22.2% and 19.9%, respectively (Fig. 8). In Period II, how-
ever, biomass/coal burning contributed the most to aromatics (35.7%),
followed by gasoline-related emission (28.0%) and industrial emission
(23.5%). It is worth noting that reductions in industrial emission, diesel
exhaust and gasoline-related emission could explain 70.0%, 16.5% and
13.0% of the total reduction of aromatics in Period II relative to Period I
(Fig. 9), respectively. In Period III, aromatics from industrial emission
increased rapidly with a contribution percentage of 51.1%, consistent
Fig. 10. Source contributions of OFP

11
with the much greater increase in the levels of aromatics after the lock-
down.

4. Conclusions

The unusual passive emission reductions during the COVID-19 lock-
down offered an opportunity to look into the impacts of changing an-
thropogenic emissions (particularly in the heavily-affected industry
and transportation sectors) on ambient levels of reactive VOCs. During
the lockdown, PM10, PM2.5, CO and SO2 dropped by 44%, 25%, 32%
and 21%, respectively, while average O3–1h concentrations increased
by 17% but average MDA8-O3 decreased by 11% when compared to
those before the lockdown. These changes in O3 were achieved when
O3 precursors NOx and VOCs decreased by 57.0% and 19.1%, respec-
tively. At urban sites where O3 formation is typically VOC-limited,
solely reducing NOx emissions might induce elevated O3 levels. The re-
sults from this study demonstrate that reduction in ambient NOx levels
as high as 57% would result in less significant changes in ambient O3

levels, or even lower MDA8-O3, if ambient levels of VOCs, particularly
those of more reactive aromatic and alkene species, were reduced at
the same time.

While average mixing ratios of VOCs became 19.1% lower during the
lockdown than before, mixing ratios of reactive alkenes and aromatics de-
creased by 24.8% and 38.2%, respectively, and alkanes decreased by
19.0%. Specifically, on average mixing ratios of light alkanes (C < 6) de-
creased by only 13.0% while those of higher alkanes (C ≥ 6) decreased
by 67.8% during the lockdown. Based on results from the PMF receptor
model, decreased ambient VOC levels during the lockdown could be largely
attributed to reduced industrial emissions, diesel exhaust and gasoline-
related emissions, which could account for 48.9%, 42.2% and 8.8% of re-
ductions in ambient VOCs, respectively. Moreover, the reduction in indus-
trial emissions could explain 56.0% and 70.0% of the reduction in
ambient reactive alkenes and aromatics, respectively. It is worth noting
that reduction in diesel exhaust emissions contributed substantially to the
reduction in ambient levels of VOC, particularly those of heavier alkanes.
This might be not only resulted from reduction in on-road diesel vehicle
emissions, but also from reduction in emissions from non-road diesel en-
gines (like construction machines), which were much loosely controlled
in exhaust emissions and yetweremuchmore heavily impacted by the lock-
down.
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