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• NMHCs level and reactivity decreased
by 46% and 61% during COVID-19 lock-
down.

• NMHCs levels from petrochemical in-
dustry and traffic decreased by 80%
and 67%.

• NMHCs and NO2 dropped during lock-
down, but O3 formation rate did not
decrease.
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A lot of restrictivemeasureswere implemented in China during January–February 2020 to control rapid spread of
COVID-19. Many studies reported impact of COVID-19 lockdown on air quality, but little research focused on am-
bient volatile organic compounds (VOCs) till now,which play important roles in production of ozone and second-
ary organic aerosol. In this study, impact of COVID-19 lockdownonVOCsmixing ratios and sourceswere assessed
based on online measurements of VOCs in Nanjing during December 20, 2019-Feburary 15, 2020 (P1-P2) and
April 15–May 13, 2020 (P3). Average VOCs levels during COVID-19 lockdown period (P2) was 26.9 ppb, about
half of value for pre-lockdown period (P1). Chemical composition of VOCs also showed significant changes. Ar-
omatics contribution during decreased from 13% during P1 to 9% during P2, whereas alkanes contribution in-
creased from 64% to 68%. Positive matrix factorization (PMF) was then applied for non-methane hydrocarbons
(NMHCs) sources apportionment. Five sources were identified, including a source related to transport and back-
ground air masses, three sources related to petrochemical industry or chemical industry (petrochemical indus-
try#1-propene/ethene, petrochemical industry#2-C7-C9 aromatics, and chemical industry-benzene), and a source
attributed to gasoline evaporation and vehicular emission. During P2, NMHCs levels from petrochemical indus-
try#2-C7-C9 aromatics showed the largest relative decline of 94%, followed by petrochemical industry#1-
propene/ethene (67%), and gasoline evaporation and vehicular emission (67%). Furthermore, ratios of OH reactivity
of NMHCs versus NO2 level (ROH,NMHCs/NO2) and total oxidant production rate (P (OX)) were calculated to assess
potential influences of COVID-19 lockdown on O3 formation.
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1. Introduction

From December 2019, the coronavirus disease (COVID-19) spread
worldwide and caused enormous influences on international economy,
industrial production, and social life. To prevent COVID-19 pandemic
and protect human health, 30 provinces of China started the Level I
(particularly serious) response to public health emergencies from
23rd to 25th January 2020. A lot of restrictive measures were imple-
mented to reduce people's social contacts, such as shutting down the-
atres, restaurants, malls, schools, and non-essential businesses,
restricting public transportation (e.g. airplane, train, and bus) and
even private cars, etc. More detailed descriptions on National Emer-
gency Response Plan for Public Emergencies can be found in the paper
by Li et al. (2020). Anthropogenic sources related to human activities
(e.g. traffic-related emissions, industrial emissions) were considered as
the largest contributor to air pollutants in urban areas (Lelieveld et al.,
2015), and therefore COVID-19 lockdownwill result in reduction of an-
thropogenic air pollutants emissions (Huang et al., 2020; Li et al., 2020).

The latest research publications have reported the significant impact
of COVID-19 lockdown on air qualities in China (Chen et al., 2020; Li
et al., 2020), United States (Zangari et al., 2020), Europe (Menut et al.,
2020), India (Kumari and Toshniwal, 2020), and other regions (Kondo
Nakada and Urban, 2020). Based on ground and satellite measurement
results, concentrations of fine particle (PM2.5), sulfur dioxide (SO2),
and nitrogen dioxide (NO2) exhibited significant declines inmany cities
(Bauwens et al., 2020; Chauhan and Singh, 2020; Rodriguez-Urrego and
Rodriguez-Urrego, 2020; Zangari et al., 2020), whereas surface ozone
(O3) pollution was amplified (Sicard et al., 2020; Zhao et al., 2020) dur-
ing COVID-19 lockdown period. Volatile organic compounds (VOCs) are
important precursors of O3 and PM2.5 (Atkinson et al., 2006), but varia-
tions of ambient VOCs levels caused by COVID-19 lockdown are still un-
clear until now.

Compared with inorganic air pollutants, e.g. NOX and SO2, ambient
VOCs have various chemical composition and wide sources (Li et al.,
2019). It is essential to obtain accurate knowledge of VOCs sources in
order to reduce their emissions and improve air quality. A few studies
based on emission inventory and receptormodels have been conducted
to determine ambient VOCs sources in Nanjing, China (An et al., 2017;
Zhao et al., 2017; Wang et al., 2020a). Transportation and industry
were considered as the two largest contributors to ambient VOCs,
whereas relative contributions of individual sources to VOCs showed
some discrepancies among different studies. In the emission inventory
built by Zhao et al. (2017), industrial processing and solvent use were
considered as the most important VOCs sources, with relative contribu-
tions of 50% and 31%, respectively. However, two receptor model stud-
ies based on ambient measurements suggested that transportation and
fuels combustion were also important sources of VOCs, with relative
contributions of 39%–51% (An et al., 2017; Wang et al., 2020a). During
COVID-19 lockdown period, traffic flow decreased and most industrial
production processes stagnated, and thus VOCs emissions from trans-
portation and industry reduced significantly (Huang et al., 2020; Li
et al., 2020). This provides an opportunity for us to further understand
and evaluate VOCs sources in Nanjing.

The Yangtze River Delta (YRD) region started the Level I response to
public health emergencies on 00:00 of 25th January 2020 and then ad-
justed to Level II (serious) response in 25th February 2020. In this study,
online measurements of ambient VOCs were conducted during about
3months to evaluate impact of COVID-19 lockdown on VOCsmixing ra-
tios and sources in Nanjing. Temporal variations of VOCs levels were an-
alyzed, and then ratio analysis and positive matrix factorization (PMF)
model were applied for VOCs source apportionment. Changes of VOCs
levels from individual sources were then investigated to evaluate im-
pact of COVID-19 lockdown on industrial and traffic-related VOCs emis-
sions. Furthermore, ratios for VOCs reactivity versus NO2 levels were
calculated and their implications on O3 formation mechanism were
discussed.
2

2. Methodology

2.1. Observation site and period

Online VOCs measurements were conducted in the campus of Nan-
jing University of Information & Science Technology (NUIST, 118.7°E,
32.2°N, Fig. 1) during December 20th, 2019-Feburary 15th, 2020 and
April 15th-May 13rd, 2020. The entire observation period was divided
into three stages, including December 20th, 2019-January 24th, 2020
(P1, pre-lockdown), January 25th-Feburary 15th, 2020 (P2, Level I re-
spond period, i.e. COVID-19 lockdown), and April 15th-May 13rd,
2020 (Level III response period, P3).

The NUIST site is located in the west of YRD region, about 18 km
north from an urban site (JEMC) in downtown area of Nanjing (Fig. 1).
There are two expressways close to the NUIST site, especially the ex-
pressway in east with about 1 km distance which has large traffic flow
every day. Additionally, it should be noted that there are three large pet-
rochemical and chemical industrial areas in east (B), northeast (A), and
southeast (C) of this site, with distances of about 5 km, 10 km, and
20 km, respectively. Therefore, this site was considered to be represen-
tative of an atmospheric environment influencedby both transportation
and petrochemical/chemical industry.

2.2. VOCs measurements

In this study, ambient mixing ratios of 102 VOC species were online
measured by a cryogen-free gas chromatography system (GC) equipped
with amass spectrometer detector (MSD) and a flame ionization detec-
tor (FID) developed by Peking University. Briefly, target compounds
were enriched at a ultra-low temperature of −160 °C, and then they
were vapored and injected into GC system for separation and detection.
Two parallel channels were designed in the GC–MSD/FID system. In one
channel, C2-C5 non-methane hydrocarbons (NMHCs) were trapped
using a PLOT (Al2O3/KCl) column (25 cm, 0.53 mm ID). After sampling,
the enrichment trap was heated to 110 °C and then vaporized com-
pounds were separated by a PLOT (Al2O3/KCl) column (15 m,
0.32mm ID) and detected by an FID. In the other channel, a deactivated
quartz capillary (25 cm, 0.53 mm ID) was applied for trapping C5-C12
NMHCs, halocarbons, and oxygenated VOCs (OVOCs). A DB-624 column
(30m, 0.25mm ID) connectedwithMSDwas employed to separate and
detect these compounds. Two commercial mixture standards with 56
C2-C12 NMHCs and 63 chemicals (Spectra Gases, U.S.) were used for
calibration. To correct the drift of MSD responses, internal standards
were also employed to calculate ambient mixing ratios of VOCs. More
detailed introductions on this GC–MSD/FID system and quality assur-
ance and quality control (QA/QC) procedures of VOCs measurements
can be found in the paper by Wang et al. (2014).

2.3. Air quality and meteorological conditions

The hourly-averaged concentrations of PM2.5, O3, NO2, CO, and SO2

were obtained from the real-time release platform of national urban
air quality (http://106.37.208.233:20035/) belonging to the China Na-
tional Environmental Monitoring Centre (CNEMC). Ambient tempera-
ture (T), wind direction and speed (WD and WS), relative humidity
(RH), atmospheric pressure (P), and visibility were measured by an au-
tomatic weather station in the meteorological observation base of
NUIST.

Figs. S1 and S2 show time series of NO2, O3, SO2, CO concentrations
and wind vector, temperature, pressure, RH, and visibility. Their com-
parisons among P1, P2, and P3 were summarized in Table 1. It can be
found that temperature, WS, and visibility increased from P1 to P3,
whereas RH showed a decline trend. Average concentrations for PM2.5,
CO, SO2, and NO2 during P2 decreased by 12%–48% compared with re-
spective values for P1. However, average concentration of O3 and total
oxidants (OX = O3 + NO2) during P2 increased by 92% and 7% versus

http://106.37.208.233:20035/


Fig. 1. Location of ambient VOCs measurement site (NUIST) in this study.
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P1, respectively.Wind rose plots in Fig. S4 suggest that east was the pre-
vailing wind direction during P1 and P2, while wind was mainly from
east and southeast during P3. Back trajectory analysis of airmasses indi-
cates that east and north were the dominant directions during P1 and
Table 1
Comparisons of meteorological parameters and concentrations of trace gases and PM2.5 and m

Variables P1

Meteorological parameters WS, m/s 1.62
Temperature, °C 5.57
RH, % 81.8
Pressure, hPa 102.4
Visibility, km 6.23

Trace gases and PM2.5, μg/m3 PM2.5 65.0
CO 0.868
SO2 8.80
NO2 49.0
O3 30.7
Ox 79.6

VOCs, ppb VOCs 50.9
NMHCs 38.7
Alkanes 24.6
Alkenes 9.09
Aromatics 5.02

3

P2,whereas south and southwestwere also important airmass trajecto-
ries during P3 (Fig. S5). Overall, meteorological conditions during P1
and P2 were similar, but showed a significant discrepancy with those
for P3.
ixing ratios of VOCs during P1, P2, and P3.

P2 P3 (P2-P1)/P1 × 100% t-Test (p)

1.75 3.02 8% 0.031
6.98 19.5 25% <0.001

75 68.8 −8% <0.001
102.2 101.1 0% <0.001

9.89 14.8 59% <0.001
42.28 35.9 −35% <0.001
0.764 0.866 −12% <0.001
6.3 9.72 −28% <0.001

25.7 45.1 −48% <0.001
59.2 84.9 92% <0.001
84.8 127 7% <0.001
26.9 31.9 −47% <0.001
20.9 22.3 −46% <0.001
14.2 13.6 −42% <0.001
4.76 5.11 −48% <0.001
1.90 3.56 −62% <0.001

Image of Fig. 1
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3. Results and discussion

3.1. Decrease of VOCs levels during COVID-19 lockdown period

Average concentration of totalmeasured VOC species (VOCs) during
P2 was 26.9 ± 14.9 ppb, significantly lower than values for P1 (50.9 ±
25.7 ppb) and P3 (31.9 ± 21.7 ppb). Considering that meteorological
parameters during April–May (P3) were different with December–
February (P1 and P2), further discussions about impact of COVID-19
lockdown on VOCs levels mainly focused on comparisons between P1
and P2. Relative declines of average alkanes, alkenes, and aromatics
levels during P2 versus P1 were 42%, 48%, and 62%, respectively
(Table 1).m,p-Xylene and propene were chosen as representative spe-
cies because they have been found to be key species in O3 formation
of Nanjing and were influenced significantly by industrial emission
(Wang et al., 2020b). Fig. 2 compares temporal variations and frequency
histograms ofmixing ratios form,p-xylene andpropene between P1 and
P2. It can be found that levels of m,p-xylene and propene both showed
large fluctuations. For example, mixing ratio of m,p-xylene at 00:00 of
January 5th reached 4.47 ppb, and then decreased rapidly to 1.19 ppb
at 06:00 of January 5th. For propene, its level at 05:00 of January 2nd
reached 22.02 ppb, and then decreased to 0.31 ppb at 13:00 of January
2nd. Such sharp fluctuations cannot be explained by meteorological
conditions. Frequency histograms of mixing ratios for m,p-xylene and
propene were both lognormal distributions. Compared with acetylene
which was considered mainly from incomplete combustion sources
(Baker et al., 2008), histograms for m,p-xylene and propene showed
larger tails that extended toward higher values (Fig. S3 of Supplement).
Considering the NUIST site is close to the largest petrochemical/
chemical industrial zone (A in Fig. 1) in Nanjing, it was considered
that ambient m,p-xylene and propene were possibly influenced by
nearby industrial emissions. The lognormal fitting center (x0) of m,p-
xylene mixing ratios during P2 was 0.073 ppb, about one quarter of
value for P1. The x0 for propene mixing ratios was 0.081 ppb during
P2, lower than that for P1 by 46%.

Fig. 3 shows averagemixing ratios for individual VOC species during
P1 and P2, and their relative differences (RD) between these two
Fig. 2. Time series and frequency histograms of ambient mix

4

periods ((P1-P2)/P1). Mixing ratios of long-lived halocarbons, e.g.
Freon 114 (F114), Freon 113 (F113), and carbon tetrachloride (CCl4),
showed the lowest RD values (<0.1). This is because industrial produc-
tion and use of these chlorofluorocarbons (CFCs) have been forbidden in
China, and therefore their ambient levels kept relatively stable during
the entire measurement period. In addition, ethane, benzene, and acet-
ylene mixing ratios also showed relatively low RD values of 0.23–0.32.
The possible explanation for this phenomenon is that these species
also have long atmospheric lifetimes and thus theywould be influenced
by transport and background air masses. Except for these species,
mixing ratios for other VOCs all showed significant decreases during
P2, with RD values of 0.4–0.92, suggesting the possible impact of
COVID-19 lockdown on VOCs.

To illustrate the decline of VOCs levels during P2 versus P1 was not
an accidental event, wintertime VOCs measurement results in Nanjing
reported from previous studies (An et al., 2017; Wang et al., 2020a)
were also compared with average NMHCs mixing ratios during P2. In
the study by An et al. (2017), VOCs were measured in January–
February 2014 at the NUIST site (NUIST-2014). Another study by
Wang et al. (2020a), VOCs were observed during January–February
2016 at the JEMC site (JEMC-2016). As shown in Table S1 and Fig. S6
of Supplement, average levels for totalmeasured NMHCs and individual
species except for ethane and benzene during P2 were all significantly
lower than results from NUIST-2014 and JEMC-2016 (p < 0.01), with
relative decreases of 25%–97%. This finding demonstrates that COVID-
19 lockdown is a main cause of the significant declines of VOCs levels
during P2.

3.2. Changes of NMHCs chemical compositions and sources

3.2.1. Chemical compositions and ratios of ambient NMHCs
Chemical compositions of NMHCs during P1, P2, and P3 were com-

pared in Fig. S7 of Supplement. Alkanes was the dominant contributor
to ambient NMHCs levels during three periods, with relative contribu-
tions of 61%–68%. Relative contribution of aromatics decreased from
13% during P1 to 9% during P2, while relative contribution of alkanes in-
creased from 64% to 68%. During P3, fraction of alkanes decreased to
ing ratios ofm,p-xylene and propene during P1 and P2.

Image of Fig. 2


Fig. 3. Average mixing ratios for individual VOC species during P1 and P2 and their relative decreases during P2 versus P1 ((P1-P1)/P2).
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61%, whereas fraction of aromatics increased to 16%. The difference of
NMHCs chemical composition between P1 and P2 indicates possible
changes of NMHCs sources resulted from COVID-19 lockdown.

Fig. 4 shows ternary plots for mixing ratios of C2-C4 alkanes, C3-C5
alkanes, C2-C3 alkenes/alkynes, and C6-C8 aromatics. As shown in
Fig. 4a, average fraction of ethane in the sum of ethane, propane, and
n-butane levels increased from51% during P1 to 60% during P2,whereas
fractions of propane and n-butane decreased to 30% and 10% during P2,
Fig. 4. Ternary plots and average ratios of (a) ethane/n-butane/propane, (b) pentanes/propane
and P3. The ratios mean relative fractions of average mixing ratios for NMHC species on left, ri

5

respectively. Ambient propane can be influenced by industrial use of liq-
uefied petroleum gas (LPG) in Nanjing (Wang et al., 2020a). C4-C5 al-
kanes are important constitutes of VOCs from vehicular exhaust and
gasoline evaporation (Gentner et al., 2013; Song et al., 2020). The de-
cline of propane and n-butane fractions suggests that contributions of
industrial LPG use and traffic-related sources might reduce due to
COVID-19 lockdown. For C3-C5 alkanes, average fraction of pentanes
(i.e. the sum of n-pentane and i-pentane) increased from 15%–16% for
/butanes, (c) acetylene/ethene/propene, (d) ethylbenzene/benzene/toluene during P1, P2,
ght, and top vertexes of ternary plots.

Image of Fig. 3
Image of Fig. 4
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P1 andP2 to 27% during P3 (Fig. 4b). This is possibly due to the relatively
high temperature during P3 which is in favor of gasoline evaporation
(Song et al., 2019). Average fraction of propene in the sum of acetylene,
ethene, and propene during P2 was 8%, lower than values for P1 and P3
by factors of 2–2.5 (Fig. 4c). Petrochemical industry is an important
source of ambient propene in Nanjing (Wang et al., 2020a), and there-
fore the lowest propene fraction during P2 indicates the possible decline
of petrochemical industrial emissions due to COVID-19 lockdown. Aver-
age fraction of benzene in the sum of benzene, ethylbenzene, and tolu-
ene increased from 38% for P1 to 74% for P2 (Fig. 4d). Ratio of toluene/
benzene (T/B) is often used to preliminary analyze relative importance
of vehicular exhaust, industrial emission, and combustion sources
(Zhang et al., 2016; Song et al., 2020). The average value of T/B during
P2 was 0.32 ppb/ppb, significantly lower than values for P1 and P2
(0.73 ppb/ppb for P1 and 0.91 ppb/ppb for P2). One possible explana-
tion for this finding is that relative decrease of average mixing ratio
for toluene during P2 versus P1 (70%) was larger than that for benzene
(30%). This indicates that sources of ambient toluene and benzene dur-
ing P2 possibly changed due to COVID-19 lockdown, i.e. reduction of
VOCs emissions from once source rich in toluene was larger than an-
other source rich in benzene. Furthermore, it was found that T/B values
for these three periods were all lower than emission ratio of T/B from
vehicular emission (1.0–2.5 ppb/ppb) (Song et al., 2020) and paints
use (>3 ppb/ppb) (Mo et al., 2016), but fell in the range of emission ra-
tios for coal combustion and biomass burning (Zhang et al., 2016). Actu-
ally, residential coal/biomass combustion has been forbidden in
Nanjing, and therefore the lower T/B values during P1-P3may not be re-
lated to these combustion sources. Further analysis is needed to identify
another VOCs sources which are rich in benzene.

3.2.2. NMHCs source apportionment using PMF
In this study, we focused on investigating changes in NMHCs sources

caused by COVID-19 lockdown. The positive matrix factorization (PMF,
version 5.0) model developed by the U.S. Environmental Protection
Agency (EPA) was used to identify NMHC sources and calculate relative
contributions for each individual source. Detailed introductions on prin-
ciples and operations of PMF5.0 has been described in the user guide
written by Norris et al. (2014). Briefly, PMF is a multi-factor analysis
tool which can decompose the speciated NMHCs observation data ma-
trix (X) into two matrices, including a matrix of factor contributions
(G) and a matrix of factor profiles (F) (Eq. (1)):

xij ¼ ∑p
k¼1gik f kj þ eij ð1Þ

where xij is the mixing ratio for jthNMHC species in ith sample; gik is the
contribution of kth factor to total mixing ratio of NMHCs in ith sample; fkj
means the chemical profile of NMHCs (i.e. percentages of jthNMHC spe-
cies in total mixing ratios of NMHCs) for kth factor; eij represents the re-
sidual for jth NMHC species in ith sample.

3.2.2.1. Settings of PMF. In this study, NMHC species with highmixing ra-
tios, low measurement uncertainty, and strong indications on emission
sources were given priority in selecting inputs for PMF. Finally, mixing
ratios for total NMHCs and 35 individual species, including 18 alkanes,
10 aromatics, 6 alkenes, and acetylene, were inputted in PMF for source
apportionment. The list of these species was shown in x-axis of Fig. 5. In
base model runs of PMF, factors number was set as 3–8. Chemical pro-
files of resolved factors and Qtrue/Qrobust values for each solution were
compared with each other. Finally, the 5-factors solution was chosen
to analyze ambient NMHCs sources, according to reasonability of phys-
ical explanations for individual factors. Fpeak model runs were then con-
ducted with Fpeak values of ±1, ±0.5, and 0 to evaluate rotational
ambiguity in PMF solutions. Results with Fpeak of −1.0 were then se-
lected based on G-Space plot. Additionally, bootstrap analysis with 100
runs were carried out to assess error and uncertainty of PMF solution.
Average and median values for mixing ratios of individual NMHC
6

species in each factor agreed well (Fig. S8 in Supplement), suggesting
the stability of PMF solutions. Median result of 100 bootstrap runs was
then used for identification of PMF-resolved factors and calculation of
contributions from each source.

3.2.2.2. Identification of PMF-resolved factors. Fig. 5 shows chemical pro-
files of five PMF-resolved factors. Ethane, propane, and acetylene were
the most abundant three species in factor 1 (F1), with percentages in
total mixing ratios of 35 species of 40.0%, 22.6%, and 14.0%, respectively
(Fig. 5a). F1 contributed 77.9%, 62.9%, and 85.6% of measuredmixing ra-
tios of ethane, propane, acetylene. Atmospheric lifetimes for these three
species were estimated as 5–24 days with average OH concentration of
2 ×106molecule/cm3 according to their reaction rate constantswithOH
radical (kOH) in the Master Chemical Mechanism (MCM) v3.3.1 (http://
mcm.leeds.ac.uk/MCM/). Due to their long lifetimes in the atmosphere,
these species could be influenced by long-distance transport of air
masses and background air. Additionally, NMHCs levels contributed by
F1 showed a significant correlation with PM2.5 concentrations, with r
of 0.61 (Fig. S9 of Supplement). Potential source region analysis by Li
et al. (2020) suggested that PM2.5 concentrations in the YRD region dur-
ing January–March 2020 were largely influenced by transport from
North China. Therefore, F1was identified as a source related to transport
and background air masses.

As described in Section 2, the NUIST site is close to largest industrial
zone inNanjing (A in Fig. 1). Benzene, ethene, propene, xylenes, and tol-
uene are important products of petrochemical enterprises in this zone.
Meanwhile, benzene is also used as a raw material to produce chloro-
benzene and cyclohexane in a chemical enterprise. Since these species
belong to different production lines, temporal variability of their ambi-
ent mixing ratios showed significant discrepancies, and therefore they
were attributed to three PMF-resolved factors. Factor 2 (F2)was charac-
terized by high abundance of benzene, with percentages in total 35 spe-
cies of 32.7% and relative contribution of 75.4% (Fig. 5b). It was found
that mixing ratios of benzene showed good correlations with cyclohex-
ane and chlorobenzene (r=0.77) (Fig. S10 of Supplement), but showed
poor correlations (r < 0.25) with other aromatics (e.g. toluene,m,p-xy-
lene), and therefore F2 was identified as a source mainly related to
chemical industry-benzene. C2-C3 alkenes and C7-C9 aromatics were
the most abundant species in factor 3 (F3) and factor 4 (F4), respec-
tively. F3 contributed 84.3% and 31.5% of propene and ethenemixing ra-
tios (Fig. 5c), while F4 contributed 57%–83% of C7-C9 aromatics
(Fig. 5d). Light alkenes are important constitutes of NMHCs from petro-
chemical industry (Ryerson et al., 2003; Mo et al., 2015), and therefore
F3 was considered as petrochemical industry#1-propene/ethene. Some
studies reported that C7-C9 aromatics were major constitutes of
NMHCs from paints and solvent use (Yuan et al., 2010; Li et al., 2019).
However, there are few factories using a lot of solvents and paints
near theNUIST site, and therefore F4was also consideredmainly related
to petrochemical industry (petrochemical industry#2-C7-C9 aromatics).

Butanes and pentanes in factor 5 (F5) showed the two largest per-
centages in the summed mixing ratios of total 35 species, with respec-
tive values of 26.9% and 29.0% (Fig. 5e). Relative contributions of F5 to
measured mixing ratios of butanes and pentanes reached 35.3% and
67.1%, respectively. C4-C5 alkanes are major constitutes of NMHCs
from gasoline vapor and vehicular exhaust (Song et al., 2019), and
therefore this factor was named as gasoline evaporation and vehicular
emission.

3.2.2.3. Changes of NMHCs sources among P1, P2, and P3. Fig. 6 shows tem-
poral variation of NMHCs sources during the entire observation periods.
There were significant differences of NMHCs sources among P1, P2, and
P3. Transport and background air masses was the largest contributor to
NMHCs mixing ratios during P1 and P2, with respective values of 46%
and 57%, while its relative contribution decreased to 35% during P3.
The relative contribution from petrochemical industry#1-propene/ethene
during P3 was only 4%, significantly lower than values for P1 (16%) and
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Fig. 5. Chemical profiles for five PMF-resolved factors. Blue filled squaresmean percentages of individual species in total mixing ratios of 35 NMHCs species for each factor. Red barsmean
relative contributions of each factor to measured mixing ratios for individual species.
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P2 (10%). Instead, petrochemical industry#2-C7-C9 aromatics showed
the highest relative contribution of 40% during P3, whereas its contribu-
tions during P1 and P2 were only 15% and 2%, respectively. For chemical
industry-benzene, its relative contribution during P2 was 25%, higher
than those for P1 (13%) and P3 (6%). The relative contribution from gas-
oline evaporation and vehicular emission during P2 was 7%, significantly
lower than those for P1 (11%) and P3 (14%).

To further discuss possible causes for changes of NMHCs sources, av-
erage NMHCs levels contributed by each individual source during P1,
P2, and P3 were compared in Fig. 6e. The average NMHCs mixing ratio
from transport and background air masses during P1 was 17.5 ±
7.5 ppb, and decreased by 34% and 60% during P2 and P3, respectively.
As shown in Table 1 and Fig. S4, meteorological conditions were similar
between P1 and P2. Liu et al. (2020) quantitatively evaluated influences
of meteorology and emission reduction on air quality changes in the
YRD region during the COVID-19 lockdown period using Community
Multiscale Air Quality (CMAQ)model. Results showed that emission re-
duction was the major driving force for the decrease of PM2.5 concen-
trations. NMHCs mixing ratios from F1 showed a significant
correlation with PM2.5 concentrations (r = 0.61) at the level of 0.01
(Fig. S9 of Supplement). This indicated that the decrease of NMHCs
mixing ratios from F1 during P2 versus P1 was also mainly caused by
emission reduction during the COVID-19 lockdown period. The mea-
surement study at the JEMC site in Nanjing during 2016 reported that
7

ambient ethane and acetylene exhibited the highest levels in December
and January, and decreased gradually to the lowest values in July–
August (Wang et al., 2020a). Temporal changes ofmeteorological condi-
tions are one possible explanation for the decrease of NMHCs levels
from transport and background air masses during P3. Relatively higher
boundary layer and wind speed during P3 would be in favor of dilution
and diffusion of ambient NMHCs, meanwhile the high temperature and
solar radiation could accelerate photochemical removal of NMHCs.
Comparedwith reactive alkenes and aromatics, these long-lived species
abundant in transport and background air masses were less affected by
photochemical reactions. In addition, fuels (e.g. coal, natural gas, bio-
mass) were consumed more for heating during winter. Although resi-
dential combustion of coal and biomass has been forbidden in
Nanjing, these fuels were still heavily used for wintertime heating in
rural areas of Jiangsu Province. Considering long-lived NMHC species
could be transported a long distance (Fig. S5 of Supplement), the rela-
tively high NMHCs levels during P1 and P2 were also possibly related
to larger emissions from fuel combustion on a regional scale.

For the two sources related to petrochemical industry, their contrib-
uted NMHCs levels both showed the lowest values during P2. The rela-
tive declines of average NMHCs levels during P2 versus P1 for
petrochemical industry#2-C7-C9 aromatics and petrochemical indus-
try#1-propene/ethene reached 94% and 67%, respectively. NMHC levels
from gasoline evaporation and vehicular emission also displayed the

Image of Fig. 5


Fig. 6. Temporal changes in (a-b) relative contributions and (c-e) NMHCs mixing ratios from five PMF-resolved sources during P1-P3.
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lowest average value during P2, with relative decline versus P1 of 67%.
Considering changes of meteorological conditions and NMHCs back-
ground levels during P3, ambient mixing ratios of NMHCs during P3
were multiplied by 2, which was assumed according to the relative de-
cline of NMHCs level from transport and background airmasses during P3
versus P1 and the seasonal variability of long-lifetime NMHC species re-
ported byWang et al. (2020a). Average NMHCs levels from petrochem-
ical industry#2-C7-C9 aromatics, petrochemical industry#1-propene/
ethene, and gasoline evaporation and vehicular emission during P2 were
lower than 2 times of values for P3 by factors of 4–42. The decreases
of NMHCs mixing ratios from these three sources during P2 versus P1
and P3 were mainly related to the lockdown of industry and
transportation caused by COVID-19. Different with the two sources re-
lated to petrochemical industry, average NMHCs levels from chemical
industry-benzene did not show a significant decline during P2 versus
P1. This might indicate that the chemical production line using benzene
was little affected by COVID-19 lockdown.

To compare with reduction of VOCs emissions in the YRD region,
changes in total NMHCs mixing ratios from three industrial sources
(i.e. F2, F3, and F4) were calculated and compared with VOCs emissions
from industrial processing reported by Li et al. (2020). Summed NMHCs
levels from F2, F3, and F4 reduced by 56% during P2 versus P1, close to
the relative reduction of VOCs emission from industrial processing
(51%) during Level I response period versus pre-response period. VOCs
emissions from vehicular exhaust and gasoline evaporation reduced
by 75% and 50% during Level I and Level II response period, respectively
(Li et al., 2020). In this study, NMHCs mixing ratios from gasoline evap-
oration and vehicular emission reduced by 67% during P2 versus P1,
which agrees well with changes of transportation-related VOCs emis-
sions reported by Li et al. (2020).
8

3.3. Ratios of NMHCs reactivity versus NO2: implications for O3 formation

Ambient NMHCs and NOX are key precursors of ground-level O3 for-
mation, and ratios of NMHCs/NOXwill influence the sensitivity of O3 for-
mation, i.e. non-linear relationship of O3 formation with NMHCs and
NOx (Atkinson et al., 2006; Tan et al., 2019). Considering O3 formation
is not only related to NMHCs mixing ratios but also their reactivity,
OH reactivity for total NMHCs species (ROH, NMHCs) were calculated
using the following equation:

ROH,NMHCs ¼ ∑ NMHCi½ � � kOH,NMHCi
ð2Þ

where [NMHCi] represents mixing ratio of the ith NMHC species. kOH,
NMHCi

means rate constant for the reaction of ith NMHC species with
OH radical. Values for kOH, NMHCi

are from MCM v3.3.1 (http://mcm.
leeds.ac.uk/MCM/).

ROH,NMHCs exhibited a significant correlation with NO2 levels during
P2, with r of 0.31, but they had poor correlations during P1 and P3
(r=0.025–0.058) (Fig. S11a of Supplement). This indicates that sources
of ambient NMHCs andNO2weremore similar during P2 than the other
two periods. The relatively low standard deviation of ROH,NMHCs/NO2

also suggests the relatively stronger covariation of ROH,NMHCs with NO2

during P2 (Fig. S11b of Supplement). One possible explanation for this
result is that relative contributions of petrochemical industry to
NMHCs decreased significantly during P2, and thus more NMHCs were
from background or combustion sources. Average value of ROH, NMHCs

during P2 was 1.94 s−1, significantly lower than values for P1
(5.00 s−1) and P3 (3.24 s−1). Relative decrease of ROH, NMHCs during P2
versus P1 was 61%, higher than that for NMHCs mixing ratios (46%).
This is because mixing ratios of reactive aromatics and alkenes showed
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Fig. 7. Contour plots of total oxidant production rate (P(OX)) as a function of NMHCs reactivity (ROH,NMHCs) and NO2 levels during (a) P1, (b) P2, and (c) P3.
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higher declines than alkanes and alkynes (Fig. 3). As shown in Fig. S12 of
Supplement, anthropogenic alkenes was the largest contributor to ROH,
NMHCs during three periods, with fractions of 42.9%–52.6%, followed by
alkanes (22.2%–27.6%), aromatics (15.6%–26.1%), isoprene (1.5%–
9.0%), and acetylene (1.2%–2.7%).

Average ratios of ROH, NMHCs/NO2 during P1, P2, and P3 were 0.124 ±
0.175 s−1 ppb−1, 0.087±0.067 s−1 ppb−1, and0.093±0.166 s−1 ppb−1,
respectively (Fig. S11b of Supplement). These values were then com-
pared with monthly-averaged ROH,NMHCs/NO2 at the JEMC site which
were calculated based on online measurements of NMHCs and NO2 dur-
ing 2016 (Wang et al., 2020a) (Fig. S13 of Supplement). Average values of
ROH, NMHCs/NO2 during P1 and P2 were lower than those for January and
February in 2016, respectively. One possible explanation for this phe-
nomenon is that relative decline of VOCs emissions from industrial pro-
cessing and solvent use (51%–100%) were larger than that for NOx
(20%–29%) during COVID-19 lockdown period (Li et al., 2020).

Monthly-averaged ROH, NMHCs/NO2 at the JEMC site during 2016
showed a seasonal variation pattern with higher values during summer
possibly due to the high temperature and solar radiation are favorable
to VOCs emissions from vaporization and biogenic sources. According
to O3 sensitivity analysis results at the JEMC site during August 2016
using observation-based box model, O3 formation was controlled by
both NMHCs and NOx (Wang et al., 2020b). Average ROH, NMHCs/NO2

during August 2016was 0.35±0.29 s−1 ppb−1, higher than values dur-
ing P1-P3 by a factor of 3–4. This suggests that O3 formation at the
NUIST site during P1-P3 tend to be more sensitive to NMHCs.

Furthermore, OX production rates (P(OX)) at noon (10:00–14:00 LT)
during P1, P2, and P3were estimated based on ROH, NMHCs andNO2 levels
using a simplified model that calculated P(OX) by solving steady-state
equations for OH, HO2, and RO2 radicals. More detailed descriptions on
principles and assumptions of this model can be found in the paper by
Zhang et al. (2014). In this method, concentrations of HO2 and RO2

were assumed to be equal. Although this assumption can be acceptable
in Beijing (Liu et al., 2012), it maybe not true in Nanjing during Decem-
ber 2019-May 2020. Another uncertainty comes from influences of
transport on O3, NMHCs, and NOX which were not considered in this
model. The production rates of OH and HO2 radicals (P(HOX)) is an im-
portant parameter to calculate P(OX). In this study, its value during P3
was assumed to be 14 ppb h−1 according to the result of radical budget
modelling in Beijing during summer of 2007 (Liu et al., 2012). The P
(HOX) during P1 and P2were assumed to be 7 ppb h−1 considering sea-
sonality of HOX abundance (Kanaya et al., 2007). It should be point out
that there is large uncertainty in assuming P(HOX) values due to the lack
of measurement and model results on HOX radicals in Nanjing.

Contour plots of P(OX) with ROH,NMHCs and NO2 during these three
periods were compared in Fig. 7. Similar with preliminary results from
ROH,NMHCs/NO2, O3 formation at noon during P1-P3 were more sensitive
to NMHCs and fell within NMHCs-limited regime (i.e. area above the
black ridge line). Due to thehigh solar radiation and temperature during
April–May, P(OX) during P3 was about twice of values for P1-P2. Inter-
estingly, we found that P(OX) during P2 (9.2 ppb h−1) did not show a
9

significant decrease versus P1 (9.3 ppb h−1) despite average ROH,NMHCs

and NO2 at noon during P2 dropped by 64% and 58%, respectively. This
finding implies that effect of NMHCs reduction on O3 control could be
offset by NOX reduction when O3 formation is mainly controlled by
NMHCs. Therefore, it is important to determine a scientific ratio of
ROH,NMHCs/NO2 in the development of O3 control policies.

4. Conclusions

To assess impact of COVID-19 lockdown on ambient VOCs levels and
sources, mixing ratios of speciated VOCswere onlinemeasured by a GC-
MSD/FID system at the NUIST site in Nanjing during December 20,
2019-Feburary 15, 2020 and April 15–May 13, 2020. Average mixing
ratio of total measured VOCs during COVID-19 lockdown period (P2)
decreased by 47%. Average levels for those species with long lifetime
(e.g. CFCs, ethane, acetylene, benzene) showed lower relative declines
(4%–32%) during P2 versus P1, whereas reactive aromatics and alkenes
exhibited higher declines (49%–92%). The differences of relative de-
creases for individual VOC species levels suggest possible changes of
VOCs sources during P2.

The PMFmodelwas then applied for NMHCs sources apportionment
and five sources were identified, including transport and background air
masses, chemical industry-benzene, petrochemical industry#1-propene/
ethene, petrochemical industry#2-C7-C9 aromatics, and gasoline
evaporation and vehicular emission. Average NMHCs mixing ratios from
petrochemical industry#2-C7-C9 aromatics, petrochemical industry#1-
propene/ethene, and gasoline evaporation and vehicular emission all
showed the lowest values during P2, with relative decreases versus P1
of 94%, 67%, and 67%, respectively. However, average NMHCs level
from chemical industry-benzene did not exhibit a significant decline dur-
ing P2. The relative reduction of summed NMHCs levels from these
three industrial sources was 56% during COVID-19 lockdown period,
close to the result for VOCs emissions from industrial processing (51%).

Ratios of ROH,NMHCs versus NO2 levels and P(OX) were calculated to
investigate O3 formation regime. Average values of ROH,NMHCs/NO2 dur-
ing P1, P2, and P3 were 0.124 ± 0.175 s−1 ppb−1, 0.087 ±
0.067 s−1 ppb−1, and 0.093 ± 0.166 s−1 ppb−1, respectively. These
values were lower than ROH,NMHCs/NO2 during August 2016 by 65%–
75%, suggesting that O3 formation tend to be more sensitive to NMHCs
during P1-P3. Contour plots of P(OX) at noon with ROH,NMHCs and NO2

also suggest that O3 formation during P1-P3 fell in NMHCs-limited re-
gime. Despite average ROH,NMHCs and NO2 at noon during P2 dropped
by 64% and 58% versus P1, P(OX) during P2 (9.2 ppb h−1) was close to
the value for P1 (9.3 ppb h−1). This suggests it is important to design
a scientific reduction scheme for NMHCs and NOX in the development
of O3 control policies.
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