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Abstract. Online volatile organic compounds (VOCs) were monitored before and after the Omicron policy
change at an urban site in polluted Zhengzhou from 1 December 2022 to 31 January 2023. The characteris-
tics and sources of VOCs were investigated. The daily mean concentrations of PM2.5 and total VOCs (TVOCs)
ranged from 53.5 to 239.4 µg m−3 and 15.6 to 57.1 ppbv, respectively, with mean values of 111.5± 45.1 µg m−3

and 36.1± 21.0 ppbv, respectively, throughout the period. Two severe pollution events (designated as case 1 and
case 2) were identified in accordance with the National Ambient Air Quality Standards (NAAQS) (China’s
National Ambient Air Quality Standards (NAAQS) from 2012). Case 1 (5 to 10 December PM2.5 daily
mean= 142.5 µg m−3) and case 2 (1 to 8 January PM2.5 daily mean= 181.5 µg m−3) occurred during the in-
fection period (when the policy of “full nucleic acid screening measures” was in effect) and the recovery period
(after the policy was canceled), respectively. The PM2.5 and TVOC values for case 2 are, respectively, 1.3 and
1.8 times higher than those for case 1. The precise influence of disparate meteorological circumstances on the two
pollution incidents is not addressed in this study. The results of the positive matrix factor modeling demonstrated
that the primary source of VOCs during the observation period was industrial emissions, which constituted 32 %
of the total VOCs, followed by vehicle emissions (27 %) and combustion (21 %). In case 1, industrial emissions
constituted the primary source of VOCs, accounting for 32 % of the total VOCs. In contrast, in case 2, the contri-
bution of vehicular emission sources increased to 33 % and became the primary source of VOCs. The secondary
organic aerosol formation potential for case 1 and case 2 were found to be 37.6 and 65.6 µg m−3, respectively.
In case 1, the largest contribution of SOA formation potential (SOAP) from industrial sources accounted for
the majority (63 %; 23.8 µg m−3), followed by vehicular sources (18 %). After the end of the epidemic and the
resumption of productive activities in the society, the difference in the proportion of secondary organic aerosol
(SOA) generated from various sources decreased. Most of the SOAP came from solvent use and fuel evapora-
tion sources, accounting for 32 % (20.9 µg m−3) and 26 % (16.8 µg m−3), respectively. On days with minimal
pollution, industrial sources and solvent use remain the main contributors to SOA formation. Therefore, the reg-
ulation of emissions from industry, solvent-using industries, and motor vehicles needs to be prioritized to control
the PM2.5 pollution problem.

Published by Copernicus Publications on behalf of the European Geosciences Union.



13588 B. Zhang et al.: The variations in VOCs based on the policy change for Omicron in Zhengzhou

1 Introduction

Volatile organic compounds (VOCs) in the atmosphere have
high reactivity and can react with nitrogen oxides (NOx) to
form a series of secondary pollutants such as ozone (O3) and
secondary organic aerosol (SOA), resulting in regional air
pollution (Li et al., 2019; Hui et al., 2020). The problem of
O3 pollution has been plaguing major urban agglomerations
in China (Zheng et al., 2010; Li et al., 2014; Wang et al.,
2017). SOA is an important component of fine particulate
matter (PM2.5) and contributes significantly to haze pollution
(Liu et al., 2019). PM2.5 remains the most significant air pol-
lutant in many Chinese cities for years (Shao et al., 2016; Wu
et al., 2016). In addition, VOCs, represented by the benzene
homologues, can cause damage to the kidneys, liver, and ner-
vous system of humans when they enter the body (Zhang et
al., 2018).

Studies have shown that the most common VOC compo-
nents in China are alkanes, olefins, aromatic hydrocarbons,
oxygenated VOCs (OVOCs), and halogenated hydrocarbons,
among which alkanes are the most abundant species (Liu et
al., 2020; C. Zhang et al., 2021). VOCs in the atmosphere
have a wide range of sources, and VOCs in different re-
gions are affected by multiple factors such as local geogra-
phy, climate, and human activities (Mu et al., 2023; Zou et
al., 2023). The above reasons lead to significant regional and
seasonal differences in the characteristics of VOCs (Song et
al., 2021). For example, the annual average concentration of
VOCs in the coastal background area of the Pearl River Delta
is 9.3 ppbv. The seasonal variation trend of VOCs is high in
autumn and winter and low in summer (Yun et al., 2021).
In contrast, the average VOC concentration in autumn and
winter in Beijing was 22.6± 12.6 ppbv, and the VOC con-
centration in the winter heating period was twice that in the
autumn non-heating period (Niu et al., 2022).

Moreover, the sources of VOC components in different re-
gions are also related to the local industrial structure and liv-
ing habits. In rural areas of the North China Plain in winter, it
is found that the SOA formation potential (SOAP) of VOCs
under low-NOx conditions is significantly higher than that
under high-NOx conditions, and the increase in aromatic hy-
drocarbon emissions caused by coal combustion is the main
reason for the higher SOAP in winter (Zhang et al., 2020).
Li et al. (2022) found that the average increased concentra-
tion of acetylene was 4.8 times from autumn to winter in
the Guanzhong Plain, indicating that fuel combustion during
the heating period in winter has a significant impact on the
composition of VOCs. In contrast, continuous observations
conducted by Zhou et al. (2022) in the suburbs of Dong-
guan in summer found that industrial solvent usage, lique-
fied petroleum gas (LPG), and oil and gas volatilization were
the main sources of VOCs. The results highlighted a wide
variation in characteristics, sources and chemical reactions
of VOCs in the atmosphere; thus it is necessary to investigate
VOCs in different cities when formulating control measures.

Zhengzhou, as the capital of Henan Province, is an impor-
tant transportation hub and economic center in the Central
Plain region. Zhengzhou is currently facing significant air
pollution problems, with the air quality index at the bottom
of the national ranking of 168 cities for many years. In
January 2023, for example, the number of polluted days
with PM2.5 as the primary pollutant was 17, and the daily
average value of PM2.5 reached a maximum of 298 µg m−3

(https://www.aqistudy.cn/historydata/daydata.php?city=
%E9%83%91%E5%B7%9E&month=202301, last access:
January 2024), which is almost 300 % higher than the
Chinese daily average standard (Class II; 75 µg m−3). The
studies of VOCs were carried out in Zhengzhou in recent
years, which focused on the characteristics and sources of
VOCs during pollution episodes (Lai et al., 2024) or before
the COVID-19 outbreak (Li et al., 2020; D. Zhang et al.,
2021). While some atmospheric VOCs studies involving the
impact of the COVID-19 lockdown have been performed
in India (Singh et al., 2023a) and in China (e.g., Pei et al.,
2022; Jensen et al., 2021; Zuo et al., 2024), or with respect to
toluene, benzene, m/p-xylene, and ethylbenzene only (e.g.,
Sahu et al., 2022; Singh et al., 2023b), a gap persisted in the
investigation of VOCs due to the impact of the abolishment
of China’s zero-COVID policy. Furthermore, some studies
have discussed the impact of changes in human production
activities on air pollution during and after the outbreak of
COVID-19 (e.g., Ma et al., 2022; Jiang et al., 2023; Song
et al., 2023), but as mentioned earlier, there are only a few
studies with an in-depth exploration of the changes in VOCs
and none dealing with ending the zero-COVID policy during
the Omicron variant infection period.

In this study, we conducted continuous online observa-
tions of VOCs during the polluted winter season at an ur-
ban site in Zhengzhou. The study covered the period fol-
lowing the removal of lockdown measures. We focused on
pollution events when the daily average PM2.5 concentra-
tion exceeded 75 µg m−3 (China’s Class II standard) for more
than 3 consecutive days. Days with PM2.5 concentrations
below 35 µg m−3 (China’s Class I standard) were classified
as clean days. During this period, China lifted the zero-
COVID strategies, announcing the 10 measures for optimiz-
ing COVID-19 rules on 7 December 2022 (http://www.news.
cn/politics/2022-12/07/c_1129189285.htm, last access: Jan-
uary 2024). Zhengzhou’s epidemic prevention and control
measures changed with the issuance of Circular No. 163 on
4 December 2022, which allowed the reopening of closed
public places. As a result, movement within Zhengzhou in-
creased, and social production resumed. Our research specifi-
cally examines the period dominated by the COVID-19 Omi-
cron variant, which demonstrates notable differences from
the early virus strains (i.e., original SARS-CoV-2 virus and
Delta) in terms of geographical transmission, the scale of the
infected population, and symptom manifestation (Petersen et
al., 2022; Merino et al., 2023).
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After the quarantine policy was lifted, people basically
rested at home due to infection or fear of infection with Omi-
cron. The resumption of normal production and life depends
on herd immunization. This outbreak event is the longest in
duration and the largest in number of infections since the
2020 outbreak of the Novel Coronavirus in Zhengzhou. It
would be beneficial to investigate the impact of this event
on emissions related to transportation and industrial produc-
tion. This change is worth exploring in terms of its impact
on transportation and industrial production emissions. There-
fore, the characteristics of and variations in VOCs during dif-
ferent periods were investigated to assess their impact on the
formation of SOA and to provide scientific insights for de-
veloping future pollution control policies in Zhengzhou.

2 Materials and methods

2.1 Sample collection and chemical analysis

The online VOC observation station is located on the roof
of the Zhengzhou Environmental Protection Monitoring
Center, which is in an urban area. The sampling site is close
to main roads on three sides (150 m away from Funiu Road
on the east side, 200 m away from Qinling Road on the
west side, and connected to Zhongyuan Road on the south
side) and surrounded by residential areas and commercial
areas without other large nearby stationary sources. The
sampling period for this study was from 1 December 2022 to
31 January 2023, and serious PM2.5 pollution in Zhengzhou
was of frequent occurrence during December and January
(https://www.aqistudy.cn/historydata/monthdata.php?city=
%e9%83%91%e5%b7%9e#:~:text=%E7%94%9F%E5%
91%BD%E6%9D%A5%E6%BA%90%E8%87%AA%E7%
84%B6%EF%BC%8C%E5%81%A5, last access: 14 July
2024). Apart from a brief occurrence of rain and snow
on 25 December, the sampling days were either sunny or
cloudy. The wind speed (WS), temperature (Temp), and rel-
ative humidity (RH) during this period were 1.3± 0.9 m s−1,
5.3± 3.2 °C, and 38.9± 19.0 %), respectively, similar to
the values observed in previous years in Zhengzhou. It
is interesting to point out that the sampling period in the
present study covered the entire infection period of Omicron
in Zhengzhou, including the phase of the surge in the
infected population (infection period from 1 to 31 December
2022) and the phase of the restoration of production and
livelihood (recovery period from 1 to 31 January 2023 in
2023) (Fig. S1 in the Supplement; CCDCP, 2023).

The VOCs were measured hourly using a gas chro-
matography flame ionization detector/mass spectrometry
(GC-FID/MS) (TH-PKU 300B, Wuhan Tianhong Instru-
ment Co., Ltd., China). The TH-PKU 300B instrument in-
cludes an electronic refrigeration ultra-low temperature pre-
concentration sampling system, an analysis system, and sys-
tem control software. The ambient VOCs in the first 5 min of
each hour were collected by the sampling system and then

entered the concentration system. Under low-temperature
conditions, the VOC samples collected were frozen in the
capillary capture column and then quickly heated and re-
solved so that the compounds entered the analysis system.
After separation by the chromatographic column, the com-
pounds were monitored by FID and MS detectors. During
the detection process, the atmospheric samples collected un-
dergo analysis through two distinct pathways. C2–C5 hy-
drocarbons are analyzed using FID, while C5–C12 hydro-
carbons, halocarbons, and OVOCs are analyzed with a MS
detector. After excluding species with missing data exceed-
ing 10 %, the detected volatile organic compounds include
29 alkanes, 11 alkenes, 17 aromatics, 35 halocarbons, 12
OVOCs, 1 alkyne (acetylene), and 1 sulfide (CS2), with a
total of 106 compounds. A detailed description of the instru-
mentation can be found in our previous study (D. Zhang et
al., 2021; Shi et al., 2022; Zhang et al., 2024).

The instrument was calibrated every week to ensure the
accuracy of VOCs by injecting standard gases with a five-
point calibration curve. The detection limit of C2–C5 hydro-
carbons ranges from 0.007 to 0.099 ppbv; other hydrocar-
bons range from 0.004–0.045 ppbv, halogenated hydrocar-
bons range from 0.009–0.099 ppbv, and OVOCs and other
compounds range from 0.006–0.095 ppbv. In total, 32 of the
monitored VOCs had over 90 % observed data greater than
the detection limit, and 34 had more than 50 % observed data
greater than the detection limit.

Simultaneous observations at the same site were also car-
ried out for particulate matter (PM2.5 and PM10), other trace
gases (carbon monoxide (CO), O3, nitric oxide (NO), and ni-
trogen dioxide (NO2)), and meteorological data (Temp, RH,
WS, and wind direction (WD)), based on 1 h resolution.

2.2 Positive matrix factorization (PMF) model

The U.S. Environmental Protection Agency (EPA) PMF5.0
model was used for the quantitative source analysis of VOCs
(Norris et al., 2014). The principles and methods have been
described in detail in previous studies (Mozaffar et al., 2020;
D. Zhang et al., 2021). The decomposition of the positive ma-
trix factorization (PMF) mass balance equations is simplified
as follows (Norris et al., 2014):

xij =

p∑
k=1

gikfkj + eij , (1)

where xij is the mass concentration of species j measured
in sample i; gik is the contribution of factor k to the sample
i; fkj represents the content of the j th species in factor k;
eij is the residual of species j in sample i; p represents the
number of factors. The fitting objective of the PMF model is
to minimize the function Q to obtain the factor contributions
and contours. The formula for Q is given in Eq. (2):
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Q=

n∑
i=1

m∑
j=1


xij −

p∑
k=1

gikfkj

uij


2

, (2)

where n and m denote the number of samples and VOC
species, respectively.

Concentrations and uncertainty data are required for the
PMF model. In this study, the median concentration of a
given species is used to replace missing values with an un-
certainty of 4 times of the median values; data that were less
than the method detection limit (MDL) were replaced with
half the MDL, with an uncertainty of five-sixths of the MDL;
and the uncertainty for values greater than the MDL was cal-
culated using Eq. (3). In Eq. (3), EF is the error fraction,
expressed as the precision of the VOC species, and the set-
ting range can be adjusted from 5 % to 20 %, according to
the concentration difference (Buzcu and Fraser, 2006; Song
et al., 2007). cij is the concentration of species j in sample i,
as follows:

Uij =

√(
EF× cij

)2
+ (0.5×MDL)2. (3)

When the concentration of VOCs in the species is less than
the value of the detection limit, Uij is calculated using
Eq. (4), as follows:

Uij =

(
5
6

)
MDL. (4)

VOC species and concentration input into PMF were care-
fully selected to ensure the accuracy of the PMF results.
Species were excluded when over 25 % of the samples were
missing or concentration values were below the MDL (Gao et
al., 2018); VOCs with a short lifetime in the atmosphere were
also excluded unless they are source-relative species (Zhang
et al., 2014; Shao et al., 2016). After that, retained VOC
species were categorized according to the signal-to-noise
ratio (S/N ), with S/N < 0.2 species categorized as bad,
0.2 < S/N < 2 species categorized as weak, and S/N > 2
species categorized as strong (Shao et al., 2016).

We used a displacement (DISP) of factor elements to as-
sess the PMF modeling uncertainty (for a description, see
Paatero et al., 2014). Q was less than 1 %, and no swaps oc-
curred for the smallest dQmax in DISP. Fpeak values from−2
to 2 were tested to explore the rotational stability of the so-
lutions. Qtrue/Qexp is lowest when Fpeak= 0, so we chose
the PMF results for that case (Fig. S2a). After examining 3–
8 factors, 20 base runs with 5 factors eventually selected to
represent final result. We provide an explanation of the factor
selection in the Supplement. Figure S2b includes Qtrue/Qexp
and Qrobust/Qexp for factors three to eight. The slopes of
these two ratios changed at five factors, and we found that
five factors were more realistic after repeated comparisons
of the results at four, five, and six factors.

2.3 SOA generation potential

The contributions of VOC species to SOAP were calculated
based on the toluene-weighted mass contribution (TMC)
method (Derwent et al., 2010). The methodology for calcu-
lating SOAP is as follows:

SOAPFi =

VOC component i to SOA mass
concentration increments

toluene to SOA mass
concentration increment

× 100. (5)

SOAPFi is for each VOC is taken from the literature (Der-
went et al., 2010). The SOAP value was estimated by multi-
plying the SOAPFi value by the concentration of individual
VOC species. The SOAP calculations through each VOC are
as follows:

SOAP=
∑

Ei ×SOAPFi . (6)

Ei is the concentration of species i.

3 Results and discussion

3.1 Overview of variation in pollutants and
meteorological parameters

Figure 1 shows the time series of meteorological parameters,
total VOCs (TVOCs), O3, NOx , SO2, CO, and PM2.5 dur-
ing the observed periods. Low WS and Temp were found,
with an average value of 1.3± 0.6 m s−1 and 5.0± 2.5 °C,
respectively, during the entire period, comparable with ob-
servations at the same site in 2021 (Lai et al., 2024). A total
of 62 d of valid data was acquired, with the daily average
concentration of PM2.5 ranging from 53 to 239 µg m−3, with
the average value of 111± 45 µg m−3. The concentration of
TVOCs ranged from 15.6 to 57.1 ppbv, with an average of
36.1± 21.0 ppbv, which is higher than the same period in
the previous year (27.9± 12.7 ppbv; Lai et al., 2024). During
the observation period, the average values of Temp, WS, and
RH were 5.0± 2.5 °C, 1.3± 0.6 m s−1, and 38.9± 16.7 %,
respectively.

Previous studies have shown that meteorological factors
such as low WS, high RH, and low precipitation are re-
sponsible for the increase in PM2.5 pollution in Zhengzhou
in winter (Duan et al., 2019). Our analysis of the correla-
tion between different pollutants and meteorological condi-
tions during the pollution period showed that PM2.5, TVOCs,
and NOx were positively correlated with relative humidity
(Fig. S3), which is consistent with the results of some pre-
vious studies (Wang et al., 2019). The comparisons of the
average concentrations of different periods between differ-
ent periods are presented in Tables 1 and 2. In this study,
the WS on clean days (1.4± 0.8 m s−1) was higher than in
case 1 (1.2± 0.9 m s−1) and case 2 (0.9± 0.7 m s−1), while
the RH was lower by 26.2 % and 12.5 % compared to case 1
and case 2, respectively. These findings indicate that high
RH and low WS significantly influence the occurrence of
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Figure 1. Time series of WS, Temp, RH, CO, PM2.5, NO, TVOCs, NOx , and O3 during the observation period.

Table 1. The average concentrations of meteorological parameters and pollutants during different processes.

Category Entire process Infection period Recovery period Case 1 Case 2 Clean days
(1 December 2022– (1–31 December (1–31 January (5–10 December (1–8 January

31 January 2023) 2022) 2023) 2022) 2023)

N = 62 d N = 31 d N = 31 d N = 6 d N = 8 d N = 8 d

WS (m s−1) 1.3± 0.6 1.4± 0.6 1.3± 0.6 1.2± 0.9 0.9± 0.7 1.4± 0.8
Temp (°) 5.0± 2.5 4.7± 1.7 5.4± 3.1 6.1± 2.2 7.4± 3.5 4.1± 3.0
RH (%) 38.9± 16.7 37.6± 15.5 40.2± 18.2 55.7± 14.7 42.0± 12.1 29.5± 18.1
TVOCs (ppbv) 36.1± 21.0 31.9± 18.1 39.8± 22.4 37.6± 27.0 68.2± 19.6 22.7± 11.1
SO2 (µg m−3) 11.4± 2.7 10.2± 2.8 12.7± 2.3 11.0± 3.7 16.2± 6.1 6.5± 2.5
NO2 (µg m−3) 47.2± 10.0 46.8± 8.6 47.8± 11.7 62.7± 20.5 65.0± 21.3 20.8± 15.9
CO (mg m−3) 0.9± 0.2 0.8± 0.2 1.1± 0.2 1.2± 0.5 1.3± 0.4 0.5± 0.2
O3 (µg m−3) 34.9± 6.0 31.1± 4.5 39.0± 4.6 21.8± 23.7 32.5± 29.6 52.6± 18.4
PM2.5 (µg m−3) 111.5± 45.1 86.6± 34.6 138.3± 39.6 142.5± 67.4 181.5± 82.7 23.8± 16.8

pollution during the observation period. WS, Temp, and RH
conditions during infection and recovery periods were gen-
erally similar, and meteorology may also have played a role
in the differences between pollution events, but its specific
influence was not determined here. The average concentra-
tion of PM2.5 during the recovery period was 1.6 times the
value during the infection period. Furthermore, the concen-
trations of other pollutants, including SO2, NO2, CO, and
O3 all showed a similar trend between the infection and re-
covery periods. The TVOC concentration during the recov-
ery period was 1.2 times the value during the infection pe-

riod, showing an obviously increasing trend after resuming
production. Decreased trends of air pollutants were found in
other studies before and after the outbreak of the Novel Coro-
navirus (COVID-19) in early 2020 (Qi et al., 2021; Wang et
al., 2021).

The shaded section in Fig. 1 represents two haze pollu-
tion events during the monitoring period. A pollution event
is determined when the daily average concentration of PM2.5
exceeds 75 µg m−3 (China’s Class II standard) for at least
3 consecutive days. Case 1 (5 to 10 December, with daily
average PM2.5= 142.5 µg m−3) and case 2 (1 to 8 January,

https://doi.org/10.5194/acp-24-13587-2024 Atmos. Chem. Phys., 24, 13587–13601, 2024
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Table 2. Concentration of VOC species during different processes (ppbv).

Category Entire Infection Recovery Case 1 Case 2 Clean
process period period days

TVOCs 36.1± 21.0 31.9± 18.1 39.8± 22.4 48.4± 20.4 67.6± 19.6 17.5± 9.5
Alkanes 16.8± 9.2 15.0± 8.4 18.4± 9.5 23.1± 10.0 29.5± 8.4 9.2± 5.6
Alkenes 4.1± 2.7 3.8± 2.6 4.4± 2.7 6.5± 2.9 7.0± 2.6 1.7± 1.3
Alkynes 3.1± 2.0 2.7± 1.7 3.4± 2.1 4.3± 2.0 5.8± 1.9 1.3± 0.8
Aromatics 2.1± 2.0 1.8± 1.5 2.3± 2.2 3.0± 1.8 4.9± 2.8 0.7± 0.5
Halogenated hydrocarbon 5.4± 3.3 4.4± 2.3 6.2± 3.8 6.0± 1.9 10.7± 3.6 2.7± 1.4
OVOCs 4.6± 3.2 3.5± 2.7 5.1± 3.5 5.0± 2.4 9.7± 2.8 1.9± 1.1

with daily average PM2.5= 181.5 µg m−3) were selected as
they represent the pollution events in the infection and re-
covery periods, respectively, due to their long duration and
high-pollution levels. Any day with a PM2.5 concentration
lower than 35 µg m−3 (China’s Class I standard) is consid-
ered a clean day.

As for the two representative pollution processes (case 1
during the infection period and case 2 during the recovery
period), the concentration of TVOCs in case 1 and case 2 was
48.4± 20.4 and 67.6± 19.6 ppbv (Fig. 2), respectively, and
increased by 63 % and 188 % compared with values during
clean days. The average concentrations of PM2.5 and TVOCs
during case 2 were 1.3 and 1.8 times the values in case 1. The
highest-volume contributions of alkanes were found both in
case 1 (48 %) and case 2 (44 %), consistent with the results in
the Yangtze River Delta region (36 %–43 %; Liu et al., 2023).
While alkenes exhibited higher-volume percentages of 13 %
in case 1, followed by halogenated hydrocarbon (12 %) and
OVOCs (10 %). Higher-volume percentages of alkanes and
alkenes in case 1 were similar to the results in the gasoline
evaporation site in winter (Niu et al., 2022). Equivalent vol-
ume contribution of halogenated hydrocarbon and OVOCs
(15 %) were found in case 2, followed by alkenes (10 %).
Although aromatic hydrocarbons have the lowest-volumetric
contribution (6 % in case 1 and 7 % in case 2), they show the
largest increase from clean days to pollution.

3.2 Source analysis of VOCs

Specific VOC ratios can be used for the initial source
identification of VOCs and the determination of photo-
chemical ages of air masses (Monod et al., 2001; An
et al., 2014; Li et al., 2019). In this study, the ratios
of toluene / benzene (T / B), isopentane / n-pentane, isobu-
tane / n-butane, and m/p-xylene / ethylbenzene (X / E) were
selected to initially identify the potential sources of VOCs
(Fig. 3). Concentrations of selected pollutants and ratios used
are shown in Table S1.

The toluene-to-benzene ratio (T / B ratio) was widely used
to assess the relative importance of different sources. Specif-
ically, T / B ratio with a value of 1.3–3.0 was observed
in vehicle emissions for vehicles with different fuel types

Figure 2. The concentration of PM2.5, NOx , TVOCs, and the com-
position ratio of VOCs in case 1 and case 2.

(Schauer et al., 2002; Wang et al., 2015). The reported T / B
ratio for combustion processes was between 0.13 and 0.7
(Li et al., 2011; Wang et al., 2014). The mean value of the
T / B ratio for the entire period was 1.0, with the majority of
the data (99 %) falling between 0.1 and 3.0 and concentrated
within the 0.7–1.3 range (49 %). This suggests that both traf-
fic emissions and combustion may be significant sources of
VOCs. It should be noted that this analytical approach is not
without limitations. The ratios observed here do not exclude
linear combinations from other sources. Consequently, an in-
depth examination of the sources of VOCs was conducted
using the PMF model in the next section.
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Figure 3. Correlation analysis between specific VOC species.

The isopentane / n-pentane concentration ratios of 0.6–
0.8 represent mainly coal combustion emissions, ratios of
0.8–0.9 represent LPG emissions, 2.2–3.8 represent vehicle
exhaust emissions, and 1.8–4.6 represent fuel evaporation
(Conner et al., 1995; Liu et al., 2008; Li et al., 2019). The
sources of isopentane and n-pentane in this study were intri-
cate and multifaceted. The mean isopentane / n-pentane ra-
tio was 1.4, with the majority of data points (99 %) falling
within the range of 0.1–4.6, with a notable concentration in
the 0.8 to 1.8 interval. This indicates that pentane is suscepti-
ble to a combination of LPG emissions and fuel evaporation.
However, the proportion of pentane may also be affected by
a combination of coal combustion emissions and vehicle ex-
haust.

Isobutane / n-butane concentration ratios of 0.2–0.3 rep-
resent vehicle emissions, 0.4–0.6 represent LPG usage, and
0.6–1.0 represent natural gas emissions (Russo et al., 2010;
Zheng et al., 2018). The mean isobutane / n-butane ratio in
this study was 0.5, with the majority of data points (99 %)
falling within the 0.4–0.6 range, indicating that VOCs at the
observation sites were significantly influenced by the use of
LPG (Shao et al., 2016; Zeng et al., 2023). This result can

also be caused by a combination of vehicle exhaust and nat-
ural gas emissions.

The ratio of X / E can be used to infer the photochemical
age of the air mass. X / E ratios around 2.5–2.9 are typical
of urban areas, indicating that VOCs are mainly from the ur-
ban area (fresh air mass) (Kumar et al., 2018). When this ra-
tio is significantly lower than 3.0, it indicates that VOCs are
mainly transported from distant sources (aging air masses)
(Kumar et al., 2018). The average X / E value in this study
was 2.0 (Fig. 3d), indicating low-photochemical activity and
aging of the air mass at the observation site. Potential source
analyses also indicate that air masses are affected by long-
range transport (Fig. S4).

Figure 4 shows the chemical profiles of individual VOCs
resolved by the PMF model during the entire observation
period. These five factors, eventually selected as poten-
tial sources for the observed VOCs, are (1) fuel evapora-
tion, (2) solvent usage, (3) vehicular emission, (4) industrial
source, and (5) combustion. These five factors have been
commonly reported before, e.g., in Shijiazhuang, northern
China (Guan et al., 2023) and in Beijing (Cui et al., 2022).

Alkanes of C4–C6 substances were predominant in factor
(1), including 2-methylpentane, 3-methylpentane, isobutane,
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Figure 4. Concentration of VOC species in each factor and contribution to each source.

Figure 5. CPF plots of five VOC sources obtained using the
PMF model. (a) Fuel evaporation. (b) Solvent usage. (c) Industrial
source. (d) Vehicular emission. (e) Combustion.

n-butane, isopentane, and n-pentane from oil and gas (Xiong
et al., 2020). Figure S5 shows that emissions from this source
peak at midday, when fuel volatilization is high. The condi-
tional probability function (CPF) plot shows that southeast is
the dominant direction at wind speeds < 2 m s−1 (Fig. 5a).
Therefore, factor (1) was identified as the source of oil and
gas volatilization.

The contribution of benzene, toluene, methylene chloride,
1,2-dichloroethane, and ethyl acetate was high in factor (2).
It has been shown that benzene, toluene, ethylbenzene, and

xylene are important components in the use of solvents (Li
et al., 2015); methylene chloride is often used as a chem-
ical solvent, while esters are mostly used as industrial sol-
vents or adhesives (Li et al., 2015). Factor (2) is determined
to be a solvent usage source. The CPF plot shows that due
east is the main emission direction at wind speeds < 2 m s−1,
and southeast is the main source at wind speeds > 22 m s−1

(Fig. 5b).
Factor (3) contains predominantly C3–C8 alkanes, olefins,

and alkynes and relatively high concentrations of benzene.
These substances are usually emitted by industrial processes
(Shao et al., 2016), so factor (4) is defined as an industrial
source. The CPF plots indicate that a local source at low wind
speeds is the dominant sources (Fig. 5c).

Factor (4) is characterized by relatively high levels of
C2–C6 low-carbon alkanes (ethane, propane, isopentane,
n-pentane, isobutane, and n-butane), olefins (ethylene and
propylene), and benzene and toluene, which are important
automotive exhaust tracers (Song et al., 2021; D. Zhang et
al., 2021). Ethylene and propylene are important components
derived from vehicle-related activities. Previous studies of
VOCs in Zhengzhou have shown a high percentage of VOCs
emitted from gasoline vehicles, with the main source of alka-
nes being on-road mobile sources (Bai et al., 2020). The daily
variation in this source in Fig. S5 shows a bimodal trend, with
peaks occurring in the morning and evening peaks of traf-
fic, consistent with motor vehicle emissions. Figure 5d shows
that this source is mainly from the west, where wind speeds
are below 2 m s−1, and in this direction, there are a number
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Figure 6. Contribution of each source to VOCs for different processes.

of urban arterial roads with high-traffic volumes. Therefore,
factor (4) was defined as vehicular emission source.

The highest contribution to factor (5) is chloromethane
(62 %). Benzene (46 %) and acetylene (41 %) also contribute
highly to factor (5). Chloromethane is the key tracer for
biomass combustion, and acetylene is the key tracer for coal
combustion (Xiong et al., 2020). Therefore, factor (5) is de-
fined as a combustion source. The CPF plot shows that at
wind speeds < 2 m s−1, the northeasterly direction is the
dominant source direction (Fig. 5e).

Figure S6 compares the differences in PMF source pro-
files between the Omicron infection period and the recovery
period, as well as between the pollution day and the clean
day. We present the concentrations of the five main VOCs in
all five factors in Table S2. Ethane (vehicular emission), 2-
methylpentane (fuel evaporation), benzene (industry source),
chloromethane (combustion), and ethyl acetate (solvent us-
age) were selected as tracers for the five sources. Ethane con-
centration in case 2 (5.9 ppbv) is much higher than in other
processes, and ethane concentration during the recovery pe-
riod (3.4 ppbv) is also higher than during the infection period
(2.4 ppbv), which may to some extent reflect increased ve-
hicular emissions during the recovery period.

Concentrations of most species were significantly higher
during the recovery period than during the infection pe-
riod. The representative pollution processes in both periods
showed the same results as well, with 79 % higher concen-
tration of TVOCs in case 2 (65.1 ppbv) compared to case 1
(36.3 ppbv) (Fig. 6). While industry was the dominant source
of VOCs in case 1, by case 2 the motorized sources reached a
concentration value of 21.2 ppbv, accounting for 33 % of the
observed VOCs, and became the dominant source of emis-

sions. This is consistent with the fact that people’s mobil-
ity activities increased after the epidemic entered the recov-
ery period. As a group of VOC species with the highest-
concentration share, ethane and propane contributed more to
the motor vehicle source on clean days than other processes,
which also resulted in 34 % motor vehicle source share for
clean days.

3.3 SOAP

VOCs are estimated to contribute about 16 %–30 % or more
of PM2.5 by mass through SOA production (Huang et al.,
2014). Therefore, by calculating the SOAP value, the influ-
ence of different sources on PM2.5 production can be re-
flected to a certain extent.

We have included quantitative analysis for SOAP as well.
Figure 7 shows the SOAP concentrations and contribution
rates of the top 10 species throughout the entire process,
during two pollution processes, and clean days. The top 10
species all reached close to 100 % of the total SOAP con-
tribution, with case 1 reaching 98 %. In each process, the
composition of the top 10 substances is essentially the same.
Aromatic hydrocarbons contributed the most, with benzene,
toluene, ethylbenzene, and xylenes (BTEX) always occupy-
ing the top five positions and toluene the most. The SOAP
values of the top 10 contributing species for the two pol-
luting processes are shown in Tables S3 and S4. Toluene,
the highest-contributing species, reached a SOAP value of
49.4 µg m−3 in the most polluted case 2, which was 3.2 times
higher than the SOAP sum of all species on the clean day
(15.5 µg m−3). The SOAP value for case 1, which is also a
contaminated process, was 67 µg m−3, and the main species
(m/p-xylene: 9.8 µg m−3; benzene: 8.5 µg m−3), including
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Figure 7. Dominant SOAP species for different processes.

toluene (34.6 µg m−3), were lower than those for case 2
(m/p-xylene: 19.4 µg m−3; benzene: 13.4 µg m−3).

Figure 8 shows the SOAP calculated after the source reso-
lution of the two pollution processes by PMF for clean days,
respectively. In case 1, the industrial source is the dominant
source, with a contribution ratio of 63 %. In case 2, the pol-
lution sources exhibit a more evenly distributed contribu-
tion, where the solvent usage and fuel evaporation sources
emerge as the primary contributors to SOAP, with their re-
spective contribution levels rising to 32 % and 26 %. Case 1
was during the infection period, when social activities had
not yet returned to normal. In case 2, when society had ba-
sically returned to normal, the increase in emissions from
various sources resulted in a more balanced distribution of
SOAP contributions and caused more severe PM2.5 pollu-

tion. In addition, a few days before case 2, the Zhengzhou
Municipal People’s Government initiated the Heavy Pollu-
tion Weather Level II response (https://sthjj.zhengzhou.gov.
cn/tzgg/7037130.jhtml, last access: 14 July 2024) and intro-
duced control measures for emissions from industrial and
mobile sources, which resulted in a significant reduction in
SOAP levels from industrial and motorized sources in case 2.
The clean day result, with a SOAP of 8.8 µg m−3, also indi-
cates that industrial and solvent usage sources are the most
dominant SOAP sources. The primary sources of aromatic
compounds, which are the most significant contributors to
SOAP, are solvent usage and industrial process emissions.
This finding aligns with the results of other studies (Wu et
al., 2017). Consequently, it is imperative to implement mea-
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Figure 8. SOAP value and the contribution ratio of each process.

sures to reduce PM2.5 pollution by regulating emissions from
industrial and solvent usage sources.

4 Conclusions

Continuous observation of VOCs during the Omicron
epidemic was carried out at an urban site in polluted
Zhengzhou from 1 December 2022 to 31 January 2023. The
daily average concentration of PM2.5 ranged from 53.5 to
239.4 µg m−3, with an average value of 111.5± 45.1 µg m−3

during the whole period. The concentration of TVOCs
ranged from 15.6 to 57.1 ppbv (parts per billion by volume),
with an average of 36.1± 21.0 ppbv, which is higher than the
same period in the previous year (27.9± 12.7 ppbv; Lai et
al., 2024). Two representative contamination processes were
identified (case 1 during the infection period and case 2 dur-
ing the recovery period). While the meteorological condi-
tions of the two pollution processes are relatively similar,
the specific impacts caused thereby have yet to be deter-
mined. The concentration of TVOCs in case 1 and case 2
were 48.4± 20.4 and 67.6± 19.6 ppbv, respectively, and in-
creased by 63 % and 188 % when compared with the values
during clean days. The average concentrations of PM2.5 and
TVOCs during case 2 were 1.3 and 1.8 times of the val-
ues in case 1. This is consistent with the observed increase
in pollutant emissions following people’s return to a normal
and social life after the period of Omicron infections. The
highest-volume contributions of alkanes were found both in
case 1 (48 %) and case 2 (44 %). Though the volume contri-
bution of aromatics was the lowest (6 % in case 1 and 7 % in
case 2), the highest-increase ratio was found from clean days
to polluted episodes. Low WS and high RH were the main
meteorological reasons for the occurrence of pollution. Ana-
lyzing the sources of VOCs revealed that VOCs were found
to be affected by a combination of local emissions and re-
gional transport. The primary sources of atmospheric VOCs

in Zhengzhou were identified as industrial emissions (32 %),
vehicle emissions (27 %), and combustion (21 %). Signifi-
cant discrepancies were observed in the sources of VOCs be-
tween the two pollution processes. In case 1, industrial emis-
sions constituted the primary source of VOCs, accounting for
32 % of the total VOC concentration. In contrast, in case 2,
the proportion of vehicle emissions increased to 33 %, repre-
senting the primary source of VOCs.

A further analysis of the effect of VOCs on SOA gener-
ation reveals that aromatic compounds are the primary con-
tributors to SOAP, with BTEX being the predominant con-
tributor throughout the period. The SOAP values reached
37.6 and 65.6 µg m−3 in case 1 and case 2, respectively.
In case 1, the greatest contribution to SOAP was made
by industrial sources (63 %, 23.8 µg m−3), while vehicu-
lar sources, which constituted the second most important
source, accounted for only 18 %. In case 2, the contribu-
tion of each VOC source was more evenly distributed, with
solvent use sources and fuel evaporation sources represent-
ing the primary contributors to SOAP and accounting for
32 % (20.9 µg m−3) and 26 % (16.8 µg m−3), respectively.
The SOAP result for the clean day was 8.8 µg m−3, with in-
dustrial sources and solvent use still being the primary con-
tributors. Therefore, the industrial and solvent use sectors are
the predominant sources of pollutants during this observa-
tion. The aforementioned results substantiate the consider-
able impact of elevated emissions from all sources on the ex-
acerbation of pollution following the conclusion of the Omi-
cron infection.
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