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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Xavier Querol Restrictions on human activities were implemented in China to cope with the outbreak of the Coronavirus
Disease 2019 (COVID-19), providing an opportunity to investigate the impacts of anthropogenic emissions on air
quality. Intensive real-time measurements were made to compare primary emissions and secondary aerosol
formation in Xi’an, China before and during the COVID-19 lockdown. Decreases in mass concentrations of
particulate matter (PM) and its components were observed during the lockdown with reductions of 32-51%. The
dominant contributor of PM was organic aerosol (OA), and results of a hybrid environmental receptor model
indicated OA was composed of four primary OA (POA) factors (hydrocarbon-like OA (HOA), cooking OA (COA),
biomass burning OA (BBOA), and coal combustion OA (CCOA)) and two oxygenated OA (OOA) factors (less-
oxidized OOA (LO-OOA) and more-oxidized OOA (MO-OOA)). The mass concentrations of OA factors decreased
from before to during the lockdown over a range of 17% to 58%, and they were affected by control measures and
secondary processes. Correlations of secondary aerosols/ACO with Oy (NO2 + Os) and aerosol liquid water
content indicated that photochemical oxidation had a greater effect on the formation of nitrate and two OOAs
than sulfate; however, aqueous-phase reaction presented a more complex effect on secondary aerosols formation
at different relative humidity condition. The formation efficiencies of secondary aerosols were enhanced during
the lockdown as the increase of atmospheric oxidation capacity. Analyses of pollution episodes highlighted the
importance of OA, especially the LO-OOA, for air pollution during the lockdown.
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fill this gap, aerosol mass spectrometers with high-time resolution have
been used more recently to monitor in real-time the non-refractory
submicron aerosol (NR-PM;) and the concentrations of its chemical

1. Introduction

With rapid economic growth and increases in energy consumption,

China has suffered serious air pollution in recent decades (Zhang et al.,
2015), especially high levels of aerosols in winter (Huang et al., 2014).
The development of effective remedies for the air pollution problems
will require a thorough understanding of the chemical composition,
sources, and formation of aerosols. In the past, most air pollution studies
in Chinarelied on offline filter sampling (e.g., Cao et al., 2004; Gao et al.,
2017; Wang et al., 2015; Zhang et al., 2013), but due to the low time-
resolution of those methods (e.g., ~24 h), relatively limited informa-
tion has been obtained on the temporal evolution of pollution events. To

constituents, including organic aerosol (OA), nitrate, sulfate, ammo-
nium, and chloride (Hu et al., 2016; Sun et al., 2014; Wang et al., 2016;
Wang et al., 2017). The OA can be resolved into primary OA (POA) and
oxygenated OA (OOA) through the use of atmospheric receptor models
(Canonaco et al.,, 2013). The POA can be further separated into
hydrocarbon-like OA (HOA), cooking OA (COA), biomass burning OA
(BBOA), and coal combustion OA (CCOA), while OOA includes less-
oxidized OOA (LO-O0OA) and more-oxidized OOA (MO-OOA) based on
oxidation state (Kim et al., 2017; Lanz et al., 2007; Xu et al., 2017). The
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real-time methods can provide insights into the chemical composition,
sources, and formation processes of aerosols, and that information is
useful for accurately assessing the environmental effects of aerosols and
developing effective control measures.

A series of national active clean air policies targeting air pollution
has been promulgated by the State Council of the People’s Republic of
China beginning in 2013; these include the Action Plan for the Pre-
vention and Control of Air Pollution released on 2013 and the Three-
year Plan on Defending the Blue Sky implemented in 2018. Previous
studies have shown that China’s clean air actions have led to some
success in reducing pollutants (Feng et al., 2019; Ma et al., 2019; Zhang
et al., 2019; Zheng et al., 2018). For example, Zheng et al. (2018) re-
ported the following reductions in anthropogenic emissions in China
from 2013 to 2017 due to the enactment of emission standards and
stringent source controls: PM;y (36%), PMz 5 (33%), organic carbon
(0OC) (32%), black carbon (BC) (28%), NOy (21%), SOz (59%), and CO
(23%). Although the clean air policies have led to significant reductions
in air pollutants, additional actions and investigations are needed to
further improve air quality.

In response to the abrupt outbreak of the Coronavirus Disease 2019
(COVID-19), numerous cities in China elevated the public health
emergency response to level I, and strict restrictions were mandated by
the Chinese State Council to curb the outbreaks. These measures
included traffic restrictions, the closing non-essential industries, busi-
ness, and schools, bans on public meetings, and suspension of con-
struction activities, etc (http://www.gov.cn/yjgl/2006-02/26/conten
t 211654.htm, in Chinese). The COVID-19 lockdown has made it
possible to investigate the unprecedented restrictions of human activ-
ities on anthropogenic emissions and air pollution in China. To date,
substantial reductions in aerosols and gaseous pollutants (e.g., NO, and
SO2) have been reported for China during the COVID-19 lockdown (Li
et al., 2020b; Wang et al., 2020c; Zhao et al., 2020; Zheng et al., 2020).
However, other studies have shown unexpected high loadings of aerosol
continued during the restrict period, and that has been attributed to
limited effects in primary emissions under unfavorable meteorological
conditions (Wang et al., 2020a) and the enhanced secondary aerosol
formation (Le et al., 2020).

Indeed, current studies have shown large variations in air chemistry
and quality improvements following the implementation of pollution
control measures in different regions of China. For example, Le et al.
(2020) and Huang et al. (2020) reported that both the oxidation capacity
and production of secondary species were enhanced in eastern China
during COVID-19 lockdown, and these offset the reductions in primary
emissions. In contrast, Xu et al. (2020) found that the production rates
for secondary inorganic and organic aerosols decrease in Lanzhou, a
large city in western China, during the control period. Overall, the in-
formation on the variations in chemical composition, sources, and for-
mation processes of aerosols in different cities in China during the
COVID-19 lockdown has shown mixed effects on air quality, and the
consequences of the restrictions are just beginning to be understood.

The Fenwei Plain is designated as the key pollution control region in
China since 2018. As one of megacities in this plain, Xi’an (34°16’ N,
108°54' E) has been facing severe air pollution problem, especially in
winter (Niu et al., 2016; Wang et al., 2015). For example, over 75% of
days were polluted in Xi’an during winter 2018, including three days of
severe pollution (air quality index (AQI) > 300), twenty-two days of
heavy pollution (201 < AQI < 300), thirteen days of medium pollution
(151 < AQI < 200), and thirty days of light pollution (101 < AQI < 150)
(http://sthjt.shaanxi.gov.cn). The COVID-19 lockdown provided a
unique opportunity to assess the influence of anthropogenic activities on
air quality in Xi’an. For the present study, real-time measurements of
both aerosols and gaseous pollutants were conducted to investigate the
impacts of changes in primary emissions and the importance of sec-
ondary aerosol formation in Xi’an. The main objectives of this study
were to (1) investigate the changes in the loadings and composition of
aerosols during the COVID-19 lockdown; (2) determine the sources for
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assessing control measures and formation processes of secondary OA;
and (3) explore the cause of air pollution during the COVID-19 lock-
down. The comparisons and contrasts before versus during the COVID-
19 lockdown shed insights into the complexities of aerosol chemistry
and air pollution under strict restrictions on normal activities. The re-
sults of the study also will provide scientific guidance for developing
aerosol pollution control strategies for the Fenwei Plain.

2. Methodology
2.1. Research site and period

Intensive online measurements were performed from 1 January to 9
February 2020 at the rooftop of an office building (~10 m above ground
level, 34°13' N, 108°52’ E) in the southwest of downtown Xi’an (Sup-
plementary Material Fig. S1). The sampling site has been served as a
typical urban observation place (e.g., Wang et al., 2015; Zhang et al.,
2014), which is surrounded by residential and commercial areas without
intense industrial activities or local fugitive dust sources nearby. Based
on the implementation date of the public health emergency response I in
Xi’an city, the study period was broken down into two stages: (1) the
normal period from 1 to 25 January and (2) the COVID-19 lockdown
period from 26 January to 9 February. The latter 15 days were consid-
ered representative of the lockdown period during the strictest re-
strictions on activities in the city.

2.2. Online measurements

2.2.1. Aerosol chemical speciation monitor

A quadrupole aerosol chemical speciation monitor (ACSM, Aerodyne
Research Inc., Billerica, Massachusetts, USA) was used to measure the
non-refractory submicron aerosol (NR-PM;), including OA, nitrate,
sulfate, ammonium, and chloride, at a time resolution of 15-min. A
detailed description of the operational principles and calibration
method for the ACSM can be found in Ng et al. (2011c). Briefly, the
vacuum chamber of the instrument includes a particle aerodynamic lens,
a thermal particle vaporizer, and a mass spectrometer. For our study, the
sampled ambient air stream passed through a PM; 5 impactor inlet and a
Nafion® dryer (MD-700-24S-1; Perma Pure, Inc., Lakewood, NJ, USA) at
a flowrate of 3 L min ! before entering the ACSM. The aerodynamic lens
coupled with a 100 pm diameter critical aperture created a beam of
focused submicron particles (~40-1000 nm aerodynamic diameter) at a
flowrate of ~0.1 L min~'. The focused particle beam was heated by a
thermal particle vaporizer, which operated at 600 °C, and the vaporized
species were then ionized by 70 eV electron ionization and subsequently
characterized by the quadrupole mass spectrometer.

Before sampling, ammonium nitrate (NH4NO3) aerosol was used for
calibration and to ensure the accuracy of the instrument. The NH4NO3
particles were generated with the use of an atomizer (Model 9302, TSI
Inc., Shoreview, MN, USA) and a prepared NH4NOj3 solution. Then, a
differential mobility analyzer (DMA, TSI model 3080, TSI Inc., Shore-
view, MN, USA) was used to select the particle size, and a condensation
particle counter (CPC, TSI model 3772, TSI Inc., Shoreview, MN, USA)
was used to determine particle number. The response factors (RFs) for
nitrate and ammonium were obtained by fitting the measured ion sig-
nals (in amps) recorded by the ACSM against the calculated mass con-
centrations (in pg m~2) from the combined DMA and CPC data (Fig. S2).
The relative ionization efficiency (RIE) for ammonium was directly
calculated as the ratio of the RFs for ammonium and nitrate.

The ACSM local tool version 1.5.3.5 (Aerodyne Research Inc., Bill-
erica, Massachusetts, USA) compiled with Igor Pro 6.37 (Wavemetrics,
Lake Oswego, OR) was used to analyse the measured ACSM standard
data. The RIEs for OA, nitrate, and chloride were set to 1.4, 1.1, and 1.3
by default, respectively. The RIE for ammonium (5.8) was determined
from the NH4NOs3 calibration, while the RIE for sulfate (1.9) was esti-
mated by fitting the measured sulfate versus predicted sulfate values
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following the method suggested by Budisulistiorini et al. (2014) (Text
S1). With the default collection efficiency (CE) value (1), the ammonium
concentration obtained was adequate for particle neutralization
(Fig. S3) and the average mass fraction of ammonium nitrate in NR-PM;
(0.37) was < 0.4. As the sampled air was dried before entering the
ACSM, the impacts of high levels of aerosol acidity, ammonium nitrate
fraction, and relative humidity for CE were expected to be negligible
(Middlebrook et al., 2012). Therefore, a constant CE of 0.45 was used in
this study. The concentration and error matrices of mass-to-charge (m/z)
fragments from 12 to 120 derived from OA data were initialized by the
method of Allan et al. (2003). Following the protocol described by
Ulbrich et al. (2009), the error values of m/z 44 were multiplied by 2 to
account for the contributions from gas-phase carbon dioxide. Other m/z
fragments with high signal-to-noise (SNR > 2) were not specially
treated. In addition, m/z 12 was removed from all ACSM data prior to
source apportionment owing to numerous negative values. After these
adjustments, 92 fragments were finally used as receptor model inputs.

2.2.2. Aethalometer measurement

An aethalometer (model AE33, Magee Scientific, Berkeley, CA, USA)
equipped with a PMy 5 cyclone particle separator on the inlet was used to
measure BC mass concentrations (BCo 5) at a time resolution of 1-min.
The model AE33 uses a real-time, loading effect, compensation algo-
rithm based on two parallel spot measurements of optical absorption to
eliminate the nonlinear loading effect (Drinovec et al., 2015). The light
attenuation transmitted through two spots with different sample flows
was obtained at seven wavelengths (A = 370, 470, 525, 590, 660, 880,
and 940 nm). The light attenuation at A = 880 nm was used to calculate
the BC loadings due to the negligible contributions from other light-
absorbing components, especially brown carbon and mineral dust
(Kirchstetter and Thatcher, 2012). A detailed description of the AE33
aethalometer can be found in Drinovec et al. (2015).

2.2.3. Complementary instruments

The concentrations of NO, (NO + NO3), SO,, CO, and O3 were
measured with the use of a nitrogen oxides analyzer (EC9841, Ecotech
Pty Ltd, Australia), a sulfur dioxide analyzer (EC9850, Ecotech Pty Ltd,
Australia), a carbon monoxide analyzer (Thermo 48i, Thermo Scientific
Inc., Franklin, MA, USA), and an ozone analyzer (EC9810, Ecotech Pty
Ltd, Australia), respectively. Meteorological parameters, including wind
speed (WS), wind direction (WD), relative humidity (RH), and temper-
ature (T), were measured using an integrated automatic weather station
(MAWS201, Vaisala, Helsinki, Finland). The planetary boundary layer
height (PBLH) was obtained using the gridded data from Global Data
Assimilation System (GDAS) (ftp://arlftp.arlhq.noaa.gov/pub/ar-
chives/gdas1).

2.3. Source apportionment analysis

2.3.1. Hybrid environmental receptor model

The hybrid environmental receptor model (HERM) developed by
Institute of Earth Environment, Chinese Academy of Sciences and Uni-
versity of Nevada, Las Vegas is a new technical approach for source
apportionment of particulate and gaseous pollutants (Chen and Cao,
2018). Similar to other receptor models, such as positive matrix
factorization (PMF) and multilinear engine (ME-2) (Paatero and Tapper,
1994; Canonaco et al., 2013), the HERM groups air pollutants measured
at a receptor site into the emissions of individual sources using infor-
mation on their chemical compositions. Here, the HERM was used only
to apportion the OA sources. To solve the mass balance of OA, the
bilinear HERM in matrix notation was defined as:

I
Ci = ZFiijk + Ei 1)

J=1

where Cy is the measured concentration of m/z i during time k; Fy; is the
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source profile, that is, the fractional quantity of m/z i in source j emis-
sion; Sj represents the contribution of source j during time k; and Ey is
the model residual for m/z i concentration measured during time k.

Based on the modified ME-2 Basic_2way script, the HERM was
developed as a bridge between CMB and PMF by allowing the use of a
partial F;; matrix of source profiles. When the matrix of Fj; is fully known
and constrained, the HERM reverts to a CMB model for evaluating the
contribution of source (Sy) only. Compared with the CMB software (i.e.,
EPA CMB v8.2), the current HERM version 1.8 software has advantages
of the ability to analyze multiple samples in a single run, non-negativity
constraints, and better tolerance of collinearity. When the F; and Sy
matrices are fully unknown, the HERM is converted to a PMF model, and
the solution F; and Sj with non-negativity constraints are not unique
due to rotational ambiguity. To solve the problem of incomplete source
profiles of emission sources when using CMB, and to reduce the rota-
tional degrees of freedom in PMF, the HERM allows a hybrid model that
constrains a partial F;; by inputting one or more source profiles (row of
F). Naturally, more reliable source profile information can lead to better
separations of mixed sources.

The HERM accounts for uncertainties in both Cy (o¢,) and con-
strained Fy; (or;), which are related to errors in the ambient measure-
ments and variability in source emissions, respectively. Based on an
iterative conjugate gradient algorithm, the HERM solves Sy and un-
known F;; by minimizing the reduced chi-square (Q):

(2)

K Ci — >3- FySi :
g loms)

- 2 J 2 &2 2
=1 =1 6, T (cspncssﬂ + ﬂ&,jcc,k)

in which K, I, and J represent the number of times, m/z fragments, and
sources, respectively; §; is set to 0 or 1 depending on whether F; is
constrained or unknown, respectively; and p is an adjustable factor with
a default value of 1. For the HERM, the expected Q (Qexp) equals the
degree of freedom of the model solution (I x J — K x (I+17J) 4+ C), where
C is the number of constrained source profiles.

2.3.2. Optimized source apportionment of OA

The HERM (software version 1.8) was applied to analyze the OA
dataset. As there is no specific source profile available for fireworks, the
data related to Spring Festival Eve and the first two days (24 to 26
January) and the Lantern Festival (8 to 9 February) were excluded in OA
source apportionment. In the first step of the procedure, a range of two
to eight factor was explored for the OA data using the PMF model with
completely unconstrained source profile because the extracted factors
could be associated with distinct sources (Frohlich et al., 2015). Diag-
nostic plots for PMF solution are detailed and documented in the sup-
plementary material (Text S2 and Fig. S4-S9).

The PMF model analysis showed that six factor solution, which
included HOA, COA, BBOA, CCOA, LO-O0OA, and MO-OOA, was most
interpretable. However, in the 6-factor unconstrained PMF model so-
lution, BBOA was not split, but rather mixed with OOA. For the in-
vestigations of other PMF solutions (5, 7, and 8 factors), sufficient
separations of the clean BBOA factor were achieved through contribu-
tions at m/z 60 (2.2-3.2%), m/z 73 (1.6-2.5%), and m/z 44 (2.3-3.2%)
in the profile and good correlations (R? = 0.91-0.96) between m/z 60
and m/z 73 and the BBOA factor. Individual BBOA profiles obtained in
the 5-, 7-, and 8-factor PMF solutions showed great similarities
(uncentered correlation coefficients (UC) = 0.98-0.99) (Ulbrich et al.,
2009). Therefore, the mean of the clearly-resolved BBOA profiles was
extracted and used as the anchor profile in subsequent 6-factor HERM
analysis to separate the BBOA from OOA. Here, the standard deviation of
the BBOA profiles for different factor solutions was also input into the
HERM as they reflected the uncertainties in constrained source profile.
Finally, six factors, identified as HOA, COA, BBOA, CCOA, LO-O0A, and
MO-OOA, in the optimal HERM solution matched the criteria of distinct
source profiles and time series, typical diurnal patterns, and strong
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correlations with external tracers of sources. A detailed description of
the final adopted profiles and time series of resolved OA factors can be
found in Section 3.2.

2.4. Aerosol liquid water content

The aerosol liquid water content (ALWC) was calculated using the
ISORROPIA-II thermodynamic equilibrium model (http://isorropia.eas.
gatech.edu). The mass concentrations of NR-PM; species (nitrate, sul-
fate, ammonium, and chloride) and meteorological parameters (RH and
T) were input into the model to retrieve the ALWC concentrations. De-
tails of the model can be found in Fountoukis and Nenes. (2007).

2.5. Air quality index

The air quality index (AQI) is a parameter that used to describe the
degree of air pollution in China, and it is calculated from the concen-
trations of six priority pollutants (i.e., PM;o, PM2 5, SO2, NO3, CO, and
0O3) (Zheng et al., 2014). According to the Technical Regulation on

Normal period
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Ambient Air Quality Index formulated by the Chinese Ministry of
Environmental Protection (MEE, 2012), the air quality is classified as
excellent (0 < AQI < 50), good (51 < AQI < 100), light pollution (101 <
AQI < 150), medium pollution (151 < AQI < 200), heavy pollution
(201 < AQI < 300), and severe pollution (300 < AQI). Real-time AQIs in
Xi’an were obtained from the Department of Ecology and Environment
of Shaanxi Province (http://sthjt.shaanxi.gov.cn).

2.6. Nitrogen and sulfur oxidation ratio

The nitrogen oxidation ratio (NOR) and sulfur oxidation ratio (SOR)
were calculated to evaluate the degree of secondary conversion of gas
precursors NO5 and SO5 (Yang et al., 2017; Zhang et al., 2011):

_ n(nitrate)
NOR = n(nitrate) + n(NO,) 3
SOR — n(sulfate) @

n(sulfate) + n(SO,)
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Fig. 1. Time series of (a) temperature (T), relative humidity (RH), (b) wind speed (WS), wind direction (WD), (c) Air Quality Index (AQI), (d) NO,, SO5, (e) NO,, O3,
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where n(nitrate), n(NO5), n(sulfate), and n(SO,) are the molar concen-
trations of nitrate, NOo, sulfate, and SO», respectively.

3. Results and discussion
3.1. Overview of PM characteristics

Fig. 1 shows the temporal variations in mass concentrations of par-
ticulate matter (PM = OA + nitrate + sulfate + ammonium + chloride +
BCz5) and selected species, mixing ratios of gaseous pollutants, and
meteorological conditions during the campaign period. Summary sta-
tistics for the normal (1 to 23 January) and COVID-19 lockdown (27
January to 7 February) periods are summarized in Table 1. The average
PM concentration was 60.2 + 26.1 pg m > during the COVID-19 lock-
down period, which was 41% lower than that recorded during the
normal period (102.0 + 42.7 ug m~>). Large reduction rates in PM; were
also found for several strict short-term pollution control events, such as
2008 Beijing Olympic Games (46%) (Huang et al., 2010), 2014 Asia-
Pacific Economic Cooperation summit (53-63%) (Han et al., 2015; Xu
et al., 2015; Zhang et al., 2016), and 2015 China Victory Day (57%)
(Zhao et al., 2017). These results demonstrate that the controls imple-
mented during the COVID-19 lockdown in Xi’an did have beneficial
effects on air quality, but even though the PM loading decreased
notably, it was higher than the China National Ambient Air Quality
Grade I Standard of 35 ug m~? for annual PM, 5 (GB3095-2012), indi-
cating the air pollution episodes occurred.

Compared with the normal period, obvious decreases in PM com-
ponents were observed during the COVID-19 lockdown period with re-
ductions ranging from 32% to 51% (Table 1). The largest difference was
for nitrate, which can be explained by large reductions of its NO, pre-
cursors; in fact, the NO, concentrations decreased by 80% during the
lockdown (Table 1), almost certainly due to the controls on motor

Table 1

Summary of meteorological parameters, mixing ratios of gaseous pollutants,
mass concentrations of PM species and OA components during the normal and
COVID-19 lockdown periods.

Grand Normal COVID-19 lockdown Change
average period” period” ratio®
Meteorological parameters
T (°C) 4.6 £29 4.1 +£25 5.8 +£3.2 —42%
RH (%) 64.9 £15.2 66.6 + 15.2 61.4 +£14.7 8%
WS (m s 1) 0.58 £0.23  0.56 £+ 0.22 0.60 £+ 0.25 —6%
Gaseous pollutants (ppb)
NO, 94.1 £78.2 129.4 + 26.4 +£9.3 80%
75.0
SO, 3.7+1.0 3.9+1.0 3.3+08 14%
NO, 48.7 £ 21.8 61.5 + 14.7 242+79 61%
O3 9.0 +10.7 4.0+59 18.6 + 11.2 —364%
CO (ppm) 1.0+ 0.3 1.1+0.3 0.8 £0.2 29%
O, 57.7+16.3 65.5+128 42.8 £10.9 35%
PM species (ug m™>)
PM 87.7 £42.9 102.0 + 60.2 £+ 26.1 41%
42.7
OA 38.6 +£20.9 43.3 £ 21.3 29.4 £ 16.5 32%
HOA 5.5+ 4.6 6.8 4.9 28 +25 58%
COA 4.5+ 25 48 £2.7 4.0+21 17%
BBOA 4.7 £4.0 5.1+43 4.0 £ 3.4 21%
CCOA 3.7+£29 42+29 2.6 £26 38%
LO-O0A 7.5£5.8 8.6 £ 6.4 5.6 +£3.7 35%
MO-O0OA 11.1 £ 4.5 12.0 + 4.9 9.5+ 3.3 21%
Nitrate 25.6 £13.5 31.0 £12.8 15.1 +£6.8 51%
Sulfate 6.0 £33 6.9 £+ 3.6 43+1.9 37%
Ammonium 10.8 £5.2 12.7 £5.1 7.2+3.0 43%
Chloride 23+1.6 27+1.8 1.5+0.8 44%
BCys 4.4 £26 53+26 27+1.3 50%

# The normal period was from 1 to 23 January 2020.

b The COVID-19 lockdown period was from 27 January to 7 February 2020.

¢ Change ratio = ([Normal period] - [COVID-19 lockdown period])/[Normal
period].
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vehicles. The composition of PM was generally similar for the two pe-
riods, which was mainly composed of OA, followed by nitrate, ammo-
nium, sulfate, BCy 5, and chloride (Fig. 2a and b). However, the average
contribution of OA to PM was higher and that of nitrate was smaller
during the COVID-19 lockdown compared with the prior conditions. To
better understand the impact of chemical species on PM, the mass
fractions of each species were plotted as a function of PM mass con-
centrations during the two different periods (Fig. 2c and d). The PM
mass concentration showed a bimodal distribution during the normal
period but a unimodal distribution during the COVID-19 lockdown
period. Moreover, the mass fractions of each chemical species kept
relative stable at the PM range of 40-170 pg m~> during the normal
period, and OA contributed the most to PM mass (42 + 2%). In the
COVID-19 lockdown, the mass fraction of OA showed an obvious
increasing trend from 42% when PM was in the range of 40-60 pg m ™" to
60% when PM was > 110 pg m°. In contrast, the mass fractions of
secondary inorganic aerosols showed decreasing trends as the PM mass
increased. These results highlighted the important contribution of OA to
air pollution during the COVID-19 lockdown period.

Fig. S10 shows the diurnal variations of each measured PM species
during the normal and COVID-19 lockdown periods. Nitrate displayed a
similar diurnal pattern for the two periods (Fig. S10a). That is, the ni-
trate mass concentration started to increase after sunrise
(~07:00-08:00) and reached its peak value around noon, which can be
attributed to increased photochemical oxidation during the day as dis-
cussed in Section 3.3. Later, owing to more favourable diffusion condi-
tions, especially increased PBLHs and higher WSs (Fig. S11lc and d),
nitrate gradually decreased in the afternoon. After sunset, nitrate
increased again. It was probably at least partly a result of higher RH
(Fig. S11b), which would promote nitrate formation through the
aqueous-phase reactions (see discussion in Section 3.3). Meanwhile, the
low nocturnal PBLHs and WSs at night can further aggravated the nitrate
accumulation. In contrast to nitrate, the diurnal variation of sulfate
showed distinctly different trends during the normal versus COVID-19
lockdown periods (Fig. S10b). Both nitrate and sulfate loadings
increased after sunrise, but for sulfate, this can best be explained by the
downward mixing of sulphate particles that formed at night in a residual
layer aloft. In the afternoon, sulfate continued to increase during the
normal period but obviously decreased during the lockdown period.
Although the high PBLHs and WSs in the afternoon favoured pollutant
dispersal and dilution, the increases in sulfate during the normal period
were likely a result of regional transport because pollutants typically
accumulated in the Guanzhong Basin (Fig. S1b) during winter (Niu et al.,
2016). The enhanced sulfate at night during both periods can be
explained by a combination of the low PBLHs and the enhanced for-
mation through aqueous-phase reaction under high RHs (Sun et al.,
2013). As ammonium can be neutralized by nitrate, sulfate, and chloride
(Fig. S12), the diurnal pattern of this substance presumably was driven
by the variations of these other species (Fig. S10c). The diurnal profile of
OA was similar during the normal and COVID-19 lockdown periods,
which was characterized by increases at night, relatively stable con-
centrations in the morning, and decreases in the afternoon. This pattern
was associated with daily variations in meteorological condition as well
as primary emissions and secondary aerosol formation, as discussed in
Section 3.2. Owing to the combined influences of PBLH, WS, and com-
bustion emissions, the diurnal patterns in BCy 5 and chloride showed
similar trends with clear increases at night and decreases in the after-
noon during both the normal and lockdown periods.

3.2. OA composition, sources, and variations

Six OA factors were resolved by the HERM, including four POA
factors (HOA, COA, BBOA, and CCOA) and two OOA factors (LO-OOA
and MO-OO0A). The profiles and temporal variations and the contribu-
tions to the total OA mass for six OA factors are shown in Fig. 3 and
Fig. 4, respectively. Detailed characteristics of specific OA factors during
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Fig. 2. Averaged contributions of PM species to the total PM mass during the (a) normal and (b) COVID-19 lockdown periods. Variation of the percent composition
with the PM concentration during the (c) normal and (d) COVID-19 lockdown periods were also shown. The white solid lines show the probability densities for the

PM mass.
the normal and COVID-19 lockdown periods are discussed below.

3.2.1. Hydrocarbon-like OA (HOA)

As shown in Fig. 3a, the HOA profile was primarily characterized by
alkyl fragments (C,Hj, 41 and CnHj, ), and it had major peaks at m/z 41
(7.3%), 43 (6.3%), 55 (7.1%), and 57 (5.1%). The temporal variations of
HOA correlated more strongly with NO, (R? = 0.45) compared with the
other POAs (R? = 0.02-0.21), supporting an association of HOA with
motor vehicle emissions. Similar results also have been reported for
other urban sites in China (Li et al., 2017; Sun et al., 2016; Wang et al.,
2020b).

During the normal period, the mass concentration of HOA was 6.8 +
4.9 pgm ™3, accounting for 16% of the total OA mass (Fig. 4a). Its diurnal
pattern presented an increase around 07:00-09:00, which can be
explained by the emissions from morning rush-hour traffic (Fig. S13a),
and this was consistent with the high NO, during this period (Fig. S14).
Later in the day, decreases in HOA were associated with reduced traffic
coupled with higher PBLHs and stronger WSs that led to particle dilution
and dispersion (Fig. S11). An increase in HOA mass concentrations
starting at ~17:00 paralleled an increasing trend of NO,, which was
mainly related to the evening rush-hour traffic. Due to the low nocturnal
PBLHs and relative stable winds, HOA accumulated gradually until
~21:00 when fewer and fewer vehicles were on the roads (Liu et al.,
2018). However, in the present study HOA rose at 01:00-04:00, which
was likely related to the emissions from diesel trucks and heavy-duty
vehicles that were banned during the day. The high NO, at

03:00-04:00 is also compelling evidence for impacts from traffic emis-
sions. For comparison, all private cars and diesel trucks used for con-
struction activities were restricted during the COVID-19 lockdown when
the average HOA mass concentration decreased to 2.8 + 2.5 ug m~> (9%
of OA) (Fig. 4b). This reduction in HOA (58%) was the largest of the six
OA factors, indicating that the impacts of the lockdown on trans-
portation had a large effect on pollutant emissions (Wang et al., 2020c).
The morning and nighttime traffic-related HOA peaks that occurred
during the normal period were not seen during the COVID-19 lockdown
(Figure S13a). The increasing trend of HOA after midnight during the
COVID-19 lockdown is best explained by the accumulation of locally
generated HOA under stable meteorological conditions.

3.2.2. Cooking OA (COA)

The COA profile adopted in this study was characterized by promi-
nent alkyl fragment peaks of m/z 41 (11.1%), 43 (8.4%), 55 (7.2%), and
57 (3.4%). Previous studies have shown that the heating of seed oils and
animal fats leads to strong signals at m/z 41 and m/z 55 (Allan et al.,
2010), and therefore, high m/z 41/43 and 55/57 ratios can be consid-
ered as key features for distinguishing the COA from other POAs (He
et al., 2010; Mohr et al., 2012; Reyes-Villegas et al., 2018). Here the
ratios m/z 41/43 (1.3) and m/z 55/57 (2.1) in the COA profile were
higher than those in HOA (1.1 and 1.4), BBOA (0.1 and 1.6), and CCOA
(0.7 and 1.0) profiles. Furthermore, the m/z 98 is used as a tracer for
COA (Crippa et al., 2013b; Sun et al., 2011), and a good correlation was
found between COA and m/z 98 in this study R? = 0.55, Fig. 3b).



J. Tian et al.

Environment International 150 (2021) 106426

[ HoA

NO, R*=0.45

miz 98 R? = 0.55

—~ T T T T T T T T T 00

9 e 30 12 1.0
& =) miz 60 R? = 0.94 o o
.9: ) I 5BOA miz 73R =093 3 s 2
| = 15 P06 505w 2
2 g g = g X
7 S 2 =
— = 0.0
< s
2 s 20 o - 2 4 4
= 5 mizTTR =081 m/z91 R?=0.82 ~ e “ o~
] 3] miz 115 R* = 0.84 b ] —_
2 R I N e
E 2 2 52 52
g g 0 -0 0 0
ks =
g LO-O0A
=

0 T T T T T T T T T T T T T T T T T T T T

30 40

MO:00A I MO-00A
15 | | 20
0 II T —~ |II IIII T T T T T T T T O
10 20 30 40 50 60 70 80 90 100 110 12 171 1/9 1/13 1/17 1721 1725 1/29 2/2 2/6 2/10
m/z (amus) Date (2020)

Fig. 3. (a) Profiles and (b) time series plots of six resolved OA factors, including HOA, COA, BBOA, CCOA, LO-OOA, and MO-OOA. The error bars for the BBOA
profile represent the standard deviations from the 5-, 7-, and 8-factor PMF model solutions. The corresponding time trends of tracer compounds are also shown.

(a) Normal period
OA (433 +21.3 pg m™)

LO-O0A
19%

MO-OOA

CCOA 32%

10%

BBOA
11%
HOA
16%

COA
12%

(b) COVID-19 lockdown period
OA (29.4 £ 16.5 pg m™)

LO-O0A

19% MO-O0OA
(1]

37%

CCOA
8%
BBOA HOA
13% COA 9,

14%

Fig. 4. Pie charts depicting the average fractional contributions of HOA, COA, BBOA, CCOA, LO-OOA, and MO-OOA to the total OA during the (a) normal and (b)
COVID-19 lockdown periods. The areas of the two pies are scaled to be proportional to the mass concentrations of the total OA.

As shown in Fig. S13b, the diurnal cycle of COA during the normal
period was characterized by obvious peaks at noon (12:00) and in the
evening (20:00), which are the times when local catering establishments
prepare lunches and dinners. These features in turn support the identi-
fication of this factor as COA. Due to the restrictions imposed on the
catering during the COVID-19 lockdown period, these two peaks were
then disappeared. Instead, the diurnal variations of COA showed a peak
at 11:00, which around when residential cooking typically began, while
the peak at 4:00 was probably associated with the accumulation of
locally generated pollutants under stable meteorological condition at
night. The average concentration of COA decreased from 4.8 + 2.7 pg
m 2 during the normal period to 4.0 + 2.1 pg m ™~ during the COVID-19
lockdown period, but the contribution of COA to OA increased from 12%

to 14% (Fig. 4). Despite the closure of catering industries, people
obviously still needed to cook during the COVID-19 lockdown, and this
can explain the smallest reduction of COA (17%) among all of the OA
factors during the lockdown.

3.2.3. Biomass burning OA (BBOA)

The constrained BBOA profile was featured by strong signals at m/z
60 (2.8%) and m/z 73 (2.2%) (Fig. 3a), which are typical molecular
fragments of levoglucosan and related species (e.g., galactosan and
mannosan) (Cubison et al., 2011). Furthermore, the temporal variations
in BBOA correlated strongly with the fragment ions m/z 60 (R? = 0.94)
and m/z 73 (R2 = 0.93) (Fig. 3b). Indeed ~45% and 40% of the mass of
m/z 60 and m/z 73 fragments can be explained by BBOA, respectively.
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Additionally, the resolved BBOA profile showed strong similarities with
biomass burning profiles obtained in previous studies (UC = 0.85-0.91)
(Crippa et al., 2013a; Ng et al., 2011b), further supporting the identi-
fication of the BBOA factor in this study.

As shown in Fig. S13c, BBOA showed roughly similar diurnal pat-
terns for the two different periods. The low values in the afternoon were
attributed to the high PBLHs and strong WSs that promoted dispersion
while the enhanced BBOA mass concentrations at night can be explained
by the combined effects of domestic heating by biomass burning and the
low nocturnal PBLHs. The mass concentration of BBOA decreased from
5.1 + 4.3 pg m~° during the normal period to 4.0 + 3.4 pg m~° during
the lockdown period, equivalent to a reduction of 21%. It is noteworthy
that the control measures did not include prohibitions on residential use
of biofuels for heating and cooking. As all of our sampling in Xi’an was
conducted during the heating season, the variations in heating demand
probably had little effect on BBOA or CCOA (as discussed below).
However, people were required to stay at home during the lockdown,
and that likely reduced the amount of biomass burned in agricultural
fields, which is a possible explanation for the decline in BBOA concen-
trations. Compared with other primary emissions, such as those from
motor vehicles or industries, biomass burning is often sporadic and
unorganized, thus tends to be more variable over time. Indeed, the ef-
fects of the lockdown on the biomass burning emissions were less than
those of other sources, and the BBOA contribution to OA increased from
11% to 13% (Fig. 4) under the restrictions put in place during the
lockdown. Therefore, the control of pollutants from biomass burning
will be a key step for improving the air quality in Xi’an during the
winter.

3.2.4. Coal combustion OA (CCOA)

The CCOA profile was dominated by the presence of alkyl fragments,
especially a larger fraction of m/z 80-120 (32%) (Fig. 3a), and this
shows that coal combustion OA contained relatively large proportions of
high molecular-weight organic compounds. In particular, the PAH-
related fragments (m/z 77, 91, and 115) had larger peaks (2.3-2.5%)
in CCOA profile compared with other POAs, and strong correlations
were observed between CCOA and these fragments (R? = 0.81 for m/z
77, R%=0.82 form/z 91, and R%=0.84 form/z 115) (Fig. 3b), consistent
with previous studies (Lin et al., 2017; Zhou et al., 2016). As shown in
Table 1, the mass concentration of CCOA decreased from 4.2 + 2.9 ug
m~2 (10% of OA) during the normal period to 2.6 + 2.6 pg m > (8% of
OA) during the lockdown period. The 38% reduction can be attributed to
impacts of the lockdown on industries that use coal as their main energy
source. Similar to BBOA, the diurnal variations of CCOA during the
normal and COVID-19 lockdown periods presented high loadings at
night and low values in the afternoon (Fig. S13d). The patterns can best
be explained by the combustion of coal for residential heating and the
daily cycle in the PBLH, and these results highlight the pervasive im-
pacts of domestic coal combustion on air quality in Xi’an during winter.

3.2.5. Less and more-oxidized oxygenated OA (LO-OOA and MO-OOA)
Fig. 3a shows that both LO-OOA and MO-OOA had somewhat similar
profile features, both having an abundant peak at m/z 44, which is an
indicator of oxidized organic compounds (Ng et al., 2011a). The profiles
also are consistent with resolved sources at other urban sites in China (e.
g., Beijing, Shanghai, and Shenzhen) (He et al., 2011; Huang et al., 2012;
Xu et al., 2015; Zhao et al., 2017). The distinction between LO-OOA and
MO-OO0A is their degree of oxidation (Xu et al., 2017), and larger ratio of
m/z 44/43 was found for MO-OOA profile (8.5) compared with LO-OOA
profile (1.9). Consistent with the lower degree of oxidation for LO-OOA,
its correlations with hydrocarbon-like ions (e.g., CyH3, ., and C Hj ;)
were stronger than those for MO-OOA. The fact that LO-OOA was less
oxygenated (less aged) than MO-OOA, is probably because LO-OOA
includes higher levels of more freshly emitted species than MO-OOA.
The diurnal pattern of LO-OOA for both periods showed an

Environment International 150 (2021) 106426

enhancement in the daytime (Fig. S13e), which were more than likely
related to photochemical production. The LO-OOA peak during the
lockdown period was lower and of shorter duration compared with the
normal period. This difference was likely due to the reduction of organic
precursors (e.g., volatile organic compounds (VOCs)) during the COVID-
19 lockdown period. The MO-OOA correlated well with sulfate (Pear-
son’s r = 0.75, Table S1), and that was likely caused by regional
transport because the rates at which the two species form differ
considerably (Huang et al., 2014). The diurnal profile of MO-OOA
showed relative constant values during the normal period, but an
obvious decrease was observed in the afternoon during the lockdown
period (Fig. S13f); this indicates a reduced influence of regional trans-
port when the restrictions on activities were put in place. Indeed, the
average mass concentration of LO-OOA decreased from 8.6 + 6.4 ug m >
to 5.6 + 3.7 pg m > from the normal period to the lockdown period,
while MO-OOA decreased from 12.0 = 4.9 pggm > t0 9.5 + 3.3 pg m >
(Table 1). The total OOA (LO-OOA + MO-OOA) mass fraction of OA
(51% during normal period and 56% during the COVID-19 lockdown
period) was higher than that of POA (HOA + COA + CCOA + BBOA)
(49% and 44%), highlighting the role of secondary OA formation in PM
pollution in Xi’an, especially during the lockdown.

3.3. Formation of secondary aerosols

3.3.1. Photochemical oxidation

Photochemical oxidation is an important pathway for the formation
of secondary aerosols during the daytime (Robinson et al., 2007; Link
et al., 2017), and the intraday pattern of secondary species concentra-
tions relative to background-corrected CO (ACO) can be used to assess
secondary aerosol formation by eliminating the effects of changes in
PBLH (Decarlo et al., 2010). Here, ACO was defined as the lowest 1.25%
percentile of the CO data during the normal (0.12 ppm) and COVID-19
lockdown (0.14 ppm) periods (Kondo et al., 2006). To explore the for-
mation processes, the correlations of secondary aerosol species/ACO
ratios of the rising stage during the daytime (08:00-17:00) for each day
(Fig. S15) and O, mixing ratio (an indicator of photochemical oxidation
degree) (Wood et al., 2010) was established. As shown in Fig. 5, nitrate/
ACO, LO-O0OA/ACO, and MO-OOA/ACO all showed linear increases
with O, mixing ratio (R? = 0.42-0.95) during both the normal and
COVID-19 lockdown periods, suggesting the importance of photo-
chemical oxidation for the formation of nitrate and OOAs. Larger
increasing rates in LO-OOA/ACO (0.33-0.44 (ug m~> ppm™!) ppb~1)
compared with those in MO-OOA/ACO (0.04-0.09 (ug m > ppm 1)
ppb~1) indicated that the formation of LO-OOA through photochemical
oxidation was more efficient compared with MO-OOA.

It is noteworthy that the slopes of nitrate/ACO, LO-OOA/ACO, and
MO-OOA/ACO relationships with O, mixing ratios were greater during
the COVID-19 lockdown period than the normal period. This difference
can be explained by the greater atmospheric oxidation capacity during
the lockdown period, which can be inferred from the higher fraction of
O3 relative to Oy during the lockdown. In contrast, sulfate/ACO did not
increase with O, mixing ratio during either the normal or lockdown
periods. One explanation for the lack of a relationship is that ~96% of
hourly O3 mixing ratios were < 35 ppb, which may have been too low
for efficient sulfate formation via photochemical oxidation (Fang et al.,
2019).

3.3.2. Aqueous-phase reaction

Numerous studies have shown that aqueous-phase reaction is
another important pathway for the formation of secondary aerosols (Xue
et al., 2014; Jiang et al., 2019). In our study, the ALWC, which can be
served as an indicator of aqueous-phase reaction (Ervens et al., 2011),
showed a strong power-law relationship with RH (R? = 0.94, Fig. 516).
The correlations of secondary aerosol species/ACO ratios of the rising
stage during the nighttime (18:00-07:00 the next day) for each day
(Fig. S15) and the corresponding ALWC was established to assess the
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Fig. 5. Variations of nitrate/ACO, sulfate/ACO, LO-OOA/ACO, and MO-OOA/ACO ratios as a function of O, mixing ratios during the (a-d) normal and (e-h) COVID-
19 lockdown periods, respectively. The points and the light gray shadows represent the mean values and error margins of nitrate/ACO, sulfate/ACO, LO-OOA/ACO,

and MO-OOA/ACO in each bin (AO, = 10 ppb).

implications of aqueous-phase chemistry for aerosol production. As
shown in Fig. 6, the formation of secondary species apparently varied as
a function of RH. That is, when RH was less ~70-80%, all measured
secondary species/ACO ratios showed obvious linear increases with
ALWC (R? = 0.71-0.99), but the relationships changed when RH was
higher than ~70-80%. For secondary inorganic species during the
normal period, although increasing rates in nitrate/ACO and sulfate/
ACO decreased from 0.64 (ug m3 ppm’l) (1g m 371 t00.15 (rg m3
ppmfl) (ng m’3)‘1 and 0.13 (ug m—3 ppm’l) (pg m’?’)'1 to 0.06 (pg m~3
ppm_l) (ng m~3)1, respectively, when RH was > 80%, the positive
correlations of these ratios with ALWC were still strong at RH > 80% (R?
= 0.93-0.94). In contrast, LO-OOA/ACO and MO-OOA/ACO showed no
obvious increases with ALWC at RH > 70%. This may be because the
higher ALWC at RH > 70% inhibit secondary organic aerosol formation
due to decreases in aerosol acidity (Huang et al., 2019; Meng et al.,
2014). It is also noteworthy that at RH < 70%, the slopes of MO-OOA/
ACO versus ALWC during both periods were higher than those of LO-
OOA/ACO versus ALWC, indicating that the aqueous-phase reactions
were more important for the formation of OOA with higher degrees of
oxidation compared with the less oxidized species. Interestingly, Hu
et al. (2016) concluded that MO-OOA in Beijing during the winter was
mainly produced through photochemical processes.

Compared with the normal period, all secondary aerosol species/
ACO ratios during the lockdown period showed larger increasing rates
for similar ranges of RH. We note that nitrate (NOs) radicals form
through slow reactions of O3 with NO, and they also can react rapidly
with unsaturated species at night (Khan et al., 2008). The rate coefficient
of the production reaction can be represented by O3 x NOo, the latter
being a proxy for the NO3 radical. As shown in Fig. 6, the proxy was
larger during the lockdown period than during the normal period,
indicating the higher efficiency of NO3 radical formation. Furthermore,

the apparently higher formation efficiencies of nitrate/ACO, LO-OOA/
ACO, and MO-OOA/ACO during the COVID-19 lockdown period was
likely due to the increased abundances of the NO3 radical, which could
promote the formation of nitric acid and secondary organic aerosol
(Brown et al., 2006; Hallquist et al., 2009; Li et al., 2020a). Meanwhile,
aqueous-phase reactions when there was sufficient Os during the lock-
down period may have promoted the formation of secondary sulfate
aerosol (Meagher et al., 1990).

3.4. Contrasting pollution episodes before and during the COVID-19
lockdown period

Pollution episodes, defined as times when AQI > 100, occurred five
during the normal period (EP1, EP2, EP3, EP4, and EP5) and three
during the COVID-19 lockdown period (EP6, EP7, and EP8) (Fig. 1c).
Due to the possible impacts of fireworks displays, including those on the
Spring Festival Eve and the first two days (24 to 26 January) and the
Lantern Festival (8 to 9 February), EP5 and EP8 were excluded from
further analysis. As shown in Fig. 1, the wind speeds were quite stable
and low (mean values: 0.47-0.70 m s’l), and the prevailing winds were
from the south to northwest for the EPs—these are conditions often
associated with pollution events. For EP1, the sum of secondary inor-
ganic aerosols (nitrate + sulfate + ammonium) accounted for 47% of PM
mass on average, with nitrate showed the largest contribution (31%)
(Fig. 7d). Meanwhile, OA contributed an average of 44% to the PM mass,
and HOA was the largest contributor to OA (24%) (Fig. 7e). With
reference to formation processes during EP1, the PM mass concentra-
tions increased rapidly at rates of 16.4 pg m~> h~! from 00:00 to 10:00
on 3 January and 7.1 pg m~3 h™! from 00:00 to 08:00 on 4 January,
respectively (Fig. 1g). During these rapid increases in PM, the contri-
butions of OA to PM mass exceeded those from secondary inorganic
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aerosols; in fact, there were sharp increases in the relative loadings of
POAs and LO-OOA. There results highlight the likelihood that primary
emissions were a major cause for air pollution during the EP1.
Compared with EP1, the aerosol composition changed significantly
for EP2, EP3, and EP4 during the normal period. All of those events also
were in the normal period, and they showed higher secondary inorganic
aerosols contributions (52-54%) compared with EP1 (Fig. 7d). The
contribution of sulfate to PM increased about two-fold from EP1 to
EP2-EP4, which is consistent with the higher SORs for those events. As
shown in Fig. 1g, the concentrations of the three secondary inorganic
species combined always were the most abundant of the aerosol con-
stituents during these three pollution episodes. In addition, EP2-EP4
were characterized by the higher contributions of OOAs than POAs for
OA (52-56% for OOAs; 44-48% for POAs), indicating strong secondary
OA formation during the events. In particular, MO-OOA was the pre-
dominant contributor to OA (33-39%) which was much higher than that
on the EP1 (23%). Due to the comparable oxidation conditions (small
variability in O, and low Os situation, Fig. 7b) for EP1 to EP4, the rapid
increases in sulfate and MO-OOA on the EP2-EP4 were likely caused by
aqueous-phase reactions that were favoured by relative high RH con-
dition (71-79%, Fig. 7c); for comparison, the RH for EP1 was 56%.
Despite the restrictions on activities during the COVID-19 lockdown
period, two pollution episodes occurred. For EP6 and EP7, the contri-
butions of OA to PM (49-53%) were higher than that for the events
during the normal period. In contrast, the contributions of secondary
inorganic aerosols (40-44%) were smaller during the lockdown,
apparently as a result of large decreases in precursors (see NO,, Fig. 7a).
Although the average values for O, and ALWC were lower during
EP6-EP7 than those in EP1 (Fig. 7b and c), the higher mass fractions of
OOAs to OA (51-54%) were found during the EP6-EP7 than in EP1, and
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that can be explained by the greater atmospheric oxidation capacity (see
discussion in Section 3.3). This finding is quite different from the results
reported for Lanzhou city, that also was studied during the COVID-19
lockdown. In a study conducted there by Xu et al. (2020), the trends
in secondary OA during the lockdown implied a lower atmospheric
oxidation capacity. It is indicated that there are large differences in
aerosol pollution chemistry in different cities when control measures
were put in place. Air pollutions in both EP2-EP4 and EP6-EP7 were
characterized by high contributions of OOAs, and this highlights the
pervasive effects of secondary OA on air quality in the urban city. During
those events, the OOA composition varied substantially, presumably in
response to changes in photochemical oxidation and aqueous-phase
reactions. The higher RH may have promoted aqueous-phase reactions
that led to larger mass fractions of MO-OOA in EP2-EP4 relative to
EP6-EP7. In contrast, stronger photochemical oxidation during the
COVID-19 lockdown resulted in higher mass fractions of LO-OOA in
EP6-EP7 (Fig. 7e) compared with EP2-EP4 during the normal period.

4. Conclusions

This study was conducted to investigate the composition of partic-
ulate matter (PM) (organic aerosol (OA), nitrate, sulfate, ammonium,
chloride, and black carbon (BC)), the sources of OA, and the formation
processes of secondary aerosols in the urban city of Xi’an, China before
and during the COVID-19 lockdown period. The concentrations of PM
and its species decreased dramatically during the lockdown period with
reductions of 32-51%, and this is compelling evidence that restrictions
on human activities led to lower PM loadings. The PM during both pe-
riods was mainly composed of OA, followed by nitrate, ammonium,
sulfate, BC, and chloride, but the average contribution of OA to PM
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increased during the lockdown period. Moreover, the variations in
aerosol composition relative to PM mass highlighted the increased
importance of OA for air pollution during the lockdown period.

A hybrid environmental receptor model (HERM) was used to
deconvolve the OA data into contributions from six factors: four primary
OAs (POAs) (hydrocarbon-like OA (HOA), cooking OA (COA), biomass
burning OA (BBOA), and coal combustion OA (CCOA)) and two
oxygenated OAs (OOAs) (less-oxidized oxygenated OA (LO-OOA) and
more-oxidized oxygenated OA (MO-OOA)). The mass concentrations of
the POAs decreased by 17-58% after activities were restricted during
the COVID-19 lockdown period. The HOA showed the largest reduction,
and that can be explained by the strict restrictions placed on motor
vehicle usage. Although the lockdown did reduce emissions from
catering operations, the biomass burned in fields, and the use of coal by
industries, the residential use of biomass and coal for heating and
cooking were not restricted, resulting in the smaller declines in COA,
BBOA, and CCOA compared with HOA. Furthermore, the mass con-
centrations of LO-OOA and MO-OOA decreased by 21-35%, whereas the
OOA contributions to OA increased during the lockdown, indicating the
enhanced secondary OA formation capacity during the COVID-19
lockdown period.

Finally, the correlations of secondary aerosol species/ACO ratios
versus O, (NO3 + Os) indicated that photochemical oxidation was an

11

important process for the formation of nitrate and two OOAs. Mean-
while, all secondary aerosol species/ACO were strongly correlated with
the aerosol liquid water content (ALWC) under a RH threshold of
~70-80%, reflecting the importance of aqueous-phase reactions. In-
creases in O3 and NOgs radical during the lockdown favoured the for-
mation of secondary aerosols by increasing the atmospheric oxidation
capacity. The analysis of pollution episodes (EPs) showed that OA
instead of secondary inorganic species became the major contributor to
air pollution formation during the COVID-19 lockdown period, espe-
cially the LO-OOA produced by photochemical oxidation process.
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