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Abstract: Depending on various government policies, COVID-19 (Corona Virus Disease-19) lockdowns have had diverse impacts on
global aerosol concentrations. In 2022, Changchun, a provincial capital city in Northeast China, suffered a severe COVID-19 outbreak
and implemented a very strict lockdown that lasted for nearly two months. Using ground-based polarization Light Detection and Ran-
ging (LiDAR), we detected real-time aerosol profile parameters (EC, extinction coefficient; DR, depolarization ratio; AOD, aerosol op-
tical depth), as well as air-quality and meteorological indexes from 1 March to 30 April in 2021 and 2022 to quantify the effects of lock-
down on aerosol concentrations. The period in 2022 was divided into three stages: pre-lockdown (1-10 March), strict lockdown (11
March to 10 April), and partial lockdown (11-30 April). The results showed that, during the strict lockdown period, compared with the
pre-lockdown period, there were substantial reductions in aerosol parameters (EC and AOD), and this was consistent with the concentra-
tions of the atmospheric pollutants PM, 5 (particulate matter with an aerodynamic diameter < 2.5 um) and PM,, (particulate matter with
an aerodynamic diameter < 10 um), and the O; concentration increased by 8.3%. During the strict lockdown, the values of EC within
0—1 km and AOD decreased by 16.0% and 11.2%, respectively, as compared to the corresponding period in 2021. Lockdown reduced
the conventional and organized emissions of air pollutants, and it clearly delayed the time of seasonal emissions from agricultural burn-
ing; however, it did not decrease the number of farmland fire points. Considering meteorological factors and eliminating the influence of
wind-blown dust events, the results showed that reductions from conventional organized emission sources during the strict lockdown
contributed to a 30% air-quality improvement and a 22% reduction in near-surface extinction (0—2 km). Aerosols produced by urban
epidemic prevention and disinfection can also be identified using the EC. Regarding seasonal sources of agricultural straw burning, the
concentrated burning induced by the epidemic led to the occurrence of heavy pollution from increased amounts of atmospheric aerosols,
with a contribution rate of 62%. These results indicate that there is great potential to further improve air quality in the local area, and
suggest that the comprehensive use of straw accompanied by reasonable planned burning is the best way to achieve this.
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1 Introduction

In March and April 2022, Changchun, a provincial cap-
ital city in Northeast China, experienced the worst
COVID-19 (Corona Virus Disease-19) outbreak. Sub-
sequently, the government declared mandatory prevent-
ive isolation, dynamically classified the risk levels of
the epidemic in the region, formulated corresponding
administrative lockdown measures, closed all kinds of
enterprises (except livelihood-protection enterprises),
kept residents at home, and carried out a number of city-
wide disinfections to prevent cross-infection and try to
control the spread of COVID-19 (Liu et al., 2022). This
strict lockdown period was last from 11 Mach to 10
April. Subsequently, the epidemics was under control
and the government resumed the transport industry and
some business producing essential goods, and the cit-
izens were allowed walk around within their com-
munity (11-30 April), called as partial lockdown. Such
a long-term administrative lockdown provides a good
case study for research on possible further improve-
ments to air quality in cities in Northeast China. This in-
cludes the response of aerosol parameters to epidemic
changes, assessment of the maximum potential air qual-
ity, and the contributions of anthropogenic emission
sources (Collivignarelli et al., 2020; Nakada and Urban,
2020; Benchrif et al., 2021). Herein, using multisource
data (including aerosol LiDAR (Light Detection and
Ranging), satellite data, air-quality indexes, and meteor-
ological parameters), for the first time, we report the
characteristics and main causes of air-quality and aero-
sol changes during the epidemic period of Changchun,
Northeast China.

2 Materials and Methods

Multisource hourly data, including satellite-based fire
points, air-quality indexes (PM,s (particulate matter
with an aerodynamic diameter < 2.5 um), PM,, (particu-
late matter with an aerodynamic diameter < 10 pm),
SO,, NO,, CO, and O5), aerosol optical depth (AOD) at
532 nm, meteorological parameters (planetary boundary-
layer height: PBLH, air temperature, relative humidity,
precipitation, wind speed, and wind direction) in study
period (1 March to 30 April in 2021 and 2022) and LiD-
AR-based aerosol profile parameters (EC (extinction
coefficient), DR (depolarization ratio)) during pre-lock-

down (1-10 March), strict lockdown (11 March to 10
April), and partial lockdown (11-30 April), were ana-
lyzed for the evaluation of aerosol changes in the coun-
terpart periods of 2021 and 2022.

At the Northeast Institute of Geography and Agroeco-
logy, Chinese Academy of Sciences in Changchun City
(44°00'N, 125°24’E), we installed a ground-based polar-
ized LiDAR with a 532-nm wavelength laser launcher
produced by Jilin Hongke Photonics Corporation (HK-
LiDAR-V-1000), and obtained the data of aerosol para-
meters detected during the study period. The maximum
pump-pulse energy of this system is 12 mJ, the range
resolution is 7.5 m, it has an interval operating time of
20 s, and its detection blind area is 200-300 m. The DR
is defined as the ratio of the return signal in a perpendic-
ular to parallel polarization relative to the outgoing laser
light (Murayama et al., 1999).

The profiles of aerosol EC were derived using the in-
version algorithm of Fernald (1984), which holds that
aerosols and atmospheric molecules make up the atmo-
sphere together. The value of the AOD at 532 nm can
then be obtained from the integral of the EC (Gobbi et
al., 2000). The PBLH was calculated using the gradient
method based on LiDAR data. Daily straw-burning fire
points information was detected by Earth Observing
System AM-1 satellite named Terra, Earth Observing
System PM-1 satellite named Aqua and National Polar-
orbiting Partnership (NPP), and the data were obtained
from the Fire Information for Resource Management
System (https://firms.modaps.eosdis.nasa.gov/). Hourly
measurements of the urban air-quality index (AQI),
meteorological parameters, and atmospheric pollutants
(PM;y, PM, 5, SO,, NO,, CO, and Os) in Changchun
City were provided by the Environmental Monitoring
Center of Jilin Province. Relative changes in these in-
dexes among various stage of lockdown periods in 2021
and 2022 were analyzed using the R software package
(Lu et al., 2021).

3 Results and Discussion

In the Northeast China Plain, spring is a period in which
air pollution is typically the result of three main types of
emission source (Li et al., 2020). The first is conven-
tional emission sources of atmospheric pollutants from
production and daily life, including industrial, mobile,
and other residential sources. The second is coal com-
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bustion, because March and April are still in the period
where heating of buildings is required. The third and fi-
nal source is soil erosion and agriculture, which are sea-
sonal emission sources. With increasing wind speeds
and the melting of snow, bare desert and farmland soil
can easily form natural wind-blown dust. At the same
time, extensive agricultural activities in spring and open
burning of straw will increase the air-pollution levels
during this period (Shen et al., 2007; Chen et al., 2017).
Under the current straw-burning control policy, straw-
burning activities increase significantly in spring. Dur-
ing the strict lockdown period, industrial, mobile, com-
mercial cooking, and agricultural sources of air-pollu-
tion emissions were drastically reduced. Previous stud-
ies have shown that the strict lockdowns in Wuhan and
Beijing caused almost industry-wide stagnation and res-

ulted in significant air-quality improvements (Lian et
al., 2020; Hua et al., 2021). During the partial lock-
down period (11 April to 30 April), essential industry
sources gradually recovered, and agricultural farming
activities and biomass burning were again carried out on
a large scale.

To assess the impact of human-induced lockdowns on
air quality and aerosols, it is necessary to eliminate in-
terference from natural sources. Over 1 March to 30
April in 2021 and 2022, the daily air temperature,
relative humidity, and wind speed ranged from
—12°C-19.6°C, 21.2%-97.6%, and 1.2-7.6 m/s,
spectively (Table 1). During this period, the cumulative
mean daily precipitation varied from 10.1 to 18.1 mm,
with a maximum of 155.8 mm on 22 April 2022. In ad-
dition, atmospheric visibility was within the ranges

Ire-

Table 1 Meteorological parameters, air pollutants, aerosol prosperities, and their relative changes for different periods of COVID-19

lockdown in 2022 in Changchun City, China

Pre-lockdown Strict lockdown Partial lockdown Whole period
Parameter Year
Mean Min Max RC/% Mean Min Max RC/% Mean Min Max RC/% Mean Min Max RC/%
T,/ °C 2021 24 -120 57 - 6.1 -1.8 142 - 10.1 2.0 19.6 - 6.0 -12.0 19.6 -
2022 —02 43 7.0 - 32 8.0 167 - 112 34 192 - 53 80 192 -
Precipitation/ mm 2021 6.7 0.0 436 - 64 0.0 1014 - 175 0.0 106.7 - 10.1 0.0 106.7 -
2022 1.9 0.0 163  -72.1 214 0.0 1503 232.1 20.1 0.0 1558 149 18.1 0.0 1558 785
RH/ % 2021 52.6 36.0 69.7 - 483 212 97.6 - 46.1 215 874 - 483 212 976 -
2022 47.1 32,6 706 -—104 524 253 905 8.5 440 250 835 45 484 250 905 0.3
WS/ (m/s) 2021 34 1.7 5.8 - 3.0 12 56 - 33 1.6 54 - 32 1.2 5.8 -
2022 33 1.5 6.0 -2.6 3.5 1.6 7.6 16.8 3.8 1.9 69 14.4 3.6 1.5 7.6 12.5
Visibility /km 2021 18.0 84  30.0 - 11.6 48 19.6 - 11.6 7.0 149 - 126 48 30.0 -
2022 142 7.0 216 214 150 45 241 29.8 148 72 245 27.5 149 45 245 18.1
PM,o/ (ugm®) 2021 703 32.0 116.0 - 108.0 29.0 258.0 - 83.7 20.0 161.0 - 939 200 2580 -
2022 75.6 26.0 139.0 7.5 557 200 2750 -484 85.9 13.0 2760 2.6 67.1 13.0 2760 —28.5
PM,s/(ug/m’) 2021 429 18.0 78.0 - 527 12.0 141.0 - 37.6 10.0 85.0 - 46.1 10.0 141.0 -
2022 37.0 13.0 760 -—13.8 31.0 9.0 122.0 -412 503 9.0 139.0 337 37.1 9.0 139.0 -19.5
NO, / (ug/m®) 2021 35.0 19.0 47.0 - 392 19.0 68.0 - 30.1 14.0 46.0 - 355 140 68.0 -
2022 298 13.0 470 -149 151 80 240 —613 11.0 40 340 -63.6 156 40 47.0 -56.1
05/ (ug/m’) 2021  79.0 67.0 100.0 - 93.1 40.0 148.0 - 102.3 57.0 174.0 - 93.8 40.0 174.0 -
2022 813 69.0 107.0 29 100.8 54.0 159.0 8.3 1232 78.0 163.0 205 1045 540 163.0 114
AOD 2021 0.3 0.1 0.8 - 03 0.1 0.7 - 04 02 08 - 0.4 0.1 0.8 -
2022 04 0.1 0.8 6.6 03 0.1 07 -112 04 02 06 -16.0 0.3 0.1 08 -104
PBLH / km 2021 1.3 0.7 22 - 1.6 07 27 - 1.6 09 23 - 1.6 0.7 2.7 -
2022 1.5 0.7 2.4 20.9 1.7 04 26 43 1.6 08 28 —0.8 1.6 0.4 2.8 53

Notes: T,: air temperature; RH: relative humidity; WS: wind speed; AOD: aerosol optical depth; PBLH: planetary boundary-layer height; RC: relative change of

each parameter in 2022 as compared to 2021. pre-lockdown, strict lockdown, and partial lockdown represent the periods 1-10 March, 11 March to 10 April, and
11-30 April in 2021 and 2022, respectively
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4.8-30.0 km in 2021 and 4.5-24.5 km in 2022. In
March to April in 2022, there was an increase in accu-
mulated precipitation of 78.5% (8.1 mm), nearly
identical relative humidity, an increase in visibility of
18.1% (2.6 km), and an increase in wind speed of 12.5%
(0.4 m/s) compared to the same period in 2021. He et al.
(2017) studied meteorological parameters in the North-
eastern region of China during 2014-2015, and found
that an increase in wind speed can facilitate atmospher-
ic dispersion, which improved visibility. Therefore, the
changes in meteorological conditions in 2022 could
have mitigated atmospheric pollution to some extent
compared to the previous year. However, more ‘dust
days’ occurred in 2022 (24, 28 and 29 March and 3, 4,
7,9, 10, 19, 20, 21, 23, 25, 26 and 30 April) than in
2021 (15, 26, 27, 28 and 29 March and 2, 27 and 28
April). As the Gobi Desert, the Ortindag Sands, and the
Kerchin Sands are located in the western part of North-
east China, the frequent westerly winds in spring in-
crease the occurrence of dust and wind erosion of agri-
cultural land in the Northeast (Wang et al., 2004; Wang
et al., 2010; Zhao et al., 2022). Therefore, in 2022, com-
pared with the previous year, greater emissions of
coarse particulate matter in spring were caused by natur-
al conditions.

As can be seen from the Table 1, the lockdown signi-
ficantly reduced the concentrations of particulate matter
(PM, 5 and PM,,) and NO,, but it had little effect on the
O; concentration. During the study period in 2022, daily
average concentrations of PM;,, PM,s, NO,, and O;
varied from 13—276 mg/m’, 9-139 mg/m’, 4-47 mg/m’,
and 54—163 mg/m’, respectively. The concentrations of
most atmospheric particulates during the strict lock-
down period were lower than those in the pre-lockdown
and partial lockdown periods, indicating the significant
anthropogenic control of particulate emission sources;
some of the higher levels were mainly induced by wind-
blown dust from natural sources. Furthermore, NO,
concentrations decreased by 49% during the lockdown
period as compared to pre-lockdown, indicating a signi-
ficant reduction of mobile-source emissions. Compared
with 2021, the concentrations of atmospheric pollutants
during pre-lockdown in 2022 were comparable. The
mean concentrations of PM,q, PM, 5, and NO, during
strict lockdown significantly decreased, by 48.4%,
41.2%, and 61.3%, respectively. The concentrations of
PM,, and PM, s during partial lockdown increased by

2.6% and 33.7%, respectively. However, the concentra-
tion of NO, decreased by 63.6%. Previous studies have
shown that lockdowns have resulted in significant re-
ductions in NO, (Barcelona: 48%, New York: 51%, Sao
Paulo: 54%, and 22 cities in India: 18% on average), in-
creases in O (Barcelona: 45%, 22 cities in India: 17%,
and Sdo Paulo: 30%) and reductions in PM,s (New
York: 36%, 22 cities in India: 43% on average) (Na-
kada and Urban, 2020; Sharma et al., 2020; Tobias et
al., 2020; Zangari et al., 2020). Compared to other re-
gions of the world, NO, (Wuhan: 53%, Beijing: 60%)
and PM, s (Wuhan: 36%, Beijing: 35%) were reduced
significantly due to the strict lockdown in China (Lian et
al., 2020; Hua et al., 2021). Thus, with the support of
the strictest lockdown conditions, this study effectively
examined the maximum potential improvement of air
quality in the Changchun area.

During the first 10 d of the partial lockdown period,
the concentrations of atmospheric particulates in 2022
were significantly higher than those in the same period
0f2021, and the concentration of NO, was lower (Fig. 1).
According to the variations in the fire points, straw
burning was concentrated in two periods (25-31 March
and 15-18 April) in 2021, while in 2022 it was mainly
in the period 13—18 April, as shown in Fig. 1. Due to the
long duration of winter in Northeast China and the im-
pact of government straw restrictions, straw used to be
burned in the spring, i.e., within March and April (Fu et
al., 2022). However, because farmers were allowed to
return villages for farming, this resulted in an obvious
increase in air-pollutant emissions with the increase of
straw burning and the activities of agricultural ma-
chinery.

As shown in Fig. 1, during the study period, lock-
down resulted in a decrease in AOD at 532 nm. The
daily means of AOD and PBLH for the study period in
2022 ranged from 0.1 to 0.8 km and 0.4 to 2.8 km, re-
spectively. The PBLH from March to April 2022 in-
creased by 5.3% over the same period in 2021.Com-
pared with 2021, AOD values decreased by 0.0348
(11.2%) in 2022 during the strict lockdown and by
0.0679 (16.0%) during the partial lockdown. According
to research by Thomas et al. (2021), the AOD of the
Ganges Plain region (India) decreased by 10%—-25%
during the COVID-19 lockdown period. Due to the
strict lockdown, the AOD within the boundary layer de-
clined to half of that of the same period in Wuhan (an
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Fig. 1 Temporal variations in meteorological parameters (air temperature (7,), precipitation, relative humidity (RH), wind speed (WS)
and visibility), air pollutants including coarse particulate matter (PM,,), fine particulate matter (PM, 5), Nitrogen dioxide (NO,) and
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March to 30 April was divided into three main periods: pre-lockdown (1-10 March), strict lockdown (11 March to 11 April) and partial
lockdown (12 April to 30 April). In partial lockdown, the practices of agricultural tillage and important living and production enter-
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important transport hub in China), and it reached a min-
imum value of 0.125 (Yin et al., 2021). These results
confirm that the COVID-19 lockdown resulted in signi-
ficant changes in aerosol properties within the planetary
boundary layer.

Vertical profiles of EC are shown in Fig. 2, in which
cloud aerosols, dust aerosols, and smoke aerosols are

highlighted by light blue, yellow, and black frames, re-
spectively. There were two incidents of smoke from
straw burning in the period 1-11 April 2021, which is
the same period defined as strict lockdown in 2022.
Long periods of smoke-aerosol pollution events were
detected during 8—11 April 2021, while no smoke events
were detected during the same period in 2022 due to the
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strict lockdown. However, considering the effects of
concentrated straw burning, the EC within 2—4 km dur-
ing the lockdown period was significantly higher than
0.4 km™'. As reported in a previous study (Bhawar et al.,
2021), burning biomass in northern India created an aer-
osol layer near 2—4 km, but the fires negated the benefi-
cial effects of the government-imposed lockdown in
central India. Thus, the straw-burning events that oc-
curred in Changchun 2022 partially offset the impact of

the lockdown on aerosols while contributing to the ob-
served increase in PM, 5 values.

It can be observed, from the vertical profiles of DR
are shown in Figs.3 a, 3b, that the trend of DR vari-
ations were similar during pre-lockdown periods in
2021 and 2022. A decreasing trend in DR (Figs. 3c, 3d),
however, was evident during the beginning of the strict
lockdown period (16 March—26 March) caused by the
implementation of the lockdown policies. Besides, A
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notable difference of DR between 2021 and 2022 can be
seen in the near-surface DR in April (Figs. 3c—3h),
which was associated with more dust events of aerosol
pollution occurred in April 2022. The dust-aerosol layer
reached a height of about 2.5 km and persisted for more
than 12 h, as shown in Fig. 3f. During the strict lock-
down in March 2022, the average DR within 0-5 km
was 0.075, an increase of 34.8% over the same period in
the previous year. During the partial lockdown period,
although more dust events occurred, the DR fell by
14.3% and averaged 0.116. Typically, the DR of dust
particles is greater than 0.2, while the DR of anthropo-
genically contaminated aerosols was less than 0.1 (Xie
et al., 2008; Nemuc et al., 2013). According to a previ-
ous study (Tian et al., 2017), the regional mean DR in
Northeast China during previous spring seasons was

Pre-lockdown

1-11 March, 2021 16—26 March, 2021

Strict-lockdown

greater than that in other seasons, with a mean above
0.1. Furthermore, the particle DR of dust aerosols in
East China decreased by 40.3% during the lockdown
period in 2021 compared to the same period in 2018
(Chen et al., 2021). This implies that the optical proper-
ties of aerosols were significantly reduced during dusty
weather due to reduced human activity as a result of
COVID-19 control measures.

To exclude the natural influence of sandstorms and to
explore the link between human activities and aerosols,
we omitted the parts of the data set that were related to
dust particles (DR > 0.2). The resulting vertical distribu-
tion of the aerosol EC obtained from the ground-based
LiDAR data set during the day (06:00—18:00) is shown
in Fig. 4. The maximum value of the average EC oc-
curred at the lowest detectable height, which ranged
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Fig. 4 Vertical distributions of extinction coefficient with the removal of sandy weather conditions for the pre-lockdown, strict lock-
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extinction coefficient for each period and the horizontal lines represent the standard deviations of extinction coefficient (a—h). Black
curves indicate the relative changes in extinction coefficient in 2022 compared to that in 2021 (i-1)
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from 0.2 to 0.4 km . During the strict lockdown period
in 2022, the mean EC at 0-2 km altitude decreased by
42.7% compared to the pre-lockdown period and by
0.02 (15.0%) compared to the same period in 2021. The
EC values within 2 km during the lockdown were signi-
ficantly lower than those during the same period last
year (Figs. 4j and 4k). Following the exclusion of dust
aerosols, we observed that the range of ECs within 2 km
altitude for all periods in 2022 was smaller than that in
2021. This suggests that the lockdown was effective in
mitigating particulate aerosol pollution in the near-sur-
face layer. These findings help deepen the understand-
ing of the relationship between anthropogenic controls
and aerosol pollution, and they provide scientific sup-
port to governments for developing pollution-control
plans.

4 Conclusions

Changchun, the Chinese city that was intensely affected
by COVID-19 in 2022, was closed for nearly two
months, drastically reducing the intensity of emissions
from anthropogenic sources (e.g., mobile and industrial
sources). During the strict lockdown period, the surface
concentration of NO, decreased by more than 61%, par-
ticulate matter decreased by 41%, ozone increased
slightly, and the EC in the vertical profile of particulate
matter decreased by 11%-33%. These changes in air
pollutants during this period provide an indication of the
potential for urban air-quality improvement. However,
with the resumption of production by key industrial en-
terprises and agricultural activities, especially straw
burning, the concentrations of surface particulate matter
and the vertical EC increased significantly, by 37%—69%,
during the partial lockdown period, indicating the im-
portance of management and control of open burning of
straw in spring. This provides a scientific basis for fur-
ther improvements in air quality in the region.
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