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In response to the COVID-19 outbreak, severe steps have been taken to control
its rapid spread by countries globally. A nationwide lockdown was executed at
the end of January 2020 in China, which resulted in a significant change and an
improvement in air quality patterns. In this study, the objectives were to assess
the spatiotemporal impact of the COVID-19 lockdown on air quality in Nanjing,
China. The present study researched the six air pollutant parameters, namely,
PMio, PM5 5, SO,, NO,, CO, and Os. The data were divided into six periods,
P1-P3: pre-lockdown, during lockdown, and after lockdown periods, P4—-P6:
2017-19 (same dates of lockdown). The results reveal that during the COVID-19
control period, a significant drop and an improvement in air quality were
observed. According to our findings, the PM;g, PM55, SO, NO,, and CO
concentrations were reduced by -33.03%, -35.41%, -21.26%, -39.79%, and
-20.65%, respectively, while the concentration of Oz significantly increased
by an average of 104.85% in Nanjing. From the previous 3 years to lockdown
variations, PMg (-40.60%), PM, 5 (-40.02%), SO, (-54.19%), NO, (-33.60%), and
CO (23.16%) were also reduced, while Oz increased (10.83%). Moreover,
compared with those in the COVID-19 period, the levels of PMyg, SO,, NO,,
CO, and Os increased by 2.84%, 2855%, 4.68%, 16.44%, and 37.36%,
respectively, while PM, s reduced by up to -14.34% after the lockdown in
Nanjing. The outcomes of our study provide a roadmap for the scientific
community and local administration to make policies to control air pollution.
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1 Introduction

A novel disease later named coronavirus disease 2019
(COVID-19) was first identified at the end of 2019, in
Wuhan, China. Due to this contagious disease, a health
emergency had been declared by the World Health
all the world (World Health
Organization 2020). More than 210 countries had been
affected by COVID-19 within 6 months (Wang C et al., 2020).
According to a report, about 18,354,342 were affected by the
COVID-19 pandemic on 5 August 2020 (World Health
Organization 2020). To control the rapid spread of this virus,

Organization around

forced restrictions and control measures were implemented by
many countries and nations (McMahon 2020). In this scenario,
the air quality significantly improved during the lockdown time.
For instance, during the COVID-19 pandemic lockdown period,
a sharp drop in air pollution was noticed in several areas and
regions all around the world shown by satellite images
(Holcombe and O’Key 2020). The lockdown is vital to the
public health response to COVID-19, and it has also brought
unexpected benefits for the environment (Abdullah et al., 2020;
Bhatti et al., 2022a).

Many studies reported that due to these restrictions, a
remarkable reduction was found in the concentrations of
almost all air pollutants around the globe (Bao and Zhang
2020; Li at al., 2020; Zambrano-Monserrate and Ruano 2020).
For instance, according to Berman and Ebisu’s study (2020), due
to the COVID-19 pandemic lockdown, a significant decline was
reported in the concentration of PM, 5 (11%) and NO, (26%) in
the United States. Shakoor et al. (2020) reported that during the
COVID-19 pandemic lockdown, the concentrations of CO, NO,,
and PM, s were decreased by 19%, 37%, and 1.1%, respectively, in
the United States. Their results demonstrate that the
concentrations of CO, NO,, SO,, PM,s and PM,, were
decreased by 27%, 39%, 18%, 18%, and 38%, respectively, in
China. Another study illustrates that in India and China, the
lockdown measures brought positive impacts and decrease in
PM, s and NO, concentrations, to be reduced by an average of
65%, 66%, and 45%, 37%, respectively (Agarwal et al., 2020).
Meanwhile, it is evident by the study of Sharma et al. (2020) that
during the COVID-19 pandemic lockdown period, due to shut
down and strict restrictions, an improvement in air quality levels
was observed. Their results indicate that during the lockdown
period, the concentrations of PM;o, PM,s, NO, and SO,
decreased by 24-44%, 23-58%, 30-64%, and 35-70%,
respectively. According to Zambrano-Monserrate et al. (2020)
just after the execution of lockdown, the concentrations of PM, 5
and NO, were significantly reduced. Another study identified the
reduction in pollutant emissions along the Yangtze River Delta
using satellite and observed data. The study finds that the water-
soluble ions (WSI) were decreased during lockdown and
pollutant levels also followed a reduction during the lockdown
period (Wang et al., 2021a; Wang et al., 2021b). A similar study is
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carried out to observe the change of urbanization during
COVID-19, and it was observed that pollutant levels in larger
cities are more than that in smaller cities (Shen L et al., 2021). Air
pollution results in Brescia also show a similar decrease in air
pollutants due to lockdown restrictions. A study shows that
the
lockdown period, which allowed to reach a significant

despite reduction in emission sources during the
reduction of NOx emissions, the PM levels did not have a
similar trend if the annual (not the mean in 3 years) decrease
of PM is considered (Bontempi et al., 2022).

To prevent the large-scale spread of the COVID-19
pandemic, China was the first country to carry out a
nationwide lockdown to shut down all essential activities such
as transportation, educational institutions, markets, and
commercial and industrial activities at the end of January
2020 (Tian et al, 2020; Wang Y et al, 2020). Many
researchers found that during this period, China found a new
pattern of air quality (Chu et al.,, 2020; Xu et al., 2020; Zheng et al.,
2020). Compared to 2017-19, in 366 urban areas and territories
across China, the concentrations of particulate matter with an
aerodynamic diameter of <10 and 2.5 um, SO,, NO,, and CO
were decreased, while the concentrations of O increased (Chen
et al,, 2020). Due to the reduced economic activities and energy
consumption in China during the COVID-19 pandemic, NO,
concentration was significantly reduced, as reported by NASA
(NASA 2020). Meanwhile, concentrations of PM;,, PM, s, and
NO, also decreased during the lockdown period, while those of
SO, and Oj increased in Hangzhou, China. During the COVID-
19 pandemic lockdown in northern China, reduced economic,
social, and industrial activities resulted in substantial
improvement in air quality (Wang L et al., 2020).

Our study assessed the six air pollutant parameters (PM;,,
PM, 5, SO,, NO,, CO, and Os) in Nanjing, using daily average
data obtained from nine monitoring sites. During the COVID-19
pandemic, our study determined the impact of lockdown and
discovered new findings and substantial changes in the selected
air pollutant parameters. Compared with a number of studies
related to COVID-19, our study provides better results with a
new pattern (Agarwal et al., 2020; Anil and Alagha, 2020; Islam
et al., 2020; Kumar et al., 2020; Singh and Chauhan 2020; Aamir
et al,. 2021; Borhani et al., 2021; FEl-Sheekh and Hassan 2021;
Shen N et al,, 2021). The objective of the current study was to 1)
evaluate the spatiotemporal impact of the COVID-19 lockdown
measures on air quality in different time periods, 2) determine
the variation, and 3) find out the air pollutant concentrations
from the previous 3 years to the lockdown period. The study
provides valuable materials and new findings for the scholars and
local bodies to make policies to improve and control air
pollution.

The remainder of the article is organized as follows: section 2
presents the study area, air quality data, study period, data
analysis, and the model. Section 3 presents the results and

discussion. Section 4 discusses the conclusions.
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Geographical location and the air pollution monitoring sites in Nanjing.

2 Materials and methods

2.1 Study area

Nanjing, the capital of Jiangsu Province, is one of the most
economic hubs of the Yangtze River Delta (YRD) with a large
population and well-developed industrial and manufacturing
zones. Due to rapid development in different sectors, the city
has been facing extreme air pollution in recent years (Zu et al.,
2017). Nanjing lies between latitude 31°14" and 32°37' and
longitude 118°22" and 119°14’ with 11 districts that can be
divided into three regions, urban, rural, and suburban,
With a density of
of Nanjing was

covering an area of 6596 km’
8500 people/km? the population
approximately 8.34 million according to 2019. The city has
four distinct seasons having a subtropical monsoon climate
(Nanjing Municipal Government 2018). The main and vital
industries in Nanjing are automobile, electronics, steel
smelting, and petrochemical.

Presently, a total of nine monitoring stations are working to
monitor and record air pollutant concentrations in Nanjing, and

their locations are shown in Figure 1.

2.2 Air quality data and study period

To assess the impact of nationwide lockdown on air
pollution, daily average concentrations of the six air
PM,, with
diameters of <10 um), PM,s (particulate matter with

pollutants, namely, (particulate matter
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118°28E 18°50E 119°12E
diameters of <2.5um), SO, (sulfur dioxide), NO,
(nitrogen dioxide), CO (carbon monoxide), and O;

(ozone) were collected from the Nanjing Environmental
Monitoring Centre. A total of nine monitoring stations

are working to collect and record air pollutant

concentrations in Nanjing. According to the Technical
of Ambient Air Quality
Monitoring Stations of China, these nine monitoring

Regulation for Selection
stations belong to different areas that are Xianlin, Pukou,

Xuanwuhu, Ruijinlu, Caochangmen, Maigaogqiao,
Zhonghuamen, Shanxilu, and Aotizhongxin. In our study,
the data were divided into six periods, pre-lockdown:
11 November 2019 to 24 January 2020 (75 days),
lockdown period: 25 January 2020 to 8 April 2020
(75 days), post-lockdown: 9 April 2020 to 22 June 2020
(75 days), P4-P6: same dates of lockdown in 2017, 2018,

and 2019.

2.3 Data analysis

In this study, summary statistics were calculated during the
study period for different variables. This study investigates variations
in concentrations of air pollutants in multiple periods as described in
the abovementioned lines. In our analysis, the net difference and
percentage change were also examined. Box plots were generated to
represent the concentrations of these pollutants during the study
period. In addition, during the lockdown period, to investigate the
relationships between the air pollutants, linear regression analysis
was performed.
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FIGURE 2

Daily average concentrations of PMyg, PM, 5, SO,, NO,, CO, and Os during the all-study periods in Nanjing.

2.4 HYSPLIT model

The backward trajectories were calculated to study the
transport pathways of air mass reaching Nanjing using the
NOAA HYSPLIT model (https://ready.arl.noaa.gov/HYSPLIT.
php). The model is widely used in atmospheric research and
pollution process analysis. The backward trajectories were
plotted to identify the sources of air mass in the three
periods, pre-LD, active-LD, and post-LD in Nanjing. These
trajectories were analyzed for 72 h, starting every 6h each
day. Stein et al. (2015) discussed the details of the HYSPLIT
model.

3 Results and discussion

3.1 Understanding the pattern of
particulate matter

Due to the large-scale spread of the COVID-19 pandemic,
the Government of the People’s Republic of China imposed a
lockdown in late January 2020. Consequently, pollution levels
during the lockdown period across the country have significantly
reduced. According to many studies, a sudden decrease in
pollutant concentrations was observed all around the world
(Abdullah et al., 2020; Bao and Zhang 2020; Li et al., 2020;
Zambrano-Monserrate and Ruano 2020; Bhatti et al., 2022b).
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The concentration patterns of particulate matter and variations
are shown in Figure 2 and Tables 1, 2, 3. Our results demonstrate
that compared to the pre-lockdown period, a notable reduction
in the concentrations of particulate matter was observed in
Nanjing, China. According to the obtained results, the
concentrations of PM,;, and PM,s reduced by -33.03%
and -35.41%, respectively, during the COVID-19 lockdown
period in Nanjing. According to the study by Shakoor et al.
(2020), an approximately 38 and 18% reduction in the
concentrations of PM;, and PM, 5 were recorded, respectively,
during the lockdown period in China. Another study stated by
Berman and Ebisu (2020) revealed that during the COVID-19
pandemic lockdown period in the United States, there was a
decline in PM, 5 concentration (11%). In urban areas and
regional areas, road dust, transportation, and industrial and
construction activities are the main and important sources of
particulate matter. The reduction in these sources caused a
massive decrease in the concentrations of particulate matter in
many areas during the COVID-19 pandemic lockdown (Mor
et al, 2021). In addition, the study showed that the
concentrations of PM;, and PM, 5 decreased by -15.50% and
-32.77%, respectively, from pre- to post-periods in Nanjing. In
these findings, the reduction in the concentration of PM, s was
higher than that of PM,j.

Our results demonstrate that in comparison to last year
(2019), PM,;o and PM,s concentrations showed decreasing
trends, reduced by an average of -39.23% and -41.10%,
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TABLE 1 Daily average concentration and variation of pollutants in different time periods in Nanjing.

Pollutants Before lockdown During lockdown Avg. before After lockdown Variation Variation

and during (during and (after

lockdown before lockdown and

lockdown) avg. of before
and during
lockdown)
Net % Net %

PM;, Max 197.33 131.57 164.45 140.64 -65.76  —33.32 -23.81 -14.48
Min 815 54.58 68.04 56.13 -2692  -33.03 -11.91 -17.50
Avg 9.1 8.77 8.94 9.29 -0.33 -3.63 0355 3.97
PM, 5 Max 153.29 103.56 128.43 54.95 4973 3244 7348 -57.21
Min 50.97 3292 41.95 28.2 -1805  -3541 ~13.75 -32.77
Avg 8.9 5.52 721 4.14 -3.38 -37.98 -3.07 -42.58
SO, Max 74 2427 49.14 37.32 -4973  -6720  -11.82 -24.05
Min 823 6.48 7.36 833 -1.75 -2126 098 13.26
Avg 13 113 1.22 1.04 -0.17 ~13.08 -0.175 ~14.40
NO, Max 122.26 80.86 101.56 80 -414 -3386 2156  -2123
Min 53.25 32.06 42.66 33.56 2119 -3979  -9.10 -21.32
Avg 7.58 242 5 8.46 -5.16 -68.07 346 69.20
CO Max 223 1.39 1.81 1.64 -0.84 -37.67 017 -9.39
Min 0.92 0.73 0.825 0.85 -0.19 ~20.65 0.03 3.03
Avg 0.14 0.14 0.14 0.1 0 0.00 -0.04 -28.57
05 Max 87.79 11571 101.75 211.25 27.92 31.80 109.50 107.62
Min 32.76 67.11 49.935 92.18 3435 104.85 4225 84.60
Avg 3.63 10.62 7.125 21.92 6.99 192.56 14.80 207.65

respectively. Compared with the last 3 years (2017-19), Nanjing
experienced a high reduction in the concentrations of PM,, and
PM, 5 by —40.60% and —40.02%, respectively. It can be seen that
PM,, and PM, 5 showed similar decreasing trends in this period.
A similar pattern was evident by Chen et al. (2020) compared to
the corresponding years (2017-19), and the concentrations of
particulate matter (PM;o, PM, 5) showed a diminishing tendency
during the COVID-19 pandemic lockdown period in China.
Furthermore, Mahato et al. (2020) reported that during the
lockdown period, a significant improvement in the particulate
matter was recorded as compared to the previous 3 years
(2017-19) in megacity Delhi, India. Islam et al. (2020) found
that PM;, and PM, 5 showed a momentous drop from last year
(2019) to the lockdown period in Bangladesh. Due to the
execution of lockdown in different areas and regions of the
all
transportation, construction, and educational, cultural, and

world, essential activities were stopped, such as
industrial activities, which caused a fall in air pollutant levels.

Moreover, compared with the lockdown period, a slight
increase in PM;, concentration (2.84%) was found, while in
contrast, PM, 5 showed a decreasing trend (-14.34%) after the
lockdown period in Nanjing. Compared with the lockdown

period, the increase in PM;, concentration can be attributed
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to the increase in transportation and industrial and construction
activities after the lockdown (Mor et al., 2021). In comparison to
the preceding 3 years (2017-19), a substantial reduction in PM
concentrations was seen after the COVID-19 pandemic
lockdown in Nanjing. The results indicate that compared with
those in the last 3 years (2017-19), PM;, and PM, s showed
decreasing trends, reduced by an average of -38.91%
and —48.62%, respectively. We can observe that the reduction
ratio in PM, 5 concentration is greater than that of PM;,. In
summary, a drastic drop and an improvement in PM
that the COVID-19 pandemic
lockdown measures have a considerable impact on changing

concentration indicate

and improving PM concentration in Nanjing.

3.2 Sulfur dioxide

The results demonstrate that during the lockdown period due
to the COVID-19 pandemic, the concentration of SO, decreased
by —21.26% as compared to that of the pre-lockdown period in
Nanjing. The SO, concentration pattern is shown in Figure 2,
and variations in SO, during the study period are presented in
Tables 1-3. Coal, diesel, power plants, vehicular traffic, and

frontiersin.org
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TABLE 2 Daily average concentration and variation of pollutants during 2017-20 in Nanjing.

Pollutant 2017 2018 2019 Avg. of 2017-2019 2020 Variation Variation
(2020 and 2019) (2020 and avg. of
2017-19)
Net % Net %

PM,

Max 210.75 227.25 179.25 205.75 131.57 -47.68 ~26.60 ~74.18 -36.05

Avg 91.84 93.99 89.81 91.88 54.58 -35.23 -39.23 -37.30 -40.60

Min 24 21 19.37 21.46 8.77 -10.6 -54.72 -12.69 -59.13
PM, 5

Max 104.67 192 137.13 144.60 103.56 -33.57 -24.48 ~41.04 -28.38

Avg 53.86 54.9 55.89 54.88 3292 -22.97 -41.10 -21.96 ~40.02

Min 10.24 8.4 1138 10.01 5.52 ~5.86 -51.49 -4.49 ~44.84
SO,,

Max 39.5 36.3 29.38 35.06 2427 -5.11 ~17.39 ~10.79 -30.78

Avg 18.17 12.9 1137 14.15 6.48 ~4.89 -43.01 ~7.67 -54.19

Min 533 2 1 2.78 1.13 0.13 13.00 -1.65 -59.30
NO,

Max 124.83 1347 105.79 121.77 80.86 -24.93 -23.57 ~40.91 -33.60

Avg 51.53 49 44.33 4829 32.06 -1227 -27.68 ~16.23 ~33.60

Min 8.54 143 10.42 11.09 242 -8 ~76.78 -8.67 ~78.17
co

Max 228 2.09 245 227 1.39 ~1.06 -43.27 -0.88 ~38.86

Avg 117 0.8 0.88 0.95 0.73 -0.15 ~17.05 -0.22 -23.16

Min 04 0.1 0.12 021 0.14 0.02 16.67 -0.07 -32.26
05

Max 137.71 126.53 121.88 12871 11571 -6.17 -5.06 ~13.00 -10.10

Avg 66.34 58.46 56.86 60.55 67.11 10.25 18.03 6.56 10.83

Min 13.92 13.85 3.17 1031 10.62 7.45 235.02 031 2.97

industrial and manufacturing activities are the main sources of
SO, (Lu et al., 2013). During the lockdown period, these types of
activities reduced significantly, which resulted in a decline in SO,
concentration. Shakoor et al. (2020) reported similar findings
that the concentration of SO, decreased by 18% during the
lockdown period, compared to the pre-lockdown period in
China. Another study documented by Sharma et al. (2020)
witnessed that during the lockdown period, SO, showed a
declining trend as compared to that in the pre-lockdown
period. Additionally, the results indicated that compared with
the pre- and during-lockdown periods, the city found an
increasing trend in SO, concentration (13.26%). Meanwhile,
compared with last year (2019) (same dates of lockdown), a
significant decreasing trend was observed in SO, concentration
by approximately —43.01%. According to Wang Y et al. (2020)
and Islam et al. (2020), compared to last year (2019), SO,
concentration has decreased during the lockdown period in
China and Bangladesh. Mahato et al. (2020) also found
similar results that in comparison to the last year, SO,
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concentration was reduced during the said time period in
Delhi, India.

The current study found that in comparison to the previous
3years (2017-19), SO, showed a high decreasing trend of
approximately —54.19% in Nanjing as shown in Table 2. We
can observe that in these findings, the reduction spell in the
concentration of SO, was greater than that of the previous 3 years
than last year (2019) in the city. According to Chen et al. (2020),
compared to the last 3 years (2017-19), SO, concentration has
reduced in China. Similar results were reported that compared to
the last 3 years during the said time period, SO, concentration
was decreased in megacity Delhi, India (Mahato et al., 2020). Our
results indicate that the concentration of SO, increased by
28.55% from the active- to post-lockdown period, while
compared with the last 3 years 2019-17 (same time frame of
lockdown), the SO, concentration showed a declining trend
(-41.12%) after the lockdown period in Nanjing (Table 3).
Overall, the results revealed that the COVID-19 pandemic
lockdown has noteworthy impacts and

on changing
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TABLE 3 Daily average concentration and variation of pollutants in different time periods in Nanjing.

Pollutant 2017 2018 2019 Avg.
of
2017-2019

PM,,

Max 210.75 227.25 179.25 205.75

Avg 91.84 93.99 89.81 91.88

Min 24 21 19.37 21.46
PM, 5

Max 104.67 192 137.13 144.60

Avg 53.86 54,9 55.89 54.88

Min 1024 84 1138 10.01
SO,

Max 395 36.3 29.38 35.06

Avg 18.17 12.9 1137 14.15

Min 533 2 1 278
NO,

Max 124.83 1347 105.79 121.77

Avg 51.53 49 44.33 4829

Min 8.54 143 10.42 11.09
CO

Max 228 2.09 245 227

Avg 117 0.8 0.88 0.95

Min 04 0.1 0.12 021
O;

Max 137.71 126.53 121.88 128.71

Avg 66.34 58.46 56.86 60.55

Min 13.92 13.85 3.17 1031

diminishing SO, concentration during the study period in
Nanjing.

3.3 Nitrogen dioxide

The NO, concentration patterns are shown in Figure 2, and
variations in NO, are presented in Tables 1-3. Generally, NO, is
released from vehicular emissions, fossil fuels, natural fires,
lightning, and soils (Reddy et al, 2012). The results of our
study demonstrate that compared with the lockdown period, a
sizeable decline was observed in NO, concentration by
approximately -39.79 in Nanjing. This reduction in NO,
concentration could be attributed to the reduced industrial
and vehicular emissions during the lockdown period in
Nanjing. The most momentous similarity with our results is
from the study by Shakoor et al. (2020) that the NO,
concentration was reduced by -39% during the lockdown
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During After Variation Variation
lockdown lockdown (after and (after
(2020) during lockdown and

lockdown) avg. of

2017-19)

Net % Net %
131.57 140.64 9.07 6.89 —65.11 -31.65
54.58 56.13 1.55 2.84 -35.75 -3891
8.77 9.29 0.52 593 -12.17 -56.70
103.56 5495 -48.61 -46.94 ~89.65 -62.00
32.92 28.2 -4.72 ~14.34 ~26.68 -48.62
5.52 4.14 -1.38 ~25.00 —5.87 -58.63
24.27 37.32 13.05 53.77 2.26 6.45
6.48 8.33 1.85 28.55 -5.82 —41.12
1.13 1.04 -0.09 -7.96 ~1.74 -62.55
80.86 80 -0.86 -1.06 -41.77 -34.30
32.06 33.56 15 468 ~14.73 -30.50
2.42 8.46 6.04 249.59 -2.63 -23.69
1.39 1.64 0.25 17.99 -0.63 -27.86
073 0.85 0.12 16.44 -0.10 -10.53
0.14 0.1 -0.04 -28.57 —0.11 -51.61
115.71 21125 9554 8257 82.54 64.13
67.11 92.18 25.07 37.36 31.63 5223
10.62 21.92 113 106.40 11.61 112.54

07

period in China. Another study documented by Agarwal et al.
(2020) also supported our results that during the COVID-19
control period, NO, levels decreased by -37%, in China.
According to Bao and Zhang (2020) during the lockdown
NO,
concentration in many areas and regions across China. All of

period, a significant decline was observed in
these findings support our results that NO, concentration was
reduced during the lockdown period in Nanjing. In addition, our
findings demonstrate that after the lockdown, NO, concentration
decreased by approximately -21.32% in comparison to the pre-
and during-lockdown periods in Nanjing. The reduction ratio in
NO, was quite lower after the lockdown than during the pre- and
during-lockdown periods and during the lockdown in
comparison to the pre-lockdown period.

The results indicate that compared with the last year (2019), there
was a marked decline in NO, concentration, to -27.68%, during the
lockdown period, while in comparison to the previous 3 years

(2017-19), NO, has been reduced by up to -33.60%. Chen et al.
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(2020) reported that in comparison to the last year (2019), NO,
showed a declining trend during the lockdown period in China. Islam
et al. (2020) also found that compared to the last year (2019), an
approximately 35-45% reduction in NO, concentration has been
observed in Bangladesh. According to Fu et al. (2020), in comparison
to the last 5 years (2015-19), NO, concentration was at its lowest level
during the lockdown period, and while compared with the last year
(2019) measurements, NO, was reduced by approximately 34.7% in
North China. Another study revealed that compared to the last 3 years
(2017-19), NO, was reduced significantly during the lockdown period
in Delhi (India) (Mahato et al., 2020). Our results demonstrate that
compared with the lockdown period, there was a slight increase in
NO, concentration by 4.68% after lockdown while compared to the
last 3 years (2017-19), and NO, has been reduced by an average of
-30.50% in Nanjing. The increasing spell in NO, concentration after
lockdown compared with the lockdown period could be attributed to
the winter-summer change (Ghosh et al, 2017). In summary, the
results show that the COVID-19 pandemic lockdown and forced
restrictions have a momentous impact on changing and upgrading
Nanjing’s air pollution.

3.4 Carbon monoxide

CO is mainly a colorless gas emanated from biofuel burning,
vehicular emission, agricultural waste burning, and combustion of
fossil fuels (Hasnain et al,, 2021). Figure 2 shows the concentration
pattern of CO, and variations in CO are presented in Tables 1-3.
According to our findings, from pre to during lockdown, CO levels
decreased by approximately -20.65% in Nanjing. This reduction in
CO concentration can be attributed to the restriction on
transportation and industrial activities during the COVID-19
control period. According to Sulaymon et al. (2021), during the
lockdown period, the concentration of CO reduced in Wuhan, China.
A significant decrease in CO concentration was also observed from
pre to active lockdown in Delhi, India (Mahato et al, 2020).
Compared with the pre and lockdown periods, CO showed an
increasing trend after the lockdown period. The results reveal that
the increase in the concentration of CO was 3.03% after the lockdown.
This shows that the increase in CO levels was due to regular actions
such as transportation and industrial activities after the lockdown.

The results demonstrate that compared with last year (2019), the
city experienced a sizeable decline in the levels of CO. During this
window of time, the reduction in CO was —17.05% in Nanjing. Islam
et al. (2020) reported that during the lockdown phase, CO exhibited
a declining trend compared with the previous year in Bangladesh.
Moreover, compared with the last 3 years, the concentration of CO
decreased a significant level. We found a remarkable change and
decrease in CO concentration by up to —23.16% in Nanjing. It can be
noted that the declining value in the concentration of CO was higher
in the previous 3 years to the COVID-19 control period than in the
last 1 year to the COVID-19 period. A study reported by Hasnain
et al. (2021) supports our findings, which indicates that from the
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previous 3 years to the lockdown period, the concentration level of
CO has decreased. Furthermore, the concentration of CO showed an
increasing trend from the lockdown period to the post-lockdown
period, which increased by approximately 16.44%. Compared with
the previous 3 years, CO presented an opposite pattern, to be
decreased by up to —10.53% in Nanjing. The results suggest that
the COVID-19 lockdown has a large impact on CO concentration.

3.5 Ozone

In the analysis of O3, compared with the pre-lockdown period,
we found a significant increase in O; levels during the COVID-19
period in Nanjing. The results indicate that from pre to during the
lockdown periods, the levels of O increased by up to 104.85%, and
while compared with the pre and during the lockdown periods, the
rising value in the concentration of O; was 84.60% in Nanjing.
Figure 2 shows the concentration pattern of O; and variations in O
are presented in Tables 1-3. Previously, it has been reported that
during the lockdown period, the concentration level of O; increased
in China (Fu et al, 2020; Hasnain et al, 2021). Another study
documented by Islam et al. (2020) showed that during the COVID-
19 period, O; concentration decreased in Bangladesh.

O3 is mainly emitted from sunlight, volatile organic compounds
(VOCs), and nitrogen oxides (NOx) (Lal et al,, 2020). Compared
with last year (2019), O; showed a similar trend, to be increased by
an average of 18.03% in Nanjing (Table 2). From the previous
3 years to the lockdown period, our study showed that the increasing
value for O3 was 10.83%. According to Fu et al. (2020), during the
lockdown period, Os levels increased in Guangxi, South China
compared with that in the previous 4years. During the
lockdown period in Wuhan, Sulaymon et al. (2021) reported that
05 concentration was increased. Compared to last year (2019), the
increasing spell in the concentration of O3 was greater than in the
previous 3 years to the lockdown period in Nanjing.

Moreover, our results reveal that the concentration of Os
continuously increased during the lockdown period to post-
lockdown period in Nanjing. The decreasing value during this
period was 37.36% while compared with the last 3 years to the
post lockdown period, and Oj; levels increased by approximately
52.23%. It should be noted that in opposition to other pollutants, O
is the only pollutant that showed an increasing trend during the all-
study periods in Nanjing. Previously, it was reported by Hasnain
etal. (2021) that during the post-lockdown period, the concentration
of O3 had increased. The results suggest that from the COVID-19
control period to the post-lockdown period, the increase in the
concentration of O3 was due to the winter-summer change.

3.6 Backward trajectory analysis

The backward trajectories were plotted to trace the sources of
air masses during the pre-LD, active-LD, and post-LD periods in
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FIGURE 3

HYSPLIT backward trajectories over Nanjing (A) pre-lockdown, (B) during the lockdown,

and (C) post-lockdown.
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FIGURE 4

Co-relationships between air pollutants during the lockdown period in Nanjing.

Nanjing (Figure 3). The backward trajectories were analyzed for
72 h, starting every 6 h each day. We can see that during the pre-
LD period, the trajectories originated from Siberia and passed
through Mongolia and northwestern China. During the active-
LD period, the air mass comes from the northwest of Mongolia
and passed through the Liaoning Province before arriving in
Nanjing. During the post-LD period, the air mass comes from
Inner Mongolia and passed near the Beijing-Tianjin-Hebei
(BTH) region and the East China Sea before reaching
Nanjing. The air masses that are coming from Mongolia and
passing near the Liaoning Province and the BTH region affect the
air quality of Nanjing. The HYSPLIT model reveals the influence
of long-range transport of air mass over Nanjing.
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3.7 Co-relationships between air
pollutants

The correlations between the daily average concentration
of air pollutants in Nanjing during the lockdown period are
shown in Figure 4. There was a significant correlation
between PM;, and PM, 5 (r = 0.71), while there was also a
strong correlation between PM,, and SO, (r = 0.42), with
NO, (r = 0.30). The results show that the strong correlation
between PM;, and PM,s; can be attributed to mutual
pollution sources. The correlation between PM,;, and CO
was (r =0.45), and O3 (r = 0.13). In contrast to the correlation
between PM;, SO,, and NO,, during the lockdown period, a
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weak correlation was observed between PM, 5 and SO, (r =
0.04) with NO, (r = 0.01). PM, 5 concentration showed a
positive correlation with the concentration of CO (r = 0.36),
with O; (r = 0.03). Moreover, SO, was highly correlated with
NO, (r =0.70), SO, with CO (r = 48), and SO, with O3 (r =
0.03) during the lockdown period in Nanjing. This strong
correlation between SO, and NO, reveals that it was due to
their reduced mutual pollution sources during the lockdown
period in the city. The concentration of NO, was
significantly correlated with CO concentration (0 = 0.40),
while there was no correlation between NO, and O3 and CO
with Os. The results indicate that the concentration of CO
was positively correlated with all other pollutants except with
03, while the concentration of Oz showed weak or no
correlation with other pollutants. It suggests that the
concentration of Oj increased with the reduction in the
concentrations of other pollutants during the lockdown
period in Nanjing.

4 Conclusions

In general, a pronounced improvement in air quality was
observed during the COVID-19 pandemic lockdown period
in Nanjing. In order to evaluate the impact of the COVID-19
pandemic lockdown measures on air pollution, this is an
excellent opportunity to work in this direction in different
parts of the world. In this study, the effects of the COVID-19
pandemic lockdown on air quality were examined using daily
average data for the six air pollutants in Nanjing. The results
illustrate that compared to the pre-lockdown period, all the
air pollutants showed a remarkable decline during the
lockdown period, except for O; in Nanjing. Among these
pollutants, the concentrations of PM,;, and PM,s were
significantly decreased by an average of -33.03% and
-35.41%, respectively. Among other pollutants, compared
with the pre-lockdown period, SO, (-21.26%), NO,
(=39.79%), and CO (-20.65%) were also reduced, while O;
levels significantly increased (104.85%) during the lockdown
period. Among the selected pollutants, PM;,, SO,, NO,, CO,
and Oj increased by 2.84%, 28.55%, 4.68%, 16.44%, and
37.36%, respectively, while PM, s was the only pollutant
that increased by an average of 14.34% after the lockdown
period. The study revealed that compared with the last year
(2019) (same time frame of lockdown), a significant drop and
reduction in all pollutants were observed, while O3 showed
an increasing trend. Overall, except for Oj, a substantial
decrease in all air pollutants was found during the lockdown
period in Nanjing. The results of this research will be helpful
for the local bodies of the city and the Chinese administration
to develop rules and regulations to improve and upgrade air
quality in the future.
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